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ABSTRACT

The Seyfert 1 AGN Fairall 9 was targeted by NICER, Swift, and ground-based observatories for a
~ 1000-day long reverberation mapping campaign. The following analysis of NICER spectra taken
at a two-day cadence provides new insights into the structure and heating mechanisms of the central
black hole environment. Observations of Fairall 9 with NICER and Swift revealed a strong relationship
between the flux of the UV continuum and the X-ray soft excess, indicating the presence of a “warm”
Comptonized corona which likely lies in the upper layers of the innermost accretion flow, serving as a
second reprocessor between the “hot” X-ray corona and the accretion disk. The X-ray emission from
the hot corona lacks sufficient energy and variability to power slow changes in the UV light curve on
timescales of 30 days or longer, suggesting an intrinsic disk-driven variability process in the UV and
soft X-rays. Fast variability in the UV on timescales shorter than 30 days can be explained through
X-ray reprocessing, and the observed weak X-ray/UV correlation suggests that the corona changes

2 dynamically throughout the campaign.

2 Keywords: accretion, accretion disks — black hole physics — soft excess — X-rays, UV, optical: indi-
2 vidual (Fairall 9)
2 1. INTRODUCTION u (Mpy = 2.6+0.6 x 108 M, Peterson et al. 2004), which

oz It is widely accepted that large galaxies contain a su-
2 permassive black hole (SMBH) near their center. In-
20 teraction with nearby material via accretion transforms
» the SMBH into an active galactic nucleus (AGN), char-
a1 acterized by extreme luminosity and variability in the
» X-ray through optical wavelengths. Ionizing radiation
1 from the AGN will heat the nuclear region of the host
1 galaxy, halting star formation (Fabian et al. 2012, Gas-
s pari et al. 2020). Quantifying the impact of AGNs on
s galaxy evolution requires an accurate description of the
s origin and energy budget of the X-ray source. Current
s telescopes cannot spatially resolve this region, so spec-
3 tral and timing analysis techniques are used to infer its
40 structure.

o The Eddington ratio rmgqq = LBol/LEdd is a useful
2 means to compare the accretion power of black holes
i3 across the mass scale. An AGN such as Fairall 9

4

&

accretes at a rate of mgqq = 0.020£0.004 (Vasudevan &
s Fabian 2009; Herndndez Santisteban et al. 2020), is ex-
a7 pected to form a geometrically thin, optically thick disk
% with a temperature profile (T oc R~3/4) which increases
w0 closer to the black hole (Shakura & Sunyaev 1973). The
so outer disk (optical/UV emission) spans ~100-1000R¢
51 (Rg = GM/c?) from the SMBH (Frank et al. 2002).
s2 The inner disk may extend to the innermost circular
s3 stable orbit (ISCO) inward of 10Rg (De Marco et al.
s« 2013; Kara et al. 2016), emitting in the extreme ultra-
violet (EUV) and soft X-rays below 0.3 keV (Laor et al.
1997), although optically thick Galactic material pro-
hibits direct observation. Hard X-rays (1-100 keV) are
produced in a compact region within ~10Rg (Reis &
Miller 2013, Fabian et al. 2014, Ursini et al. 2020). The
corresponding light crossing time between the hard X-
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ray and UV regions of Fairall 9 should be several hours,
and a few days across the entire disk.

In the reverberation picture, fluctuations in the UV
and optical disk luminosity propagate outwards on
the light crossing timescale and become delayed and
smoothed, consistent with thermal reprocessing of emis-
sion from a central source (e.g., Cackett et al. 2007).
Measuring the delay, or “lag,” in these fluctuations be-
tween different UV /optical bands provides a measure-
ment of the light travel time between the disk radii (see
Cackett et al. 2021 for a recent review). This tech-
nique, known as continuum reverberation mapping, was
recently used by Herndndez Santisteban et al. (2020)
to estimate the distance between the UV and optically
emitting regions (19288700 A) in Fairall 9 of about 7
light days. On timescales of ~ 70 days, slow variations in
the optical are also shown to lead the UV, in the reverse
direction of the reverberation lags (Yao et al. 2023). A
lag of ~ 10 days in this direction was first reported in
Herndndez Santisteban et al. (2020).

Reprocessing of X-ray emission is a possible driv-
ing mechanism for the short-term, outwardly propa-
gating variability seen in the accretion disk. However,
this has been challenged by significantly weaker corre-
lation between variability in the X-rays/UV than in the
UV /optical (e.g. Edelson et al. 2019, Cackett et al.
2023). Part of the complication may lie in the fact that
the soft X-ray emission originates from multiple com-
ponents with ambiguous physical origins (Lohfink et al.
2016), or a dynamic corona (Panagiotou et al. 2022a).

The hard X-ray spectrum follows a power-law shape,
consistent with an optically thin (7 ~ 1—2) “hot corona”
of electrons with kT, ~100 keV (Fabian et al. 2015,
Lubinski et al. 2016) which undergoes Comptonization
with seed photons from the inner disk (Sunyaev &
Triimper 1979; Haardt & Maraschi 1991). Although the
hot corona is often assumed to be a spherical shell, re-
verberation measurements of multiple sources indicate a
vertically extended component of variable height which
may be the base of a failed jet (e.g. Wilkins & Fabian
2013, Wilkins et al. 2016, Kara et al. 2023).

Many AGN also exhibit a “soft excess,” X-ray emis-
sion below 2 keV in addition to the power law contin-
uum from the hot corona. The soft excess can be de-
scribed by a blackbody spectrum with a constant tem-
perature of kT = 0.1 — 0.2 keV, which is far too hot to
be thermal emission from the disk (Gierlinski & Done
2004, Crummy et al. 2006). Reverberation measure-
ments on timescales of tens to hundreds of seconds show
a contribution from hard X-rays which are reprocessed
by the inner disk, becoming gravitationally redshifted
and blurred by rotation (Zoghbi et al. 2010, Wilkins &
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Fabian 2013). This has been confirmed for numerous
AGN, and can be used to constrain the radius of the
inner disk and hot corona (e.g. Emmanoulopoulos et al.
2014, Cackett et al. 2014, Hancock et al. 2022).

However, numerous studies demonstrate that variabil-
ity in the soft excess on longer timescales cannot be
explained entirely by reflection, either through spectral
modeling (e.g. Boissay et al. 2016, Porquet, D. et al.
2018) or time variability (e.g. Tortosa et al. 2023, Zoghbi
& Miller 2023). Often, the soft excess is more closely
linked to variability in the luminosity of the UV /optical
disk, likely due to changes in the accretion rate (e.g.
Matt et al. 2014, Mehdipour et al. 2015, Mahmoud &
Done 2020, Mahmoud et al. 2022, Middei et al. 2023,
Mehdipour et al. 2023).

These results suggest that the dominant contribution
to the soft excess may be the X-ray tail of a larger
“warm” corona, an optically thick (7 ~ 10 — 20) Comp-
tonization region with electron temperatures of kT =~ 1
keV, which would emit mostly in the EUV (Mehdipour
et al. 2011, Done et al. 2012). If the blackbody-emitting
disk is truncated outside of the ISCO, the warm corona
may be the innermost part of the accretion flow. Alter-
natively, the warm corona may be a vertically extended
layer above and below the inner-disk plane, which acts as
the source of seed photons for Comptonization (Petrucci
et al. 2018, Kubota & Done 2018, Ballantyne & Xiang
2020).

The relationship between long-term variability in the
disk and the warm corona, in conjunction with disk re-
verberation results, suggests that the soft excess may be
the elusive source which drives disk reprocessing. Con-
firming this requires luminosity measurements of the soft
excess on timescales of a few days, the same rate at
which short term variability in the inner accretion disk
occurs. The contribution from the hot corona must also
be measured, separately from the soft excess and over
the same energy range. This requires robust X-ray spec-
tral modeling of the target with a cadence of at least
once every two days.

Swift can measure the broadband flux variability of
Fairall 9 in the optical, UV, and X-rays at the necessary
cadence, but cannot produce X-ray spectra sufficient for
this experiment due to its low count rate sensitivity (~2
¢/s, see Figure 1). Only NICER is capable of doing this.
Individual 1 ks observations of Fairall 9 (~30 c/s) are
sufficient to develop detailed spectral models of AGN,
which was also demonstrated in a similar experiment on
Mrk 817 (~ 1 =10 ¢/s) by Partington et al. (2023).

The data reduction and spectral modeling techniques
used for NICER observations of Fairall 9 are detailed
in Sections 2 and 3, respectively. A discussion of our
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Figure 1. Top: Light curve of Fairall 9 using NICER XTI (purple) and Swift XRT (orange) from 0.3-8 keV. The axes are

rescaled to account for NICER’s

20x greater count rate sensitivity than Swift. NICER source count rates are measured by

subtracting the contribution of best-fitting SCORPEON background model. Bottom: Hardness ratio of NICER observations,
which demonstrates variability in the observed spectral shape. The H band covers 1.5-8 keV, while the S band covers 0.3-1.5

keV.

results occurs in Section 4, and a summary of our con-
clusions is presented in Section 5. Appendix A contains
a detailed description of the background modeling tech-
niques used for NICER data, including a comparison be-
tween the new SCORPEON background model and the
3C50 background estimator. A note on inter-calibration
with Swift is included in Appendix B.

2. OBSERVATIONS AND DATA REDUCTION

Observations of Fairall 9 were taken with the NICER
XTI from 18 May 2018 to 13 Feb 2021 (MJD 58256—
59258) at a cadence of approximately two days, as
part of the observations dedicated to the Observatory
Science Working Group (Target IDs: 110002, 210002,
310002). The data were processed using the HEA-
SOFT version 6.32.1 (Blackburn 1995) and CALDB
version XT120221001. The event files were screened us-
ing NICERL2 with standard settings, including the ex-
clusion of anomalous FPMs and MPUs with NIAUTO-
SCREEN. Spectra and response files were produced for
each observation using NICERL3-sPECT. We excluded
observations with a total filtered exposure < 300 s to
ensure sufficient quality for spectral modeling, resulting
in 404 epochs.

The total count-rate spectra are background-
dominated above 8 keV, with a median 8-10 keV count
rate of 0.13 ¢ s~! across all epochs. Rare epochs with
extreme background interference from high energy par-
ticles reduce the efficacy of the NICER background es-
timators (see Partington et al. 2023) and the SCOR-
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PEON background model. These background flares
can dominate the spectrum, preventing accurate mea-
surement of the power law emission from Fairall 9. We
exclude 21 epochs which exhibit these flares, character-
ized by a total source plus background keV count rate
exceeding 3.15 ¢ s7! in the 8-10 keV band (the top 5% of
all epochs). This leaves 383 epochs in our final sample.

Source (background-subtracted) count rates are cal-
culated using the SCORPEON background model and
the source model in Section 3.4. Light curves are pre-
sented in Figure 1, with contemporaneous Swift XRT
monitoring for comparison. NICER source count rates
range from 14.0-49.8 counts s~! with a median of 32
counts s~ 1.

We also generate spectra and count rate light curves
of contemporaneous Swift XRT observations using the
XRT Product Builder (Evans et al. 2007, Evans et al.
2009) for comparison with NICER. The shapes of the
0.3-8 keV light curves shown in Figure 1 are consistent
between the two instruments. We detect a difference in
the spectral shape measured by Swift XRT and NICER
XTI, indicating an offset in calibration discussed in Ap-
pendix B. Swift UVOT light curves in the UVW2 band
are produced following the methodology of Hernandez
Santisteban et al. (2020).

3. ANALYSIS

3.1. Source and Background Spectral Model

Spectra from each NICER epoch are fit in XSPEC
v12.13.1 (Arnaud 1996). The total count rate spec-
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trum, including both the source and background, are
binned using the FTOOLS module FTGROUPPHA
with a minimum of 25 counts per bin, according to
the optimal binning scheme introduced by Kaastra &
Bleeker (2016). The spectral shape of the source and
background are fit simultaneously from 0.22-15 keV in
XSPEC using x? minimization.

The SCORPEON background model is calibrated us-
ing NICER observations of the sky in regions with no
X-ray sources. It contains variable components which
characterize the spectral shape of the cosmic, Galactic,
and solar X-ray background and the high energy particle
background. Optical noise is characterized with a Gaus-
sian curve centered at 110 eV with variable height and
width. This accounts for “optical loading,” in which op-
tical light produces a current in the Silicon Drift Detec-
tors, creating a false soft X-ray signal. Optical noise is
typically present in the spectrum below 0.2 keV, outside
of the 0.3-10 keV source sensitivity band for NICER.
Extreme optical noise present at up to 0.5 keV can oc-
cur when the target is observed at a low sun angle, ac-
counted for in the model by the variable width of the
Gaussian (see Fig. 2). All parameters for the sky back-
ground are fixed at their respective values calculated by
the SCORPEON estimator, and are constant through-
out the campaign.

The source model includes Galactic absorption us-
ing TBABS (Wilms et al. 2000) with a fixed value of
Ny = 2.85 x 10%° cm™2, calculated using the FTOOL
Np. The X-ray continuum is modeled using a power
law, and the unabsorbed fluxes of each emission com-
ponent are calculated from 0.3-8 keV using CFLUX.
We test the relativistic reflection model RELXILL to de-
scribe the soft excess and reflection spectrum. However,
NICER is insensitive to the broad Fe Ka line in this
source, so any fit with RELXILL is only based on the
shape of soft excess. We find that this model is insen-
sitive to parameters such as spin, inclination, and disk
ionization. This motivates our decision to use the phe-
nomenological BLACKBODY model, which has a compa-
rable spectral shape below 2 keV.

During some observations with a bright optical back-
ground from the Sun or strong high energy particle in-
terference, the blackbody temperature kT shifts to the
boundaries of the allowed range (k7T = 0.05-0.2 keV)
in order to fit the background. However, during all
observations with a low background state, kT remains
between 0.10-0.12 keV. This small variation is consis-
tent with observations of other AGN (e.g. Crummy
et al. 2006). This motivates our decision to first fit
each spectrum with k7T as a free parameter, and then
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Table 1. Source Model Parameters

Component Parameter Allowed Range
TBABS Ny (10*2cm™2 0.0285 ¢
CFLUX log(®pr) (erg-cm?-s™1) [—16,—9]

POWERLAW r [1.6, 3] b
CFLUX log(®sg) (erg-cm?-s™1) [~16,—9] €

BLACKBODY kT (keV) 0.106 ¢
CFLUX log(®ka) (erg-em?-s™1) —12.67 ¢

GAUSSIAN line energy (keV) 6.1 ¢
line width (keV) 0

@ Always fixed (see Section 3.1).
b Fixed to T' = 2.15 in Section 3.2.
¢Tied to UVW2 flux density in Section 3.4.

fix the parameter to the median value across all epochs
of kT = 0.106 keV.

We model the narrow Fe Ka line caused by distant
reflection using a Gaussian with zero width, fixed at a
line energy of 6.1 keV given a rest energy of 6.4 keV and
z = 0.047 (Emmanoulopoulos et al. 2011). Observations
with short exposures or bright power law flux are insen-
sitive to the flux of the narrow Fe Ka line, so we first
allow this parameter to be free, and then fix the flux to
the median (®x, = 1071257 erg cm=2 s71) for the final
model. Since this emission is thought to originate from
distant gas in the torus, which is not expected to vary
significantly on the timescale of our campaign, we use
the same value for each epoch.

The final model in XSPEC reads: TBABS*(CFLUX*
POWERLAW+CFLUX*BLACKBODY+CFLUX*GAUSSIAN).
The flux of the power law is always free, and allowed
parameter ranges are shown in Table 1. NICER spectra
are not sensitive to the cutoff energy of the power law
which exceeds 500 keV (Lohfink et al. 2016), and it is
not needed to fit our data, so it is not included in our
model. The blackbody flux and the power law index I
are strongly degenerate (see Fig. 3), so we test alterna-
tive models with each of these parameters held fixed as
described in Sections 3.2 and 3.4.

3.2. Fized Power Law Index Model

To address the degeneracy between the power law in-
dex, which describes the slope of the emission from the
hot X-ray corona, and the flux of the soft excess (see
Figure 3), we fix the power law index to I' = 2.15. This
is the median value of the previous analysis over the
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Figure 2. Photon count spectra from two NICER, observations which demonstrate a change in the X-ray soft excess, occurring
independently from the hard X-ray power law state. The total data (source and background) are shown as grey points, with
the best-fit model from Section 3.4 in black. The data-to-model ratios for each bin are shown as grey points below. The
source model (dashed lines) contains a power law continuum (purple), a blackbody soft excess (blue), and a narrow Gaussian
representing the Fe Ka line (pink). The background model (dotted lines) contains a Gaussian optical noise peak (red), the
non-X-ray background (brown) and the sky X-ray background (yellow). Left: This observation was taken on MJD 58400 when
the Swift UVW2 flux was near minimum (ObsID 1100020169). The X-ray power law has flux log(®pr) = —10.347 £ 0.004 (all
fluxes are reported in units of erg cm™2 s7%) and I' = 2.11 & 0.01. The soft excess flux is log(®se) = —12.364 4+ 0.008. Right:
An observation from MJD 59060 taken near Swift UVW2 maximum (ObsID 3100020364), with log(®pr) = —10.200 % 0.003

and I' = 2.23 4+ 0.01. The soft excess flux is log(®sg) = —11.260 + 0.008.

s0s 383 epochs. Light curves with modeled fluxes for each
w6 epoch are shown in Figure 4 and Table 2. The total
27 $(x?), summed across spectra from all 383 epochs, is
s 58,321 for 40177 degrees of freedom (y2 = 1.45).

We note that this model is not a satisfactory physical
a0 description of the X-ray power law variability. For in-
s stance, when Fairall 9 is faintest in X-rays and UVW2
sz from MJD 58300-58500, the fit at soft energies is of-
a3 ten unsuitable for I' = 2.15 since the soft excess fluxes
are unconstrained in many epochs (see Fig. 4). If T is
s left free, the residuals diminish and the best-fit value
s approaches I' = 1.9. This is characteristic of the softer-
when-brighter behavior of AGN (Magdziarz et al. 1998).
These issues motivate our alternative test with a fixed
soft excess flux in Section 3.4. However, the fixed
a0 I' = 2.15 test does provide insight into the separate be-
s havior of the soft and hard X-ray spectral components.
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322 3.3. Cross-Correlation Analysis

23 We test the correlation between variability in the disk
s2¢ and X-ray emission components using the Swift UVW2
»s band as a reference. A detailed description of the Swift
26 data reduction and analysis with other UVOT bands will
327 be presented in Edelson et al., submitted, and an analy-
28 sis of the first year of Swift observations is presented in
20 Herndndez Santisteban et al. (2020). Using the Interpo-
s0 lated Cross Correlation Function (ICCF), which shifts
sun the X-ray light curves relative to the UVW2 curve by a
s»2 lag 7 and measures the corresponding distribution of the
a3 Pearson correlation coefficient R(7) between the bands
s (Peterson et al. 1998). Uncertainties are calculated us-
ing the Random Subset Selection (RSS) method and the
Flux Randomization (FR) Markov Chain Monte Carlo
method with 25,000 realizations (Sun et al. 2018). The
reported “centroid lag” is defined to be the mean of the
centroid values calculated by the FR/RSS methods for
o R(7) > 0.8R(T)peak-

Figure 4 shows that the peak and centroid lag val-
> ues sometimes differ significantly, associated with a rel-
s atively flat CCF. This is likely caused by the overall
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Table 2. Spectral Analysis Results: NICER background-subtracted count rate, hardness ratio (H-S)/(H+S), and model compo-
nent fluxes for the fixed I' = 2.15 model in Section 3.2. Fluxes are calculated from 0.3-8 keV. Uncertainties corresponding to the
68% confidence interval (1o) are reported for each parameter. The full table is published in machine-readable format.

Obs. Date Count Rate Hardness Ratio Total Source Power Law Soft Excess Best fit  Degrees
(MJD) (counts s™')  H=1.5-8 keV  log(®pL + Psk + Pxa) log(®pL) log(®sE) X2 of

0.3-8 keV S=0.3-1.5 keV (erg cm™2 s71h) (ergem™2 s (ergem™2 57 Freedom
58256.95 31.91+£0.17 —0.650 &£ 0.006 —10.242 + 0.005 —10.250 + 0.003 —12.07+9:%% 131.87 126
58257.00 31.19+£0.22 —0.654 4 0.009 —10.24975-50¢ —10.26075-593 —11.91+919 110.87 116
58272.38  37.26 £0.20 —0.660 % 0.006 —10.202 + 0.004 —10.223 +0.003 —11.57%0:9% 392.05 158
58293.62 31.51 £0.20 —0.659 & 0.008 —10.27515-59¢ —10.295+0.005 —11.65+0.05  167.40 157
58294.65 31.53+£0.18 —0.652 4 0.007 —10.270 & 0.005 —10.28415-903 —11.83%9:98 134.53 98

a9 ceed using the peak CCF values for our analysis. We
report Rpcak and Tpeak as the median values of the re-
ss1 spective probability distribution functions for each CCF,
;2 With uncertainty ranges representing the central 68% of
353 values (1o0). These are presented in Table 3.
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; % ,»_QD" E i : s For the light curve of the total modeled 0.3-8 keV
EEW.@‘ P w5 lux, Rpeax = 0.64. Rpeax = 0.51 for the isolated
A~ S P 36 power law component. Both lags are consistent with
v :: i : 37 zero to lo. The relatively low correlation coefficients

358 arise mainly from fast X-ray variations that are either
30 absent or washed out by time-smearing in the UVW2
light curve. The strongest X-ray/UV correlation ob-
served in this source to date comes from the soft ex-
cess component, with Rpe,x = 0.82 and 7 = —2. 4+1 4
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s The strong correlation between the light curves of the
7 UVW2 flux density and X-ray soft excess flux in the
s fixed I' = 2.15 model motivates an alternative test al-
w9 lowing for natural variability in the power law index.

Figure 3. Corner plot showing the parameter distributions
for the model in Table 1 applied to the observation on MJD
58256. Both the power law index I' and the blackbody soft
excess flux log(®sgk) are free parameters, and are fit using the
MCMC method with 100,000 steps and an initial burn-in of 37 We assume that the shape of the light curve in the soft
20,000 steps. Dashed lines on the histograms represent the  sn excess directly matches the UVW2, with fluxes scaled
lower 1o confidence interval, the median, and the upper lo s by a factor A and with a possible time lag 7. Here, a
interval. Contours represent 0.50, 1o, 1.50, and 20. A clear negative lag indicates that the X-ray soft excess leads
degeneracy between I and log(®sp) is evident in the central 41,0 UVW2, per the convention in Herndndez Santiste-
bottom panel, given the shape of the distribution. a5 ban et al. (2020). This assumption is similar to the one
s made in PyROA (Donnan et al. 2021), which is com-
s slow variability present in the light curves, such as from monly used for light curve modeling in reverberation
1s MJD 58475-58525, which tilts the CCF enough to af- mapping experiments.
us fect its centroid more than its peak. Given the consis- = wWe first linearly interpolate the UVW?2 flux density
s tent sampling by both Swift and NICER and our goal values (¢, uywa) to produce a light curve for any given
us of measuring time lags between fast variability, we pro-  _ time ¢ of ¢, uvwa(t). We then calculate the correspond-
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Figure 4. Left: Light curves of the best-fit flux values of the fixed I' = 2.15 model in Section 3.2 for each NICER spectrum, in
descending order: total source flux (light purple), power law continuum flux (log(®pr,), dark purple), blackbody soft excess flux
(log(®sk), dark blue), plus the Swift UVW2 flux density (¢v,uvwa, light blue). Near UVW2 minimum (MJD 58300-58500),
fixing I' produces model fluxes higher than those observed in the soft X-rays, causing the soft excess flux to be pegged at the
minimum value of 107! erg cm™2 s~ (see Table 1). Right: Cross-correlation functions relative to the UVW2 reference band,
with histograms representing the probability distributions of the peak (purple) and centroid (grey) lag values.

ing flux value of the X-ray soft excess ®gg(t) at that
time, introducing a common time-shift of 7 and a com-
mon multiplicative factor of A. We use a fixed offset
(¢u,min,uvw2) to equate the minimum UVW2 flux den-
sity on MJD 58391 (2.61£0.05 mJy) to a soft excess flux
of zero. This is based on the non-significant detection
of the soft excess in the NICER spectra during UVW2
minimum (see Fig. 2). The calculation of ®gg(t) reads

(1)

We search for best-fitting parameters 7 and A to de-
scribe the relationship between the UVW2 and soft ex-
cess light curves by generating a grid of soft excess fluxes
for each observation, using pairs of 7 and A. The grid
search is done in lieu of fitting all 383 epochs simultane-
ously, which cannot manageably be done in XSPEC. We
instead calculate ®gg for each NICER epoch for a given
7 and A, which are set as fixed parameters in XSPEC.
The flux ®pr, and I' of the power law component are

Osr(t) = A (dv,uvwa(t — T) — Oumin,uvw2) -
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allowed to vary in the model. We test a range of A from
0.46 to 4.1 x 1072 erg cm™2 s7! mJy~! and 7 from —15
to 15 days.

For computational ease, we initially fix the SCOR-
PEON background model parameters to their respective
best-fit values from the fixed I' = 2.15 analysis in Sec-
tion 3.2. We thus leave only the power law flux ®py,
and spectral index T" free in our ¥ (x?) comparison when
calculating 7 and A. We then release the fixed back-
ground parameters in a final fit to estimate parameter
uncertainties for our final light curves. Note that the
mean difference in the 0.3-8 keV background count rate
between the results here and in Section 3.2 is 0.002 ¢/s,
compared to a mean source count rate of 32.6 c/s, so
this choice should not affect our results.

The best-fit y2 statistic summed across all 383 epochs
is ¥(x?) = 53,614 for 40,177 degrees of freedom (x?2
1.33), using ®sp(t) generated from 7 = —1.270% days
and A =1.1240.02 x 10712 erg cm™2 s~! mJy~!. Fig-
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Table 3. X-ray/UV Correlation and Lags: Peak correlation (R) and lag
(1) values for NICER spectral component light curves and the power law

index (T").

We use the Swift UVW2 flux density as a reference band, and

negative lags indicate that the X-ray variability leads the UV. Uncertainty
ranges corresponding to the central 68% of values (1o) are reported for each

lag measurement.

Fixed [ = 2.15  UVW2-linked log(®sp)
Parameter Rpeak  Tpeak (days)  Rpeak Tpeaks (days)
Total Flux 0.64 —0.673:8 0.60 04+1.6
Power Law Flux log(®pr) 0.51 0.8728 0.50 0.6%3§
Power Law Index T’ -a -a 0.54 —3.2+10
Soft Excess Flux log(®sg) 0.82  —2.4+14 1000  _jot93c

Fixed to I' = 2.15 in Section 3.2.

b Pied to UVW?2 flux density in Section 3.4.

¢ Calculated from the grid search in Section 3.4.

AZ(0)

\/

0=l | | | i -
-1.5 -1.3 -1.1 -0.9 1.10 1.12 1.14
Lagt Flux Scale Factor A
(Days) (10_12 erg em s | mJy_l)

Figure 5. Changes in the best-fit x* value of the “UVW2-
linked soft excess” model, created by shifting the soft excess
light curve by lag (7, left) and UVW2/soft excess flux scaling
factor (A, right). The x? statistic is summed across all 383
epochs for each value of 7 and A. Purple lines highlight the
AX(x*)=1, and intersections with the black line represent
the limits of the 68% confidence interval (1o) for 7 and A.

ure 5 shows x? minimised along the nuisance parameters
of the model for each fixed value of 7 and A. Uncertainty
estimates for 7 and A represent 68% confidence, based
on a change of AYX(x?)=1. The resulting light curves
from this model are shown in Figure 6.

The UVW2-linked soft excess model shows a signif-
icant improvement in x? versus the fixed-I' model in
Section 3.2, indicating that the shape of the power
law continuum is intrinsically variable and should be
a free parameter. The ICCF results in Figure 6 and Ta-
ble 3 show lags consistent with zero between the UVW2
band and both the total 0.3-8 keV NICER X-ray flux
(Rpeak = 0.60) and the flux of the X-ray power law
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component (Rpeax = 0.50). The power law index and
UVW2 flux are weakly correlated with Rpe,x = 0.54 at
7 = —3.2719 days, discussed in Section 4.4.

Given that the UVW2-linked soft excess model has
stronger physical motivation than the fixed-I" model and
provides a better fit to the data, we proceed with the
light curves presented in Figure 6 and Table 4 for our
subsequent analysis.

3.5. Variability Amplitudes and Timescales

We quantify the variability in each light curve from
Section 3.4 using the mean fractional variation Fi,,
(Rodriguez-Pascual et al. 1997, Vaughan et al. 2003):

2 _ 42
S Oerr

= (2)
where @ is the mean flux (or ¢ for the mean UVW?2 flux
density), o2, is the mean square error, and S? is the
sample variance. Across the full campaign and without
detrending, Fy., values for the NICER total X-rays, the
power law, the soft excess, and the Swift UVW2 band
are 19%, 18%, 49%, and 25%, respectively.

We test if the UVW2 variability can be attributed to
X-ray reprocessing, taking the relative energies of each
band into account (see Uttley et al. 2003). We use Fyar
of the 0.3-8 keV power law and UVW2 fluxes as prox-
ies for the variability in the full X-ray power law and
UV continua, respectively. Spectral Energy Distribu-
tion (SED) modeling of Fairall 9 in Hagen & Done 2023

showed that 77% of the total accretion power comes

Fvar =




NICER Power Law Total NICER Source
0.3-8 keV Flux

5 e sf e s s 0.9
E I ' ""l;. ] " . " .-..l. - B —07
> (E) H " " "'- - . s > ‘-.. "t g " . - ‘. I.. .
S o 6F N S L R e R R el e T 0.5
w B e -'3'- ot B 1 L] P
1= LEd e s LA l.' - . - g v g .‘.- B dos
g ' 4r L - . '|_-_ i

= - I 0.1

| | | | | | | | | |

— I I | [ [ | T T T T

T I - Ho.9

o7 8¢ i

g

(&)

on

o

TS

2.4
g
B3x22
U8
z &=
=~ 20
2~ 6
[sa e 4
£
I
poo 8 2
Hen T
2o 2
Z ~ 0
8
AN >
£7_ g
Dgé‘
E xS
=
sz 4

|
58300 58
Date (M

400 58500 58600 58700 58800 58900 59000 59100 59200

D)

| | | |
-10-50 510
Lag t (Days)

Figure 6. Same as Fig. 4, but for the best-fitting UVW2-linked soft excess model in Section 3.4. The central panel shows the
power law index I" which represents the spectral shape of the hot X-ray corona, and was a fixed parameter in the light curves
of Fig. 4. Here, the soft excess flux curve (Panel 4) is determined by Equation 1, with best-fitting values for A and 7 shown in

Fig. 5, and is held fixed during spectral fitting.

w0 from the UV disk. The X-rays, whose dominant con-
wo tribution comes from the power law, only contribute
w1 23%. If the UV component contributes 77% of the total
w2 flux and 25% of this power is variable, then the variable
w3 component of the X-rays must contribute at least 19%
wa (L.e., T7%x25%) of the total energy of the AGN to drive
w5 the UV light curve through reprocessing alone. How-
ever, the X-rays contribute 23% of the total energy but
only 18% of this is variable, meaning that only ~ 4% of
the total accretion power comes from the variable X-ray
component. This suggests that the hot X-ray corona is

466

467

468

469

a0 N0t energetic or variable enough to to drive the frac-
tional variability amplitude seen in the UV.

Analysis of the first year of UV and optical vari-
a3 ability in the campaign revealed trends that last hun-
ara dreds of days without a corresponding X-ray component
ws (Herndndez Santisteban et al. 2020) and optical-leading-
ws UV lags of ~ 70 days (Yao et al. 2023). This motivates
a7 our search for sources other than X-ray reprocessing that
ars may contribute to the UV variability. We isolate fea-
a9 tures in both the X-ray and UV light curves on multi-
w0 ple timescales by separating “fast” and “slow” trends in
w1 the data. The slow component is calculated from the

471
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Table 4. Spectral Analysis Results: NICER background-subtracted count rate, hardness and spectral parameters for the UVW2-linked soft
excess model in Section 3.4. Fluxes are calculated from 0.3-8 keV. The first five observations are listed, with uncertainties corresponding to the
68% confidence interval (1o) for each parameter. The full table is published in machine-readable format.

Obs. Date Count Rate Hardness Ratio Total Source Power Law Power Law Soft Excess Best fit  Degrees
(MJD) (counts s7!)  H=1.5-8 keV  log(®pr + Psr + Pxa) log(®pL) Index I' log(®sEk) X2 of

0.3-8 keV  S=0.3-1.5 keV (erg cm™2 s71) (erg cm™2 s71) (erg cm™2 s71) Freedom
58256.95  32.10 £0.17 —0.641 &+ 0.006 —10.233 £+ 0.003 —10.248 £0.003 2.10+0.01 —11.739 £0.008 115.28 126
58257.00 31.14+0.22 —0.652 4 0.009 —10.24779-9%¢ —10.263%5-99¢ 2.13%0:00  —11.7394+0.008 111.59 116
58272.38  37.25£0.20 —0.660 % 0.006 —10.203%3-392 —10.22273:892 2,16 £0.01 —11.619+0.008 392.01 158
58293.62 31.44+£0.20 —0.663 % 0.008 —10.278 £+ 0.004 —10.296 +£0.004 2.17+0.01 —11.738+£0.008 166.26 157
58294.65  31.56 £0.18 —0.649 +0.007 —10.267 £ 0.003 —10.283 £0.003 2.13+0.01 —11.760+0.008 132.15 98
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observed light curve, standardized to a mean of zero.
We take a rolling boxcar average with full width ¢ days
at each epoch, smoothing out variability on timescales
shorter than ¢t days (Figure 7). The isolated fast com-
ponent is the residual between the observed light curve
and the slow component (Figure 8). We measure the X-
ray/UV CCF and Fy,, for each pair of fast light curves
using a common smoothing width ¢, testing a range of
t = 2-200 days. To ensure an equal boxcar width across
the sample, we exclude epochs within ¢/2 days of the
first and last dates of the campaign.

We compare the energetic contributions of the fast X-
ray power law and UV components, again using the per-
centages of the total AGN power calculated from SED
modeling in Hagen & Done (2023). For example, by
smoothing over t = 10 days, the total X-ray power law
and UVW?2 light curves have Fy,, = 18.5% and 25.2%,
respectively. The fast components have Fy,, = 8.9% (X-
ray) and 1.5% (UV), corresponding to 2.0% and 1.2% of
the total AGN power.

The energy of the fast X-ray component exceeds that
of the fast UV on smoothing timescales shorter than
30 days, as shown in Figure 9. For t = 30 days, the
fast X-ray component has F.,, = 12.3% and contributes
2.8% of the total AGN power. This equals the energy
of the UVW2 component, which has F.,, = 3.6%. This
suggests that the X-rays can power the fast UV disk
variability on timescales of days to weeks, while slow
trends in the UV on timescales of several months to years
require an alternative explanation (see Section 4.1.)

We compare the relative flux contributions of the X-
rays and UV during our campaign to the SED mod-
eled in Figure 6 of Hagen & Done (2023), which shows
that the X-ray power law predominantly emits from
0.1-100 keV. We extrapolate our mean 0.3-8 keV flux
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®pp, = 5.35 x 107! erg em™2 s71 using the mean power
law slope I' = 2.16 to calculate the mean 0.1-100 keV
flux ®pr, = 1.04 x 1071% erg cm™2 s7'. The power law
spectrum is dominated by the soft X-rays, with 78% of
the flux originating from the 0.1-10 keV band. Smooth-
ing by t = 30 days results in a detrended fast power law
component with F,, = 12.3% and a flux contribution
from 0.1-100 keV of 1.28 x 107! erg cm=2 s~ 1.

The mean flux density ¢, of the Swift UVW2 band
is 5.042 + 0.003 mJy. For the central wavelength of
1928 A (v = 1.55 x 10~ Hz), we convert from ¢, to
an extinction-corrected flux of v¢, = P92 = 9.269 £+
0.005 x 10~ erg cm™2 s7! using the extinction re-
lationship of Cardelli et al. (1989) and E(B — V)
0.022 (Schlafly & Finkbeiner 2011). Using a boxcar
detrending width of 30 days, the fast variability com-
ponent of the UVW2 light curve has an amplitude of
Foor = 3.6%. Its corresponding flux contribution is
3.34 x 1072 erg ecm~2 s7!. This is much less than
the variable X-ray flux, indicating that X-ray reprocess-
ing can plausibly power the fast UVW2 variability and
leave a large energy residual to drive variability at longer
wavelengths.

We also measure the X-ray/UV correlation between
multiwavelength pairs of fast and slow light curves for
each smoothing timescale, presented in Figure 9. The
fast light curves are always weakly correlated, with
Rpeax values between 0.2-0.3 and lags consistent with
zero. However, the correlation between the slow X-ray
and UV light curves increases steeply at larger smooth-
ing timescales, reaching a plateau of Rpe,x = 0.92
for t > 150 days. The negative lag measurement of
Toeak = —17.874:% days (Teems = —21.771:3 days) be-
tween the slow light curves smoothed over ¢t = 150 days
(Figure 10) strongly suggests that long-term trends in
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Figure 7. Left: Light curves showing slow variability in the X-ray power law flux (top, purple) and UVW2 flux density
(bottom, blue), adapted from Fig. 4 and smoothed using a rolling boxcar average at each epoch with a width of 30 days. Right:
Cross-correlation functions calculated using UVW2 as the reference band, with histograms representing the peak (colored) and
centroid (gray) probability distributions. The peak X-ray/UV correlation is Rpeax = 0.66 at a lag of 7 = —3.415-% days.
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Figure 8. Same as Fig. 7 but for the fast variability component of the light curves, calculated by subtracting a 30-day-wide
boxcar average from the original light curves in Fig. 4. The X-ray/UV correlation is not statistically significant, peaking at
Rpeax = 0.27 with a lag of 7 = —1.0 + 0.8 days.

the X-rays lead the UV. This is opposite to the direc- s 4.1. Multi-timescale Variability in Fairall 9

tion expected for inbound propagation (Arévalo & Utt- % By isolating smooth features in the X-ray and UV
ley 2006). The slow component of the X-rays also lacks | light curves of Fairall 9 we reveal behavior on timescales
sufficient energy to directly power these UV changes at |, qays to months, with an increasing inter-band cor-
t = 150 days, since it contributes only 0.6 % of the total ss relation as the light curves are averaged over longer
AGN power versus 11.7 % in the UV. The implications ;1 oqcales (Figure 9). Our analysis of detrended light
of this are discussed in Section 4.1. se7 curves in Section 3.5 suggests that the X-ray flux of the

s6s power law component, attributed to the hot corona, is

4. DISCUSSION
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Figure 9. Top: Energy contributions from the fast variabil-
ity components of the X-ray (purple) and UVW2 (blue) light
curves in Figure 6, which are detrended using a rolling box-
car average with a width of ¢ = 2-200 days for each epoch.
Energies are calculated as a percentage of the total AGN
power based on Fyar (Equation 2) and the SED modeling
results of Hagen & Done (2023). Middle: Rpeax between the
fast variability components of the X-ray and UV light curves
after detrending with a common boxcar width ¢. Bottom:
Rpeax between the slow variability components of the X-ray
and UV light curves, produced using a boxcar average with
full width ¢.

seo sufficient to power fast variability on timescales shorter
s than ~30 days in the UVW2 continuum, attributed to
sn the accretion disk. This is consistent with the stan-
s dard X-ray reprocessing scenario. However, correlations
sz between the X-ray/UV are much weaker than expected
s (R ~ 0.3) for a static, isotropic X-ray emitter. This may
sis be caused by dynamic variability in the height, particle
st density, or energy density of the X-ray corona, that can
s7 weaken the observed X-ray/UV correlation while still
s producing strongly correlated UV /optical light curves
so (Panagiotou et al. 2022a).

ss0  We also observe variations on timescales of 30-150
se1 days in the X-rays which are not matched by the UVW2,
se2 such as the prolonged bright state from MJD 58400—
se3 D8480 and the double peaked feature from MJD 58500—
se¢ 59100 (Figure 7). This suggests an additional process in
sss the corona not linked to X-ray reprocessing, such as a
sss possible structural change, which may contribute to the

se7 weak correlation between fast X-ray and UV variability.
sss 'The correlation would also be reduced if an optically
ss0 thick layer lies between the hot corona and the disk,
se0 which would act as an intermediate reprocessor and dis-
tort the light curve incident on the disk (see Section 4.3
s for further discussion). A similar explanation was in-
si3 voked in the case of Mrk 817, in which the X-ray/UV
correlation was insignificant during an epoch of height-
ened absorption (Partington et al. 2023).

s6  Our analysis demonstrates that the X-rays and UV
so7 undergo similar trends on smoothing timescales of 150—
sos 200 days, with Rpeax ~ 0.92 (Figure 9). Although the
so0 X-rays lead the UV by ~ 17 days, the energy of the
so X-rays is insufficient to power the high amplitude of
variability seen in the UVW2 light curve through re-
verberation at this timescale. Thus we must consider
alternative explanations for the origin of this correlated
variability.

os A parabolic trend in the UV and optical light curves is
s present for the first year of the campaign, as discussed in
o7 Herndndez Santisteban et al. (2020). This is also visible
s in the smoothed UV light curves presented in Figures 7
eo and 10. Using the first year of data covering the Swift
s10 UVW2 to optical z bands, Yao et al. (2023) found neg-
su ative lags of ~ 70 days, in which the optical leads the
sz UV, plus a short lag (< 10 days) in the UV leading op-
613 tical direction consistent with the reverberation picture.
e1a Analysis of the same dataset by Neustadt & Kochanek
o5 (2022) suggests that variability on timescales of ~ 200
616 days may be caused by temperature perturbations in the
ez disk that travel radially inward and outward, producing
s the observed parabolic trend in the UV and optical light
619 curve. The duration of these features and their apparent
w20 lag suggest that there exist intrinsic fluctuations in the
e disk which travel at speeds much slower than c.

622 A bright feature in the X-ray light curve that starts
623 near MJD 58400 and lasts for nearly 80 days (Figure 7)
o2 complicated the analysis of the X-ray/UV connection
625 on long timescales during the first year of monitoring.
o6 However, in the full campaign it is apparent that the
7 smoothed X-ray light curve shares many features with
es the slow variability in the UV. A positive lag, in which
&0 the UV leads the X-rays, is expected for the scenario in
630 which slow, inbound mass fluctuations reach the inner
en1 disk and modulate the availability of seed photons for
s22 the X-ray corona (e.g., Arévalo et al. 2005, 2008). Our
13 negative lag measurement on timescales of 150 days is
63 in the opposite direction of this expectation. However,
¢35 the CCF is very broad as a consequence of the boxcar
63 average method, so the lag measurement may not be
e reliable. In Figure 10), it is also apparent by eye that
s the UV leads the X-rays during the ascent to the first
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Figure 10. Same as Fig. 7, but for slow variability isolated with a boxcar width of 150 days. The X-ray/UV correlation is very
high (Rpeax = 0.92) and peaks at a lag of 7 = —17.8712 days, indicating that the X-rays lead the UV on long timescales. The
CCFss are extremely flat as a consequence of the broad boxcar width.

peak in flux near MJD 58600, while the X-rays lead the
UV during the second peak near MJD 59000. As such,
caution should be used when interpreting this lag since
it may not be physically meaningful.

Our reverberation study demonstrates that the X-rays
can plausibly drive the UVW2 fluctuations in Fairall 9
on timescales of days to months, while variability in the
disk is required to explain changes in the light curve on
longer timescales. We note that similar cases of vari-
ability with a fast reverberation component and an ad-
ditional slow trend are also found in other AGN, e.g.
NGC 5548 (Uttley et al. 2003, Panagiotou et al. 2022Db).
Further analysis of Fairall 9 using the light curves from
this campaign, including models of the multiwavelength
power spectra and the variable SED, would improve
upon our estimates of the separate energetic contribu-
tions made by X-ray reprocessing and intrinsic disk vari-
ability.

4.2. The Nature of the Soft Excess

In Section 3.2, we found a much stronger correla-
tion between the X-ray soft excess and UVW2 light
curves (R = 0.82) than the X-ray power law and UVW2
(R = 51). This revealed for the first time that the
variability in the soft excess shares a similar amplitude
and pattern with the UV accretion disk. Common fast
variability features measured in Section 3.4 suggest the
presence of a reverberation signal, with the soft excess
leading the UV. Both light curves also demonstrate sim-
ilar variability on timescales of months, with crests and
troughs between MJD 58400-58600 and MJD 58950—
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59150 that have a different shape than those seen in the
X-ray power law light curve.

A possible explanation for the behavior of the soft ex-
cess is that its predominant emission source is linked
directly to the accretion disk, interior to the region of
peak UVW2 emission. This area would experience the
same slow temperature fluctuations seen in the UV disk
and would respond to a central reverberation signal be-
fore the UVW2 continuum. In this interpretation, a
significant portion of the soft excess emission could in
fact be the high-energy spectral tail of the upper layers
of the disk (a so-called “warm corona,” see Fig. 11).

The observed soft excess/UV correlation is consistent
with the model of a passive inner disk sandwiched be-
tween optically thick layers of Comptonizing material, as
presented by Petrucci et al. (2018) and expanded on for
Fairall 9 in Hagen & Done (2023). This portion of the
disk would serve as a source of seed photons which scat-
ter off of the warm corona, producing primarily EUV
and some soft X-rays. If variability in the X-ray soft
excess originates from a warm corona with emission ex-
tending into the EUV, the total power may be much
higher than the X-rays, surpassing even the UV disk.
Detailed SED modeling would also be necessary to sep-
arate the EUV contributions of the hot and warm coro-
nae.

Any estimate on the radiative power of the warm
corona from the flux of the soft excess would be an up-
per limit, however, as the analysis of XMM+NuSTAR
spectra by Lohfink et al. (2016) shows the presence of
blurred reflection features from an ionized inner disk
which contribute flux at soft energies. This is in addi-
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7o tion to the warm Comptonization component in the soft
72 X-ray spectrum which we interpret as the warm corona.
703 This reflection also implies that the disk extends near
74 the innermost stable circular orbit rather than becom-
705 ing truncated, and that the warm corona must somehow
76 become optically thin, possibly as a continuously evolv-
77 ing layer which transitions into an optically thin hot
78 corona at small radii.

70 It is also likely that the warm corona is not present
o in every AGN, as Done et al. (2012) shows that the soft
m excess due to Comptonization becomes more significant
712 with increasing Eddington ratio tmgaq = Lpo1/LEdqa. Fu-
ture reverberation mapping experiments with NICER
e on AGN across a range of rmggq are needed to obser-
715 vationally determine the conditions under which the
76 warm corona can form. Given the low mgqq = 0.020 +
77 0.004 (Vasudevan & Fabian 2009; Herndndez Santiste-
78 ban et al. 2020) for Fairall 9, it is likely that observing
70 a higher-mgqq source would improve the measurement
720 of the soft excess flux with NICER, possibly even over-
71 coming the degeneracy between ®gg and I' described in
22 Section 3.1.

~
o

~
oy
@

723 4.3. Geometry of the Inner Accretion Flow

724 We recover a lag between variability in the X-ray soft
»s excess and UVW2 continuum of 7 = —1.270% days
26 from our grid search in Section 3.4. Since variability
727 in the UV /optical disk of Fairall 9 is shown to propa-
78 gate outwards to radii emitting at longer wavelengths on
70 timescales of a few days (Herndndez Santisteban et al.
720 2020), this would place the warm corona emission inte-
7 rior to the UVW2 disk, at Rwc (see Figure 11). If this
2 lag is equivalent to the light travel time between the two
713 regions of peak emission in each wavelength band, this
724 can be converted into a distance in gravitational radii of
735 RUVW2 — ch = 81+_270RG using Mpy = 2.6 X 108M®
736 (Peterson et al. 2004).

7 We can also predict the theoretical location of the
7 UVW2 disk using Equation (12) of Fausnaugh et al.
720 (2016), which relates the expected distance R from the
0 central BH to the peak wavelength A\ of thermal emis-
m sion. The function is parameterized by the radiative
2 efficiency of accretion 7, the ratio of internal viscous
73 heating to external radiative heating x, and a factor X
74 which relates the wavelength to temperature at R, con-
s sidering that a large range of radii will emit some flux
s with the same A:

EN*2T/GM\ [ Liaa , /3
fi= (th) [(m) ( 7 ><3+“>m“d] |

747 (3)

7.

>

Rwe
Ruvwe

Figure 11. Schematic of the accretion flow of Fairall 9.
The thermal accretion disk is shown in a gradient from red
to light blue. The peak UVW2 disk emission in the direction
of the observer is represented by a blue arrow originating at
Ruvwz. The warm corona (dark blue) layers the thermal
disk, extending to Rwc. A dark blue arrow represents emis-
sion from the warm corona, plus X-rays from the hot corona
(purple) which are gravitationally redshifted and reflected off
of the inner disk as soft X-rays.

ns We assume x = 0 due to negligible X-ray heating and
uo 1 = 0.1, as is typical in analysis of other AGN (e.g.
0 Edelson et al. 2017). We set miggq = 0.02. We compare
1 values of X calculated using the Planck function (X =
2 2.49, Fausnaugh et al. 2016) and taking into account
753 time-variable temperature fluctuations (X = 5.04, Tie &
754 Kochanek 2018). For the central A = 1928 A, Ruvwe =
755 23RG (034 light days) if X =2.49 or RUVW2 = 58RG
76 (0.86 light days) if X = 5.04.

7 We would then expect the warm corona to be located
s above the inner disk, interior to Ryyws with a height of
70 tens of Rg. If instead mpgqq = 0.1 as is assumed in Ha-
w0 gen & Done (2023), then Ryvwe = 39Rg if X = 2.49
w1 or Ruyvwe = 99Rqg if X = 5.04. This would reduce
w2 the height requirement of the warm corona. Depend-
73 ing on the vertical extent of this optically thick layer,
s the hard X-rays may also be blocked from reaching the
7s disk, causing the warm corona to act as an intermediate
766 I'€PIrOCeSsor.

767 4.4. Power Law Spectral Variability

e The UVW2 flux density and the spectral index of
0 the power law model component are also weakly cor-
o related (Rpeak = 0.54) at 7 = —3.271-0 days. We
1 expect that higher UVW2 fluxes will contribute more
2 seed photons to the hot corona, cooling the electrons
3 through increased Comptonizaton and producing the
ma “softer-when-brighter” power law behavior common to
75 AGN coronae (Magdziarz et al. 1998). However, the
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negative lag indicates that the power law shape changes
before the UVW2 (though the lag is not highly signifi-
cant), so the influx of seed photons cannot be the dom-
inant cause of variability.

It is possible that an additional variability process oc-
curs in the soft excess on timescales of a few days and
is not characterized by the linear scaling relationship in
Equation 1. Due to the degeneracy between ®gg and T,
this may then influence the shape of the modeled power
law. Alternatively, if the correlated variability between
¢, uvwe and I is intrinsic to the hot X-ray corona, this
may indicate that the production of soft X-ray photons
is the key indicator of the X-ray reprocessing scenario,
due to these photons being more readily absorbed by the
disk. However, as described in Section 4.3, a lag of three
days greatly exceeds the expected light travel time be-
tween the UVW2 disk and the hot corona. In this light,
we favor the former scenario in which the variability of
I" serves as a proxy for some slow process in the warm
corona above the inner disk, which occurs on timescales
of a few days in addition to the linear process described
by Equation 1.

5. SUMMARY AND CONCLUSIONS

Our near-daily monitoring of Fairall 9 for over three
years uses spectral analysis of individual 1 ks NICER
X-ray observations in combination with Swift UVW2
photometry to reveal that:

e The X-rays are variable and energetic enough
to drive variability in the UVW2 on timescales
shorter than 30 days. This suggests that X-ray re-
processing is the primary cause of fast variability
in the UVW2, despite a weak X-ray/UV correla-
tion (R ~ 0.3). Energetic estimates are based on
the SED modeling of Fairall 9 in Hagen & Done
(2023).

e A pattern of coherent UV and optical variabil-
ity on timescales longer than 150 days which
progresses inwards, opposite to the reverberation
signal, (Hernédndez Santisteban et al. 2020, Yao
et al. 2023), is likely connected to the correlated
slow variability observed in the X-ray and UV
light curves (R =~ 0.9) across the full campaign.
The X-ray corona lacks the requisite variability
at these timescales to drive the UV through re-
processing. This suggests an origin within the
disk (e.g. intrinsic temperature perturbations,
Neustadt & Kochanek 2022) which drives the slow
X-ray trends through the production of seed pho-
tons.
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e Variability on the order of days observed in the
Swift UVW2 band is more closely related to
changes in the X-ray soft excess than the X-ray
power law continuum. Lags between the soft ex-
cess and the UVW2 continuum of 7 ~ 1.2 days
suggest a scenario in which the soft X-rays are pro-
duced by a layer of Comptonizing electrons above
the inner accretion disk (i.e. the warm corona).
This region likely emits into the observable EUV,
with the soft excess manifesting as the high-energy
spectral tail.

e While some contribution to the soft excess from
blurred reflection is certainly present (Lohfink
et al. 2016), this is not the component which dom-
inates variability on the timescales of our experi-
ment.

Future studies on AGN with a stronger soft excess (ex-
pected from higher rigqq sources) should aim to over-
come the degeneracy between the flux of the soft excess
and the shape of the power law spectrum. In Fairall 9,
this led to ambiguous results on the nature of variability
in the soft X-rays which led the UVW2 light curve on
timescales of a few days, longer than the expected light
travel delay between the regions. Overall, this study
verified the effectiveness of NICER for a new type of
reverberation mapping experiment on the separate X-
ray emission components of AGN, thanks to the instru-
ment’s unprecedented combination of flexible schedul-
ing capabilities and high throughput and large effective
area.

ERP and EC gratefully acknowledge support for this
work from NASA grant number 8ONSSC21K0635.

Facilities: NICER, Swift

Software: Astropy (The Astropy Collaboration et al.
2013), Matplotlib (Hunter 2007), SciPy (Virtanen et al.
2020), PyCCF (Peterson et al. 1998, Sun et al. 2018),
HEASOFT (Blackburn 1995), ftgrouppha (Kaastra &
Bleeker 2016), NICER 3C50 Estimator (Remillard et al.
2022), Swift XRT Light Curve Generator (Evans et al.
2007, Evans et al. 2009), XSPEC (Arnaud 1996), TBABS
(Wilms et al. 2000)
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APPENDIX

A. THE NICER 3C50 BACKGROUND ESTIMATOR
AND SCORPEON BACKGROUND MODEL

Since NICER is not an imaging instrument, we can-
not directly measure the background spectrum of each
observation, and instead must use indirect methods to
estimate or model it. We compare the effectiveness
of the SCORPEON background model versus the best-
performing background estimator 3C50 (as determined
in Partington et al. 2023). A description of the SCOR-
PEON background model is provided in Section 3.1.
The 3C50 background estimator divides each epoch into
smaller Good Time Intervals (GTIs) of 10-120 s and
constructs a background for each GTT based on instru-
mental parameters which represent out-of-focus photons
and the presence of optical noise (Remillard et al. 2022).
Each GTI is then filtered based on the net background-
subtracted rate in the SO (0.2-0.3 keV) and HGB (13-15
keV) bands, which are outside of NICER’s source sen-
sitivity band. We start our comparison with the same
sample of 383 epochs of observations described in Sec-
tion 2.

Given the faint nature of the soft excess spectral fea-
ture which is sensitive to background contamination, we
filter the 3C50 spectra using the most stringent “level 3”
criterion: |SOpet| < 0.2 ¢ s7! and [HBGet| < 0.05 ¢ s~ 1.
During 64 epochs, all GTIs are entirely screened out due
to net count rates exceeding the filtering thresholds, re-
sulting in only 319 epochs with successful background
estimation by 3C50. We restrict our comparison to this
set, and fit each spectrum to the source model of a power
law plus a blackbody soft excess described in Section 3.4.
The source and background count rates, exposure times,
best-fit power law indices I, x2, and degrees of freedom
are listed in Table 5 (SCORPEON) and Table 6 (3C50).
SCORPEON spectra are fit from 0.22-15 keV and 3C50
spectra are fit from 0.3-8 keV.

If either of the background estimators systematically
underperform in a way which influences the shape or
flux of the spectrum, we would expect to see a strong
relationship between the difference in background count
rates and the source spectrum parameters produced
by the estimators. We demonstrate this in Figure 12
by comparing the differences in 0.3-8 keV background
count rate to the difference in 0.3-8 keV source count
rate (Pearson correlation R = —0.31), power law index
I' (R = 0.33), and x2 (R = —0.01), finding no signifi-
cant relationship. The distribution of the difference in
background count rate is clustered about 0 with a tail
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of a few outliers reaching up to ~ 8 ¢ s™! (Fig. 12),
due to the GTI filtering process of 3C50. When the
background rate is high, 3C50 is more likely to exclude
the GTI, while SCORPEON includes the GTT and mod-
els the background. This process produces higher total
background rates with SCORPEON without influencing
the source parameters.

We compare the median 0.3-8 keV background-
subtracted count rates of SCORPEON (31.2 ¢ s71) and
3C50 (32.7 ¢ s71) corresponding to a 5% systematic un-
certainty between the model and estimators. This is a
substantial improvement over the 20% systematic uncer-
tainty between the 3C50, Space Weather, and Machine
Learning estimators tested in Partington et al. (2023).

Given that the NICER background is characterized by
a very flat spectrum, we would expect to see a sharp de-
crease in I if the background was underestimated with a
given method, contaminating the source spectra. We see
no evidence of this, as the median difference in power law
indices A(T") = 0.00 with a standard deviation across the
sample of ¢ = 0.03. The statistical uncertainty in the
power law index reported in Table 4 is comparable to o.

Our analysis suggests that both SCORPEON and
3C50 provide a consistent characterization of the
NICER background when it is well-behaved, e.g. in the
absence of high-energy particle flares or intense opti-
cal loading. However, the total exposure time recovered
across the 383 total epochs is 382.411 ks with SCOR-
PEON, versus only 211.328 ks with 3C50. This short-
age of 171.082 ks with 3C50 is caused by the rejection
of GTIs outside of the Level 3 count rate thresholds, in-
cluding the ~ 17% of epochs which were rejected in their
entirety. Given the extreme improvement of SCOR-
PEON over 3C50 in modeling the background during
bright observing conditions (and thus recovering useful
spectra for a greater number of epochs), we conduct our
analysis using the SCORPEON background model.

B. INTERCALIBRATION OF SPECTRAL SHAPE
WITH SWIFT AND NICER

We observe a systematic offset in the shape of the
power law spectrum (denoted by I') between observa-
tions with Swift XRT and NICER XTI, as shown in
Panel 3 of Figure 13. Swift spectra and light curves
are generated using the XRT product builder (Evans



Table 5. SCORPEON Background Model: NICER, background modeling and spectral analysis
results with SCORPEON, using the source model from Section 3.4. All count rates are measured
from 0.3-8 keV. The table covers a total of 319 epochs, corresponding to observations with a
successful 3C50 background estimation. Reported uncertainties correspond to the 68% (1o)
confidence interval for each parameter. The first five epochs are shown, with the full table
available in machine-readable format.

Obs. Date Source Rate Background Rate Exposure Power Law X2 Degrees of
(MJD) (counts s™1) (counts s™1) (s) Index I’ Freedom
58256.95  32.10£0.17 1.10 1652.00 2.104+0.01 115.28 126
58257.00  31.14 4-0.22 2.14 809.00 2.1375:8% 11159 116
58272.38  37.25+0.20 3.34 1515.00 2.16 £0.01 392.01 158
58293.62  31.44+0.20 4.24 1103.00 2.174+0.01 166.26 157
58294.65  31.56 £0.18 0.71 1290.00 2.134+0.01 132.15 98

Table 6. 3C50 Background Estimator: NICER background estimation and source spectrum
parameters using the 3C50 background. The source model is described in Section 3.4, and count
rates are measured from 0.3-8 keV. The table includes 319 epochs. Reported uncertainties
correspond to the 68% (1o) confidence interval for each parameter. The first five epochs are

17

shown here, with the full table available in machine-readable format.

Obs. Date Source Rate Background Rate

(MJD) (counts s™1) (counts s™1)

2

Exposure Power Law X Degrees of

(s) Index T’ Freedom

58256.96  33.70 £0.18 0.78
58257.00  32.33£0.23 1.73
58272.38  38.43 £0.20 1.83
58293.63  32.98 £0.19 0.73
58294.65  32.76 £0.16 0.58

1057.00  2.08 £0.01 106.14 141
647.00 2.12+£0.01 134.74 136
960.00 2.17+£0.01 179.00 137
902.00 2.15+£0.01 101.90 141
1266.00 2.13+£0.01 171.03 193

o0 et al. 2007, Evans et al. 2009). We fit spectra from each
w0 Swift epoch using the model described in Section 3.4,
s1 with the flux of the soft excess determined using Equa-
sz tion (1). The observed fluxes of the power law ®py, are
o3 consistent between instruments. The Swift fluxes (Ta-
s ble 7) have a median value of log(®pr, swirt) = —10.29
s (erg cm™2 s71) with a sample standard deviation of
ws 0 = 0.08, and the median NICER flux (Table 4) is
o7 log(Ppr, NicER) = —10.27 (erg cm™2 s71) with a stan-
ws dard deviation of ¢ = 0.08. However, the median values
oo for I differ by more than 1o: Tgyist = 1.9 (0 = 0.1) and
970 FNICER =215 (O’ = 0.08).

a1 We test whether the difference in I' is caused by the
o2 Swift and NICER response matrices producing spectra
o3 with different slopes, or by a weighting bias when fitting
o due to NICER'’s increased count-rate sensitivity at soft

as energies compared to Swift. We simulate NICER and
ars SWift spectra corresponding to each NICER epoch, using
or7 the model from Section 3.4 with the best-fit parameters
ors from Table 4 and the FAKEIT command in XSPEC. Each
oo simulated NICER spectrum uses the real response, arf,
so and exposure time from its associated epoch.

w1 To compare Swift and NICER count rates, we simu-
w2 lated Swift spectra corresponding to each NICER, epoch
se3 using the response and arf from the first Swift obser-
vation (OBSID “00094060001”). A consistent response
oss Matrix is required to provide accurate count rate vari-
o5 ability, since the XRT Spectrum Builder (Evans et al.
oer 2009) weights the combined spectrum of all snapshots in
ses each epoch by counts, rather than exposure time. Since
so the snapshot lengths are variable, the combined spec-
o0 trum will have the correct spectral shape, but the total
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Figure 12. The difference (A) between the 0.3-8 keV back-
ground rate measured by SCORPEON and 3C50, plotted
versus the A in background-subtracted source count rate
(Panel 1, light purple), power law spectral index I' (Panel
2, dark purple), and x2 (Panel 3, black). The Pearson cor-
relation coefficient R is listed for each panel, demonstrating
a lack of a significant relationship between the parameters.

count rate will be different than the one determined by
the XRT Light Curve Builder (Evans et al. 2007).

We fit each simulated Swift and NICER spectrum to
the same model as the real spectra, with NICER results
reported in Table 8 and Swift results in Table 9. The
comparison of I" in Panel 3 of Figure 14 clearly shows
that the difference in sensitivity to soft X-rays does not
cause the offset in I" seen in the real spectra (Fig. 13).
The median fluxes agree, as do the power law indices:
log(®pr, swift simulated) = —10.28 with a sample stan-
dard deviation of o = 008, log(q)PL,NICER,simulatcd) =
—10.27 (o0 = 0.08), I'swift,simulated = 2.2 (¢ = 0.1), and
FNICER,Simulated = 2.15 (U = 008) This indicates that

1004 the observed offset in I' between Swift and NICER is in-
w05 trinsic to a difference in calibration between the instru-
w0s ments. This should be taken into consideration when
wor comparing Swift and NICER for AGN-like spectra, and
108 addressed in future updates to the NICER response ma-
1000 trix.
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Figure 13. Light curves of count rate (Panel 1), power law flux (Panel 2) and power law index (Panel 3) measured for each
epoch of observation with Swift XRT (orange squares) and NICER XTI (purple circles). The data reduction process is described
in Appendix B. A significant offset in the measurement of I by the two instruments is visible in Panel 3, indicated by the black
lines which represent the sample median for NICER (dashed) and Swift (solid).
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Figure 14. Same as Figure 13, but for simulated spectra using the FAKEIT command in XSPEC corresponding to the best-fit
model from each NICER epoch, as described in Appendix B. Swift XRT data are shown as orange squares, and NICER XTI
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(solid). Despite the differing response matrices for each instrument, the measured I" values agree, in contrast to the real data in
Figure 13.
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