A deep X-ray view of thebare AGN Ark 120. I11. X-ray timing
analysis and multiwavelength variability

A.P. Lobban'* D. Porquet?, J.N. Reeves A. Markowitz*?, E. Nardinf, N. Grossé?

1 Astrophysics Group, School of Physical and Geographicar®es, Keele University, Keele, Staffordshire, ST5 5B&, U

2Université de Strasbourg, Observatoire astronomiquetdasBourg, CNRS, UMR 7550, 11 rue de I'Universite, F-678B@sbourg, France
3Aix Marseille Univ, CNRS, LAM, Laboratoire d’Astrophysiqde Marseille, Marseille, France

4Nicholas Copernicus Astronomical Center, ul. Bartyckad®;716 Warsaw, Poland

5Center for Astrophysics and Space Sciences, Univ. of @aiifoSan Diego, MC 0424, La Jolla, California, 92093-0424S.A.

6INAF - Osservatorio Astrofisico di Arcetri, Largo E. Fermil$0125 Firenze, Italy

7 November 2017; submitted to MNRAS

1 INTRODUCTION

Active galactic nuclei (AGN) are routinely observed to emit
strongly across the entire electromagnetic spectrum Wwétbtoad-
band spectral energy distribution comprising both theranal non-
thermal emission components (Shang et al. 2011). Normabkp
ing at ultraviolet (UV) wavelengths, the dominant energypoi

of Seyfert galaxies is generally considered to arise froer-th
mal emission from material in the inner parts of a geomeltyica
thin, optically-thick accretion disc surrounding the supassive
black hole (SMBH; Shakura & Sunyaev 1973). The location of
the UV-emitting material is typically 10-106Q" from the cen-
tral black hole, depending on the properties of the acanetmw.
This thermal UV emission is then thought to be responsibte fo
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We present the spectral/timing properties of the bare $egtdaxy Ark 120 through
a deep~420 ksXMM-Newtoncampaign plus receMuSTARbbservations and &6-month
Swiftmonitoring campaign. We investigate the spectral decoitipnshrough fractional rms,
covariance and difference spectra, finding the mid- to lbmgscale {day—year) variability
to be dominated by a relatively smooth, steep componenkipgan the soft X-ray band.
Additionally, we find evidence for variable Fe K emission wdrd of the Fe k& core on
long timescales, consistent with previous findings. We aedeclearly-defined power spec-
trum which we model with a power law with a slope ®f~ 1.9. By extending the power
spectrum to lower frequencies through the inclusioBwiftandRXTEdata, we find tentative
evidence of a high-frequency break, consistent with exgstcaling relations. We also explore
frequency-dependent Fourier time lags, detecting a negésoft’) lag for the first time in
this source with the 0.3-1 keV band lagging behind the 1-4lka™ with a time delays;, of
~ 900 s. Finally, we analyze the variability in the optical and U&hlals using the Optical/UV
Monitor on-board&KMM-Newtorand the UVOT on-boar8wiftand search for time-dependent
correlations between the optical/UV/X-ray bands. We finddéve evidence for the U-band
emission lagging behind the X-rays with a time delay ef 2.4+ 1.8 days, which we discuss
in the context of disc reprocessing.
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producing the X-ray continuum, which is commonly power-liaw
shape, via inverse-Compton scattering of soft thermal@i®via
an optically-thin ‘corona’ of hotT ~ 10°K) electrons, usually
within a few tens ofr, from the black hole (Haardt & Maraschi
1993).

Given the compact nature of AGN and the great distances at
which we observe them, their central regions cannot be ttiirec
resolved with the current generation of observatories. é@w in-
formation about the geometry, structure and physical peesthat
dominate these systems can be indirectly inferred viarater
methods. In particular, variability studies have proverbéopow-
erful techniques for increasing our understanding of timeimost
regions of AGN. One such technique for analysing variabikt
“reverberation mapping” (Blandford & McKee 1982), whichsha
proven successful in helping to unravel the structure obttoad-

* e-mail: mailto:a.p.lobban1@keele.ac.uka.p.lobbanls@kac.uk line region (BLR) in many AGN (e.g. Clavel et al. 1991; Peters
1 The gravitational radius is defined s = GMpy /c*. 1991). While reverberation mapping is an excellent toolrfap-
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ping the BLR, applying similar techniques can, in princjjde used

to map the structure of the accretion disc. In many AGN, gfiyn
variable UV emission is observed (e.g. Collin 2001). Whhe t
UV emission does not vary as rapidly as it does in the X-raydban
(Mushotzky et al. 1993), one might expect to observe a caticel
between the variability if the local accretion rate is resgible for
modulating the X-ray and UV emission regions. In this scenar
there are two favoured mechanisms to couple the variability
UV photons being Compton up-scattered to X-rays by a coréna o
hot electrons (e.g. Haardt & Maraschi 1991), and (ii) thdrrea
processing of X-rays in the disc (Guilbert & Rees 1988; @olét

al. 1998; Cackett et al. 2007). In either case, it is the tiakem for
the light to cross between the two emission sites that gevira
observed time delays.

wavelengths (e.g. Gliozzi et al. 2017) with a pronouncedbdro
broad-band flux in 2013 (Matt et al. 2014). Reverberation pirap
studies show that the mass of the black hole in Ark120 is high:
Mpn = 1.5+ 0.2 x 108 My, (Peterson et al. 2004).

Here we report on the variability properties of Ark 120, con-
centrating on data obtained from a de€dM-Newtorcampaign in
2014 (AO-12 Large Programme; PI: D. Porquet), but also tliciy
SwiftandNuSTARJata. This is the third in a series of papers based
on this campaign. In Reeves et al. (2016; hereafter: papes Bn-
alyzed the high-resolution grating spectra wkMM-Newtonand
Chandraand, for the first time in this source, discovered a series
of ionized soft X-ray emission lines, which we interpret &isiag
from an X-ray component of the optical-UV sub-pc BLR, sugges
tive of significant columns of X-ray emitting gas outside afro

To better understand how the various emission mechanismsline-of-sight. In Nardini et al. (2016; hereafter: paperwle ana-

are connected, it is important to analyse correlations betwthe
emission in separate wavelength bands. To date, corneabe-

lyzed the Fe K properties of the source finding excess enmigsith
red-ward and blue-ward of the strong near-neutral kesidission

tween the X-ray and UV bands have been observed in numerousline at ~6.4keV. The wings of the line are variable on different

AGN (e.g. Nandra et al. 1998, Cameron et al. 2012). Additigna
correlations between the X-ray and optical bands have aso b
observed, but on much longer timescales. These are ofteusdisd
in the context of disc reprocessing (e.g. Arévalo et al 2 @reedt
et al. 2009; Arévalo et al. 2009; Breedt et al. 2010; Alstomle
2013; McHardy et al. 2014; Edelson et al. 2015).

In terms of the X-ray variability, a number of techniques are
available to help probe the variability, often in a variefynwodel-
independent ways. Such methods include analysis of thepets s
trum and the covariance spectrum. Recent developmentsatsve
been made in order measure the frequency-dependence df-the o
served variability through such techniques as estimatiegR”tSD
(power spectral density) and ‘X-ray time lags’ (i.e. timdayes be-
tween different X-ray energy bands). These are commonin see
to exhibit similar behaviour across a variety of sources voitih
the measured amplitudes and frequencies roughly scakegsely
with the mass of the black hole (e.g. Lawrence et al. 1987eyJtt
McHardy & Papadakis 2002; Vaughan et al. 2003; Markowitd.et a
2003; Papadakis 2004; McHardy et al. 2004; McHardy et al6200
Arévalo et al. 2008). In addition, the amplitude of the X-rans
variability is routinely seen to scale with the source fluxailinear
way. This is known as the ‘rms-flux relation’. Again, this a&pgps
to be a common X-ray variability property that holds over myéa
timescale range and is present in both AGN and XRBs (e.geylttl
& McHardy 2001; Vaughan et al. 2003; Gaskell 2004; Uttleylet a
2005).

Ark 120 is a nearby{ = 0.0327; Osterbrock & Phillips 1977)
Seyfert galaxy at a distance of 142 Mpc (assuming standasd co
mological parameters; i.¢do = 71kms'; Qy = 0.73; Qu =
0.27). Itis the X-ray-brightest of the known subclass of ‘bar&KN
(Fo.s—10kev ~ 7 x 107 ergcm 2 s71) where, through analysis
of high-resolution grating data, Vaughan et al. (2004) tairsed
the column density of any line-of-sight X-ray warm absortzebe
at least a factor of 0 lower than a typical type-1 Seyfert galaxy. As
such, Ark 120 offers the clearest view of the central regidose
to the black hole and is an ideal candidate for studying ttrénsic
high-energy process associated with AGN — e.g. Comptapizat
reflection, etc.

The X-ray spectrum of Ark120 generally shows the stan-
dard features expected from a type-1 Seyfert with a domihara
power law, a smooth soft excess emergiig2 keV (Brandt et
al. 1993), a complex Fe K emission profile and associated €Comp
ton reflection hump emerging- 10keV (Nardini et al. 2011).
The source is additionally shown to be variable at opticaktray

timescales and may arise from transient hotspots on thacgudf
the accretion a few tens of, from the black hole. A fourth paper
presents a detailed analysis of the broad-band spectrurgu@cet
al. in press; hereafter: paper IV). Here, we focus on thetsgec
timing properties of the source with an emphasis on broautba
variability.

2 OBSERVATIONSAND DATA REDUCTION
2.1 XMM-Newton

Ark 120 was observed witKMM-Newton(Jansen et al. 2001) on
2003-08-24 (duration~112ks), 2013-02-18~130ks) and four
times in 2014 over four consecutive orbits, each with tyjittaa-
tions of ~130ks: 2014-03-18, 2014-03-20, 2014-03-22 and 2014-
03-24 (hereafter, referred to as 2014a, 2014b, 2014c andd201
respectively). Here, we focus on data acquired with the pean
Photon Imaging Camera (EPIC)-pn and the co-aligned Optival
Monitor (OM; Mason et al. 2001), which provides simultangou
optical/UV coverage. The Reflection Grating Spectrome®s$;
den Herder et al. 2001) data are presented in paper I. All ee d
were processed, following standard procedures, usingovets.0
of the XMM-NewtonScientific Analysis Softwaresas®) package,
with the 2017 release of the Current Calibration File.

2.1.1 The EPIC-pn

The EPIC-pn camera was operated in small-window mode (SW;
~71 per cent ‘live time”) using the thin filter. As Ark 120 is aidpnt
source, to alleviate pile-up concerns, we do not utilizeadedm

the EPIC Metal-Oxide Semiconductor (MOS) cameras and we onl
consider single EPIC-pn events (PATTERN = 0) > 0.3keV. In
order to minimize the contribution from the background, rseu
events were extracted from circular regions of 20 arcsetusad
which were centred on the soufceWe extracted background
events from larger regions-60 arcsec) away from the source and

2 http://xnm esac. esa. i nt/sas/

3 Source events from a circular region of 40 arcsec radiusgsponding to
a larger encircled energy fraction; e-g92 per cent instead e£88 per cent
at~1.5keV (values taken from theéMM-Newtoruser handbook)]were also
extracted but no significant difference was found in theltesather than a
small increase in the count rate.
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Exposure
Date >(R'\2\'>A [Duration]  Count Rate Flux
(ks) (cts™1) (ergenT2s71)

2003-08-24 0679 71[112] 12.3[18.1] 7.4 x 10~11
2013-02-18 2417  80[130] 5.6[8.4] 4.0x 10"
2014-03-18 2614  83[133] 12.5[18.5] 7.6 x 10~ 11
2014-03-20 2615  84[132] 10.6[15.6] 6.6 x 10~ 1!
2014-03-22 2616  84[133] 11.6[16.1] 7.3 x 10~11
2014-03-24 2617  85[133] 10.7[15.7] 6.7 x 10~ !

Table 1. Observation log of th&kMM-NewtonEPIC-pn observations. ‘Rev.’
refers to theXMM-Newtorrevolution/orbit number. Exposure times refer to
the net time (i.e. ‘live time’) of the instrument after backgnd filtering,
while the numbers in parentheses relate to the total duratfidhe obser-
vation. The background-subtracted count rates (derivenh fsingle pixel
events only) and fluxes are quoted from 0.3-10keV. The coatesrin
parentheses are those obtained from a 40 arcsec source. rbidite that
the count rates are the ‘intrinsic’ observed rates in theeémt they do not
fold in the loss of counts due to the large EPIC-pn SW modetitaad

the sas tasksoMICHAIN? andOMFCHAIN® (At = 105s), respec-
tively, as part ofXMM-Newtors SAS. The routines take into ac-
count all necessary calibration processes (e.g. flatfigJdind run
source detection algorithms before performing apertuotgrhetry
on all detected sources. Detector-dead-time and coincédiss
corrections are then applied to the resultant count rates.

2.2 Swift

Ark 120 was also observed wiBwift (Gehrels et al. 2004) with a
long-term~6-month monitoring campaign over the period 2014-
09-04 - 2015-03-15 (obsID: 00091909XX>Swiftperformed a to-
tal of 86 observations, each generally separated-Bylays and
with typical durations of~1 ks. Here, we use data froBwifts X-

ray Telescope (XRT; Burrows et al. 2005) and the co-alignit
Violet/Optical Telescope (UVOT; Roming et al. 2005).

221 The XRT

As Ark 120 is known to be a bright source, the XRT was operated
in “windowed timing mode” (WT), which provides 1-dimensain

OM Filter
é'\tjlsM \Y B U uvwi UvmM2 uUvwz2
# E # E # E # E # E # E
2003 0O 0 0O 0O o0 o0 O 0 0 0 80
2013 0 0 0 0 0 0 10 34 10 39 10
2014a 5 6 5 6 5 6 5 6 5 6 55
2014b 5 6 5 6 5 6 5 6 25 30 35
2014c 5 6 5 6 5 6 5 6 5 6 55
2014d 5 6 5 6 5 6 5 6 5 6 55

gg imaging data at the orientation of the spacecratft roll angle ex-
aatracted useful XRT counts from 0.3—-10 keV using the onlineTXR
66 products buildét (Evans, Beardmore & Page 2009), which under-
42takes all required processing and provides backgrountiazibd

66 spectra and light curves. The XRT count rates include the sys
66 tematic error arising from an inaccurate knowledge of therc®

Table 2. Observation log of th&XMM-NewtonOM observations showing
the number of images per filteg) and the summed exposure time (E) in
units of ks.

the edges of the small-window CCD. For most of KiddM-Newton
observations, the background level was relatively statisvever,

the data quality was further optimised by removing time qésiof
background flaring from the subsequent analysis (typigaky a
few ks per observation). Such events usually occur due tmpro
flaring towards the end of each observation, before the guetrie
passage. We note that the 0.3—10 keV background count fate is
(< 1per cent of the source rate) for all six observations. The ob-
served broad-band EPIC-pn count rates, exposure timesuades fl
are detailed in Table 1.

2.1.2 The Optical/UV Monitor

The OM consists of six primary filters: V (peak effective wave
length = 5430A), B (4500A), U (3440A), UVW1 (2910A),
UVM2 (2310A) and UVW2 (2 1204). During each of the obser-
vations in 2014, we acquired5 ~1.2 ks exposures in both “imag-
ing” and “fast” mode cycling through the V, B, U, UVW1 and
UVM2 filters before spending the remainder of the observatio-
quiring exposures with the UVW?2 filter. Each observatiorules

in a total of~80 imaging exposures. In the case of the 2013 obser-
vation, a series of snapshots were acquired only with the Uyw
UVM2 and UVW?2 filters while in 2003, monitoring was only un-
dertaken with the UVW?2 filter. See Table 2 for an observatan |

position on the CCD when in WT mofeThese systematics are
understood and calibrated by tiSawift team and are applied by
the XRT products builder. We also note that, since the WT toun
rate for Ark120 is significantly less than100cts !, the data
should not be affected by pile-up (see Romano et al. 2006)nBu
processing, two XRT observations were flagged as havindiunre
able count rates due to a WT-mode centroid not being found for
the sourcd. As such, we exclude the XRT data from these two
observations [obsID: 00091909072 (2015-02-05); 00092809
(2015-02-21)] from our subsequent analysis. Over the @ntib-
month period, the total XRT exposure was35.6 ks with time-
averaged corrected count rate and flux.df.6 count s * and~4.86
x107 ' ergen 2 s~ from 0.3-10 keV, respectively.

Due to observational constraintSwiftis not always able to
observe the target source, occasionally resulting in arrgason
being split up into> 1 ‘snapshots’ (i.e. where each snapshot has
a fractional exposure- 1). In the case of the Ark 120 monitoring
campaign, across the 84 useful XRT observations, thisteesubh
total of 96 snapshots (fractional exposutel), 93 of which have
exposure times 100 s. Subsequently, an XRT ‘observation’ refers
to the entirety of &wift pointing while an XRT ‘snapshot’ refers
to time periods where the fractional exposurd.

4 http://xnmm esac. esa. i nt/sas/current/doc/
om chai n/

5 http://xnm esac. esa. i nt/sas/ current/doc/
onf chai n/

6 http://swft.ac.uk/user_objects/

7 http://ww swift.ac.uk/xrt_curves/docs. php\
#systemati cs

8 http://ww. swift.ac.uk/xrt_curves/docs. php\

All imaging mode and fast mode data were processed using #w nocent
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2.2.2 The UVOT

In addition to the XRT, we also utilize data acquired with the
UVOT, which provides simultaneous UV/optical coveragehwat
possible wavelength range sfl 700-6 50Qin a 17 x 17" field.
During eachSwift pointing, data were acquired with either of the
U or UVM2 filters (peak effective wavelengths: 3465 and 2846
respectively), generally alternating between the two figntings
separated by-4 days per filter). Visually inspecting the UVOT im-
ages shows that the pointings were steady, with a total ofs43 u
able frames for each of the U and UVM2 filters. All exposures
were roughly~1 ks in length (total U-band exposure39.5 ks; to-

tal UVM2-band exposure-41.9ks§. We extracted source counts
from Ark 120 using the HEAOFT (v.6.18) taskUVOTSOURCE
This undertakes aperture photometry while using the latekt
bration database (CALDB) to make corrections - e.g. scaset-b
ground subtraction and coincidence loss. The source ¢xtna@-
dius was 5arcsec while, for the background counts, a radius o
25 arcsec was used, taken from a region of blank sky sepaoate f
the source.

2.3 NuSTAR

Ark 120 has been observed BYyuSTAR(Harrison et al. 2013)
twice: 2013-02-18 (ID: 60001044002) and 2014-03-22 (ID:
60001044004), with total durations of 166 and 131 ks, respsy.
We used thenuPIPELINE and NUPRODUCTSSCripts, as part of
the NuSTARData Analysis SoftwareNUSTARDAS) package (v.
1.4.1), to extract spectral products using the calibratiatabase
(CALDB: 20150316). Spectral products were extracted frincue
lar source regions of 1.25 arc min radii while backgroundipais
were extracted from equal-sized circular regions sepafaten the
source and the edges of the CCD. After source extractiomehe
exposure times for the two observations were 79 and 65 keces
tively. The source is well-detected throughout the 3—79 ka)\5-
TARbandpass. ThBluSTARspectra were binned in order to over-
sample the instrumental resolution by at least a factor®a2d to
have a Signal-to-Noise Ratio (SNB)5¢ in each spectral channel.
This also ensures that our spectra contaif?5 ctbin—!, allowing
us to usey? minimization.

NuSTARconsists of two Focal Plane Modules: FPMA and
FPMB. We analyzed data from both modules simultaneously, al
lowing for a floating multiplicative component to account éooss-
normalization uncertainties. Typically, the FPMB/FPMAoss-
calibration normalization isl.01 £ 0.03, consistent with the
cross-calibration results presented in Madsen et al. (200i%e
FPMA+FPMB background-subtracted 3—-79 keV count ratesef th
two NUSTAR observations are1.24 and~1.85cts !, respec-
tively. These corresponds to respective 3—79 keV obserus@dl
of ~7.1x107 " and~1.0 x10" % ergcm 2571,

3 RESULTS

Here, we begin to analyze the variability of Ark120. We be-
gin by analyzing theXMM-Newtonobservations. For any subse-
quent spectral fits, all spectra were binned up such thag there

9 Swiftalso obtained two snapshots with the UVW\12(600/3\) filter and
three snapshots with the UVW?2 filter-(L 928A), although these are not
used in our correlation analysis here.

10 http://heasarc. nasa. gov/ | heasoft/

> 25cthin~!. Meanwhile, errors are provided at the 90 per cent
confidence level (i.e. corresponding foy> = 2.71), unless oth-
erwise stated. A time-averaged ‘mean’ spectrum was crdated
combining the 2014a, 2014b, 2014c and 2014d spectra using th
EPICSPECCOMBINE! task, weighting the response files according
to the exposure time. All spectra were fitted withPECV.12.9.0
(Arnaud 1996). In our fits, neutral gas and dust is modellethby
TBABS component (Wilms et al. 2000), where we also utilize the
photoionization absorption cross-sections of Verner e{1896).

To account for the Galactic hydrogen column, we fixed this at a
value 0f1.40 x 10%! cm~2 based on the measurements of Kalberla
et al. (2005) at the location of this source. This value haslmeod-
ified according to Willingale et al. (2013) to include the iagp of
molecular hydrogen (k). We note that the true measure of Galactic
absorption and its dependency on the assumed continuuni imode
explored in paper |, through an analysis of the high-resmilRGS
data.

3.1 XMM-Newtorvariability

We begin by examining the broad-bakt¥M-Newtonlight curves.
These were extracted from EPIC event files using custmm?!3
scripts. Background-subtraction was applied and expdessor-
rections were made, while interpolating over short teleynetop-
outs, where necessary. The 0.3-10 keV EPIC-pn concateligtied
curves for each of the six Ark120 observations are preseinted
Fig. 1 with a time binning of 1 ks. The observed count rateesri
by up to a factor o~~2 between observations and varies by up to
~30 per cent within any individual observation (on timessaléa
few tens of ks). It is quite clear that the source was muchdain
2013 before returning to a brighter state in 2014, more cbersi
with the flux level observed in 2003.

Superimposed on the EPIC-pn X-ray light curves are the UV
light curves obtained from the simultaneous OM monitorivig
note that there may exist some significant contribution ®dh-
served nuclear light by the host galaxy — however, this shoul
largely remain constant. The UVW?2 data are shown in blue and
clearly track the X-ray behaviour of the source on long ticadss,
mimicking the drop in flux in 2013 and subsequent rise in 2014.
On long timescales, the UVW?2 data vary by up~80 per cent,
although their within-observation variability is much segro-
nounced at just a few per cent. In addition to the data acduire
with the UVW?2 filter, the UVW1 and UVM2 data are also shown
in red and green, respectively. These data have been naeguali
by the UVW?2 count rate, such that the relative variabilitytioé
light curves remains intact. In similar fashion to the UVWéatal
the UVW1 and UVM2 light curves are also observed to track the
X-ray variations on long timescales, displaying the chinastic
drop in flux in 2013.

We performed a quick test to quantify any long-term UV/X-
ray correlations with the Pearson correlation coefficientThis
measures the strength of any linear relationship betweerditv
ferent variables. We used the mean count rates per obserJati
each of the UV filters and the EPIC-pn instrument. The coti@ia

1 http://xmmtool s. cosnos. esa. i nt/ external / sas/
current/doc/ epi cspecconbi ne. pdf

12 http:// ww. exel i svis. co. uk/Product sServi ces/

| DL. aspx

13 http://ww. star.|e.ac.uk/sav2/idl.htn
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Figure 1. The concatenated light curve of Ark 120 obtained from alDé#M-Newtonobservations. The 0.3-10 keV EPIC-pn X-ray light curvedirpixel
events only) is shown in black while monitoring data acqlivédth the OM’s UVW?2 filter are shown in blue. Meanwhile, the UM and UVM2 data are
shown in red and green, respectively, and have been noeddliz the UVW2 corrected count rate.

coefficients for the three UV filters versus the 0.3-10 keV&PI
pn count rates are: UVWZ 0.981 (p = 0.003), UVM2 = 0.977
(p = 0.004) and UVW2= 0.971 (p = 0.001). As such, the UV/X-
ray fluxes appear to be significantly correlated on long tcaks
(i.e.~years), a result which is significant at 99 per cent level.
However, if we re-compute the X-ray vs UVW?2 correlation d¢oef
cient using just the high-flux data (i.e. removing the daitatgfoom
2013), the coefficient drops to = 0.682 (p = 0.20), indicating
that the drop in flux in 2013 is driving the correlation.
In Fig. 2, we show the variations in the ‘hardness’ of the six crease in flux can be observed in each of the six filter bandpass
EPIC-pn light curves by plotting them according to the fotau
HR = (H — S)/(H + S), whereH andS refer to the hard and
soft bands, respectively (see Park et al. 2006 for a dismussi
hardness ratio estimation). Here, the soft band referse¢dtB-
1keV energy band while the hard band refers to the 1-10 ked.ban emission. Indeed, the average UVW?2 count rate over the fiirset
It can be seen that relatively weak variability in the hasin@tio is
observed within individual observations 8fL0 per cent, generally
on timescales of tens of ks. This implies mild spectral \iliiy

within a given orbit, but this is much weaker than the between

orbit variations (either years or, in the case of the 2014pzagn,
roughly ~1/2 d).

Additionally, in Fig. 3, we investigate the long-term vability
of Ark 120 by computing hardness ratios for 725 1 ks bins oletzhi
from all six XMM-NewtonEPIC-pn observations. As in Fig. 2,
we define the hard and soft bands to be 1-10 and 0.3—1 keV, re-decreases steadily in each band, with the variability instharter
spectively. We then plotted this against the broad-bandi@&eV
count rate. The long-term trend appears to be that the salisee
plays clear softer-when-brighter behaviour. We fitted apdéntin-
ear function of the formH R = aCR + b, whereH R is the hard-
ness ratioC'R is the 0.3—-10keV count rate andandb are the
slope and intercept, respectively. We find best-fitting @alafa =
—0.016 andb = 0.04 with a fit statistic ofy? /d.o.f. = 2500/725.
To test whether the slope is dominated by the low-flux 2013,dat
we also fitted the linear trend to the 2003+2014 data only. ena
find that the best-fitting slope is negative and does, in faotain at

the same value af = —0.016, while the offset i9 = 0.05, again
indicative of softer-when-brighter behaviour of the s@urthe fit
statistic isy?/d.o.f. = 2382/631.

In Fig. 4, we show the corrected count rates obtained from
each of the optical/UV filters for the 2014 data. From upper to
lower, the six panels depict the corrected count rates inMhe
U, B, UVW1, UVM2 and UVW2 bands, respectively, over the
~week-long period in 2014. Each data bin corresponds to tee in
grated count rate obtained from an individual image. A Stest

with observed variations on the order of~dew per cent on the
timescale of~days. Meanwhile, there is a hint of a small increase
in flux towards the end of the UVW?2 light curve (observation:
2014d), suggesting a potential upturn in the shorter wagthe

of the 2014XMM-Newtonobservations falls steadily from5.91
to ~5.70 to~5.54 cts !, respectively, before increasing slightly to
~5.59 cts ! in the final observation.

The relationship between the variability observed in the va
ious OM bands can be better visualised in Fig. 5. Here, thatcou
rates have been averaged over edbiM-Newtonobservation and
normalized such that the count rate in the 2014a observétion
equal to 1. This allows the relative variability between dsro
be visualised. Again, it is quite clear that the flux of the rseu

wavelength bands significantly more pronounced on timesaail

~days. For example, the UVW2 flux varies by a factord#—6 per

cent while the V-band flux only varies by up tol-2 per cent —
i.e. the UV data are relatively more variable than the cguasing

optical data.

Once again, a slight upturn in flux can be observed in the
UVW?2 band in the final observation. For comparison, the aver-
aged 0.3-10 keV EPIC-pn count rates are superimposed otothe p
illustrating that the X-ray band is significantly more vénla be-
tween observations. Intriguingly, the X-ray data also stamwup-
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XMM Corrected Count Rate per OM Filter (ct%)

Observation V (5438) B (4500A) U(3440A) UVW1(29108) UVM2(2310A) UVW2 (2120A)
2003 — — — — — 6.29 4 0.01
2013 — — — 45.97 4+ 0.05 9.66 & 0.02 3.64 4 0.01
2014a 4531 4+£0.13  114.724+0.22 99.24 £+ 0.26 62.42 £+ 0.16 14.91 +0.06 5.91 4+ 0.01
2014b 45.274+0.14 113.81+£0.23 97.80 + 0.26 60.96 £ 0.15 14.46 + 0.02 5.70 4 0.01
2014c 45.044+0.14 111.334+0.22 96.82+0.25 60.64 + 0.15 14.11 £+ 0.06 5.54 4+ 0.01
2014d 44.69 +£0.13  110.02+0.22  96.42 + 0.26 59.94 + 0.15 13.89 +0.06 5.59 4 0.01
Mean (cts 1) 45.07+0.07 112.474+0.11  97.57 £0.13 60.99 + 0.08 14.34 +0.03 5.68 & 0.01
Fuyar (per cent) 0.6 +0.1 1.7+ 0.1 1.24+0.1 1.94+0.1 2.0+0.1 2.84+0.1
Mean Flux k10~ ergenmm2s~1A-1)  11.2240.02 14.51+£0.01  18.93 £ 0.02 29.03 + 0.04 31.55 £ 0.06 32.46 + 0.03

Table 3. The corrected observed mean count rates for each filtezadilby the OM averaged over each observation. The effectwelengths of each filter
are provided in parentheses. The me&p,, and flux values correspond to the 2014 data. See Sectionrdgtails.
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Figure 3. Hardness ratios [{ — S)/(H + S)] computed in 1 ks bins from
all six XMM-Newtonobservations of Ark 120 and plotted against the broad-
band 0.3-10keV count rate. A linear trend has been fittedetal#ita, indi-
cating softer-when-brighter behaviour.

turn in flux, although this occurs in 20146,2 days before the
UVW?2 upturn. The relationship between X-ray/UV varialyilis
more thoroughly explored in Section 4, where the resultshef t
Swiftmonitoring campaign are presented.

Now, the amplitude of variability across all the 2014 observ
tions appears relatively modest at-dew per cent. However, this
does not take into account the measurement uncertaintl@shw
will also contribute to the total observed variance. Onehoétof
quantifying variability is to calculate the ‘excess vadah(Nandra
Time (ks) etal. 1997, Edelson et al. 2002, Vaughan et al. 2003), whictva
one to estimate the intrinsic source variance, and is defised

—
]

(H-S)/(H+S) (H-S)/(H+S) (H-S)/(H+S) (H-S)/(H+S) (H-S)/(H+S) (H-S)/(H+S)

Figure 2. The sixXMM-Newtonlight curves of Ark 120 plotted in terms of
their hardness ratiof — S)/(H + S)], where H and S are the hard
(1-10 keV) and soft (0.3—1 keV) energy bands, respectiviéig horizontal
dashed lines mark the mean hardness ratio for each lighe clight curves
are shown with 1 ks (black) and 10 ks (red) binning.

0)2(5 = Sz - E7 (l)

whereS? is the sample variance:

o 1 & 2
S IHZ(JH—QU% 2
=1
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Figure 4. The XMM-NewtonOM corrected count rates obtained with V, U,
B, UVW1, UVM2 and UVW?2 filters, shown in the upper to lower ptme
respectively. A steady decrease in flux over thiseek-long period can be

observed in all filter bands.
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ando2., is the mean square error:
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In the above equations; is the observed valug, is its arith-
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Figure5. The normalizedKMM-NewtonOM light curves, binned up by ob-
servation. In order of decreasing wavelength, the V, U, BWI UVM2
and UVW?2 bands are shown in grey, cyan, magenta, red, greknlae, re-
spectively. The averaged 0.3-10 keV EPIC-pn count ratesigrerimposed
in black.

metic mean and-.,. is the uncertainty on each measurement. The
excess variance then allows us to calculBtg., which is the frac-
tional root mean square variability:

— 72

Foar = - —2 (4)

which can be expressed in terms of per cent. As suggested
by Fig. 5, Fyar is greater for the shorter-wavelength UV emission
(UVW2 ~ 2.8 per cent) compared to the longer-wavelength optical
emission (V~ 0.6 per cent). These values, along with all corrected
count rates (averaged per observation and across obsesjatire
provided in Table 3.

Finally, we obtained rough estimates of the mean observed
flux in each OM bandpass by using count-rate-to-flux congersi
factors provided by theasteam®. These are listed in Table 3 in
units of x 10~ ergen 2s P A,

3.1.1 Spectral decomposition

Here, we perform a simple spectral decomposition of Ark T2{&
broad-band X-ray spectrum is analyzed in detail in papewhére

it is observed to be dominated by a hard X-ray power law, a sig-
nificant ‘soft excess’ at low energies and a strong kedfnission
complex at~6-7 keV. A Comptonization model is favoured for the
broad-band spectrum with the soft X-ray spectrum dominated
Comptonization of seed photons in a warm, optically-thiokona
(kT ~ 0.5keV; 7 ~ 9). Meanwhile, the Fe K complex is well-
fitted by a mildly-relativistic disc-reflection spectrumhé finer
details of the Fe K profile are presented in paper I, wheresxc
components of emission both red-ward and blue-ward of the co
of the line are observed to vary on different timescalesicati/e

14 http://ww. cosnos. esa. i nt/web/ xmm newt on/
sas- wat chout - uvf | ux
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of arising from short-lived hotspots on the surface, a feve tefr,
from the black hole.

Panel (a) of Fig. 6 shows the counts spectra of the 2014 mean~ 0.01
and 2013 EPIC-pn data, fitted with a simple two-componeng-bas
line model consisting of a hard power law (2014~ 1.7; 2013:

I' ~ 1.5) and a softer power lawl( ~ 3.2) to model the soft
excess, which dominates at energies.5 keV. The difference be-
tween the two spectra is dominated by variations in the nbrma

01 UL T T T T T T T

cm™

Count s keV~
=
~

ization of the two continuum components, which are be80 per t
cent lower in the 2013 epoch. In panel (b), the broad-bandtsge 0.02 "’w i
variations on timescales efdays are investigated as it shows all g.WM
four EPIC-pn spectra obtained over the course bfweek in 2014 Lz Xl

“fluxed” against a power law witl' = 0. All four spectra appear to
be relatively hard with some modest variations in the spéstrape
between orbit¥ .

To investigate spectral variation in more detail, a serfédi

2014c¢

2014b 2014d

cdl i
10 T T T T 1] T T LI B B B

IIIIIIIIIIIIIIIIIIII |||||1|||||||1||||||||||||||
% / .
e
II_7IIII‘ IIIIIII‘

ference spectra’ were created. In Fig. 6 (panel c), we shewftect ﬁg E(c
of subtracting the lowest-flux spectrum (2014b) from thehbig}- ° 1L
flux spectrum (2014a) with identical binning. The resultapéc- oS E ——
trum is wellfitted §*/d.o.f. = 1763/1707) with a single ab- L2 01k .
sorbed power lawI{ = 2.45 £ 0.10) plus a weaker component R E i
of soft-band emission (e.g. a blackbody’ = 0.12 + 0.03 keV). = 0.01¢
The steep power law dominates, suggesting that the bulkeof th ,F 2014a-2014b
variability arises in the soft band. The residuals [panglgdggest S 107 R - T
that a modest component of Fe K emission& 4 keV is varying 2 E(d) !
between orbits (i.e. on timescales-ofens of ks). ;_

Meanwhile, Fig. 7 shows four longer-term difference spectr o o
where we subtracted the low-flux 2013 EPIC-pn spectrum from & E Al
each of the high-flux 2014 spectra to observe the spectrardif & 1 EpeiaAn A W e ey i
ences on the timescale efl yr. Here, the dominant power law is E
found to be curiously steeper than the primary power law & th E
time-averaged spectra, lying in the ranfje= 2.1 — 2.2. An addi- Ob—— | ' —
tional component of soft-band emission is still requirdthaigh a 1
second steep power laW (= 3.5 — 4.1) is preferable to a black- Rest-Frame Energy (keV)

.2 _ ;
body T ~ 0'1. keV, x /d.'o'f.' = 7730/6785). Fig. 8 shows the Figure 6. Panel (a): the 2014 mean (black) and 2013 (red) EPIC-pn spec-
ratio of the residuals to this fit over the 5-8 keV range, erass- tra. The contributions of the hard and soft power laws arevshia green

ing the FeK band. A clear signature of excess vari_ab_le eQMisSSi  and blue, respectively (dashed lines = 2014 mean; dotted13)2®anel
can be observed red-ward of the core of the Fe K emission @mpl  (b): the “fluxed” EPIC-pn spectra of Ark 120 obtained in 201t cor-

at ~6.2keV and is likely the variable ‘red wing’ of the emission rected for Galactic absorption). Panel (c): the ‘differergpectrum’ ob-
line observed in paper Il tained from subtracting the low-flux spectrum (2014b) frdra high-flux
Finally, we also created difference spectra based on thg 201 spectrum (2014a). The solid red curve represents the maté to the
and 2014NuSTARobservations. We fitted the FPMA and EPMB  Spectrum. Panel (d): the ratio of the data-to-model ressdolatained from
modules separately, tying all parameters together andditg a fitting the difference spectrum. All spectra have been lirunefor clarity.
variable multiplicative constant component to account darss-
normalization differences. THdUSTARspectra and associated dif-
ference spectrum are shown in Fig. 9, all fitted with a simplegr
law. A neutral absorber is not required by the fit as the data do
not extend below 3keV. This model fits the general shape well
(x?/d.o.f. = 934/821), again with a reasonably steep power law:
I' = 2.05 + 0.03. There is no obvious requirement for an addi-
tional continuum component at high energies suggestingttige.  |n this section we analyze the energy-dependence of the anis v
Compton reflection is relatively stable on these timescaigsin, ability using the broad-band EPIC-pn data (e.g. Vaughanl.et a
a hint of excess variable emission can be observed just &d-w  2003). This is known as the ‘rms spectrum’. We firstly extealct
of the FeK line. Including a Gaussian improves the fit slightl g series of 25 light curves, using light-curve segments ofakq
(AX2 = 13) with £, = 6.21 + 0.16 keV. The line is unresolved length. The energy bands were roughly spaced equally if¥ldg
(o < 300eV). The best-fitting energy of the line again suggests across the full 0.3—10 keV range. Then, for each of the erfeagyls
and segments, the fractional excess variance was caldlete/
mear?). We averaged this over all segments. Computing the square
root of the fractional excess variance then provides thetitraal

that this is the signature of the variable ‘red wing’ anatygepa-
per Il.

3.1.2 The fractional rms spectrum

15 The clear residual structure a2.2 keV arises from inaccuracies in the

calibration of the EPIC-pn energy scale, as discussed irinMeci et al. rms. _ ) _ o _
(2014). For detailed spectral analysis — e.g. paper Il aqepd/ — a To investigate the rms behaviour on within-observation
gain shift is applied to the fits. Details are provided in pdpe timescales, we computed the spectrum using two differest fr
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Figure7. Long-term EPIC-pn difference spectra having subtractedativ-
flux 2013 observation from the four high-flux 2014 spectree Thper panel
shows the “fluxed” difference spectra while the lower pahelgs the ratio
of the residuals to a fit of the continuum model of the forraass x (PL
+ PL). All spectra have been binned up for clarity. See Sectidnl3for
details.
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Figure 8. The ratio of the residuals to a continuum fit of the formaBs

x (PL + PL) to the long-term 2014/2013 EPIC-pn difference spectrenfro
5-8keV. The upper panel shows the four individual obseruati 2014a
(black), 2014b (red), 2014c (green) and 2014d (blue). Médlewfor extra
clarity, the lower panel shows the residuals of the diffeeespectrum where
the 2014 data have been combined into a single spectrumaAekeess of
emission remains at6.2 keV.
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quency bands~0.77-5 x107°Hz (At = 10ks; 130ks seg-
ments}® and 5-50x10~° Hz (At = 1ks; 20ks segments), and
averaged over all four orbits from 2014 (see Fig. 10: uppeepa
Given that the high-frequency rms spectrum becomes noisight

energies, we have binned up to 15 bins to increase the sighal.

high frequencies, the rms variability is low and is approxiety

16 Here, the upper frequency bound is set by the Nyquist frequen; =
1/2t.
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Figure 9. Upper panel: the 2014 (mean) and 2013 broad-bdn8TAR
spectra (black and red, respectively), fitted with a simglegr law. The
difference spectrum between the two, also fitted with a pdaeris shown
in blue. Middle panel: the ratio of the residuals to the polars fitted to
the 2014 and 201BluSTARspectra. Lower panel: the residuals to the
power law fitted to the difference spectrum. The FPMA and FRyBctra
have been combined in the plot for clarity.

flat across the full energy range. Meanwhile, at lower fregies,

not only is the variability stronger, but there is a gentterin frac-
tional variability towards lower energies, suggestingt tie soft
band dominates the observed variability. In both specteaetls

a small hint of a modest drop in fractional rms in thé—7 keV
band, which may arise from a component of quasi-constant Fe K
emission which may not be responding to continuum variatimm
these timescales.

Finally, we computed the fractional rms spectrum on long-
term ‘between-observation’ timescales. This is an altidreaap-
proach to viewing the spectral variations observed in Fig\$.
shown in the lower panel of Fig. 10, the variability profilered-
atively smooth and significantly stronger at low energiesh@se
observed timescales gf days. The relatively steep shape of the
spectrum is reminiscent of the steep difference spectriowistin
Fig. 6 (middle panell” ~ 2.5). The blue curve in Fig. 10 shows
the effect of including the EPIC-pn data from the 2003 and3201
epochs. Now, the fractional rms variability is much strangéh
a steeper rise towards low energies, predominantly caugéldeb
low-flux epoch in 2013.

3.1.3 The covariance spectrum

Here, we further investigate the energy-dependence of ibe-s
tral variations through the ‘covariance spectrum’. Thisiess-
spectrally analogous to the rms spectrum and, with caréioice
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Figure 10. The 0.3-10keV EPIC-pn rms spectra of Ark 120. Upper panel:

the within-observation rms spectra, averaged over allrvhiens acquired
in 2014. The circles (black) and diamonds (red) correspand tower
0.77-5x10~° and a higher 5-50<10~° Hz frequency range, respec-
tively. Lower panel: the long-term ‘between-observationis spectra av-
eraged over the four 2014 orbits (green crosses) and alhatigms (blue
stars), respectively. See Section 3.1.2 for details.

of a reference band, can be used to reveal the spectral shepe o
related components in a given frequency ranye, We follow the
method first outlined in Wilkinson & Uttley (2009), where the-
variance spectrum was applied to the black hole X-ray bisgsy

tem GX 339-4. The covariance spectrum has been used in & serie

of subsequent analyses of variable XRBs and AGN — e.g. Uttley
al. (2011), Middleton, Uttley & Done (2011), Cassatellatl&it &
Maccarone (2012), Kara et al. (2013). Also see Uttley et28114)
for a review.

the reference band. The errors are calculated on the normalized
covariance as in Wilkinson & Uttley (2009).

The covariance spectra of Ark 120 are shown in Fig. 11. In ad-
dition, we show the ‘absolute rms’ variability spectra (eppanel;
red), which the covariance spectra should tend to as theeote
v, of the two light curves approaches 1 (i.e. when the vaiigbil
of one band perfectly predicts the variability of the othersee
Section 3.1.5 for more details). In both frequency rangbsyea
~2keV, the covariance spectra follow a roughly power-lawpgha
which is mildly softer than the mean spectrum at low freqigEsc
(T" ~ 1.9) but becomes somewhat harder at higher frequencies, re-
covering the mean time-averaged value (iev 1.7), when fitting
from 2-10 keV. The fact that the long-timescale covariarmecs
trum appears softer than the short-timescale covarianeetrsjn
suggests that lower energies display relatively strongeiability
on long timescales. This can be observed in the lower parfels o
Fig. 11, where we plot the fractional covariance spectrae-y
dividing by the mean spectrum, which is shown in the uppeefsan
This fractional covariance also allows us to estimate theriau-
tion to the overall variability from each component, revegithat
the low-frequency variations are more dominant. At loweargies,
where the soft excess dominates, the covariance is a facadew
stronger than itis at energies where the power law dominaggsn
suggesting that the soft excess in Ark 120 is more variatale the
power-law emission.

3.1.4 The power spectrum

In this section we investigate the PSD. This estimates the te
poral frequency-dependence of the power of variability. €ach
of the six XMM-Newtonobservations of Ark 120, we computed
background-subtracted EPIC-pn light curves. The timeluéisn
wasAt = 20s. Then, we computed periodograms from each ob-
servation in (rms/mean)units (Priestly 1981; Percival & Walden
1993; Vaughan et al. 2003; also see Fig. 12). As the obsensti
are long (i.e~130ks), we can estimate the PSD down to low fre-
quencies; i.e~7.7 x1075 Hz.

We usedxspPecto fit the “raw” periodograms, initially with
a model consisting of a power law plus a constant (see Genzal
Martin & Vaughan 2012 for further details):

m(v) = Nv~ %+ C, (5)

whereq is the spectral index)V is the normalization of the
power law, andC' is an additive constant with a slope of zero in
order to model high-frequency Poisson noise. Typicallg, Bois-
son noise is observed to dominate at frequengjs4x 10~* Hz.
We fitted the three epochs (2003, 2013, 2014) separatehpuah

We calculate the covariance spectrum using two separate ref e fitted all four contiguous observations from 2014 sirmgta

erence bands where the absolute variability is high: a soaoth-

ously. In the latter case, we tied each parameter togethecba

dominated band from 1-4keV and a soft band, dominated by the the observations apart from the normalization of the adlition-

soft excess, from 0.3-1 keV. As per the fractional rms sgeictr
Section 3.1.2, we investigate the covariance spectra oxesépa-
rate frequency bands:0.77-5x10~° Hz and 5-50< 10~° Hz, av-
eraged over all four orbits from 2014. Again, we bin up thehleig
frequency spectra to 15 equally-logarithmically-spacied o in-
crease the signal at high energies. Note that to avoid congion
from the Poisson errors arising from energy bins duplicatetie
reference band, we always remove the band of interest inathesc
where it overlaps with the reference band. Finally, we poedco-
variance spectra in units of count rate by plotting the ndizae
covariance, given byt2., womm = ooy /+/0 2.y, Wherey refers to

stant component in order to allow for variations in the Paissoise
level arising from variable count rates in the differentitebWe
found the best-fitting model parameters by minimizing theitidh
statistic,S:

SZQZ{%-HHWM}, (®)

17 Here,02,, = 73, (X - X)(Y; - Y).
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Figure 11. Upper panels: the 0.3-10 keV EPIC-pn covariance spectrakof 20 computed against two reference bands: 0.3-1 keVi{yess 1-4 keV (blue).
The left-hand panels show the lower-frequency spectrd{& % 10> Hz) while the right-hand panels show the higher-frequemgcta (5-50< 10~° Hz).
The mean and absolute rms spectra are also shown in blacledntespectively, all with identical binning. Lower pandlse fractional covariance spectra

(i.e. covariance/mean). Note that a slight offset on thaig-has been applied
See Section 3.1.3 for details.

wherey; is the observed periodogram and is the model
spectral density at Fourier frequeney(see Vaughan 2010; Barret
& Vaughan 2012). We estimated 90 per cent confidence interval
on each parameter by determining the set of parameter vidues
which AS = S(0) — Smin < 2.7 (WhereAS can be approximated
to Ax?).

Upon fitting with equation 5, the 2003, 2013 and 2014 epochs
have 2 785, 3233 and 13 086 degrees of freedom, respectiiely.
ting the three epochs from 0.3-10 keV results in similar-figstg
parameters withy = 1.6570 32, 2.2070 35 and1.909 13, respec-
tively. These values along with the power-law normalizasi@and
Whittle statistics are shown in Table 4. We note that someesal
(e.g.N for the 2013 epoch) are unconstrained due to the low num-
ber of bins above the Poisson noise level. These are markkasvi
terisks in Table 4. The fitted PSDs are shown in Fig. 12. Medewh
a long-term ‘time-averaged’ fit by including all six obsetieas
and tyinga between all observations but allowidgandC to vary
between datasets resulted in a best-fitting slope ef 1.947513
and a Whittle statistic of-472 560 for 19 083 degrees of freedom.
Truncating the PSDs d0 3 Hz to allow the low-frequency ‘red-

to the covariance spectra to avoidapgrlg error bars and improve clarity.

noise slope’ to drive the fit results in fits which are consisteith
those reported in Table 4.

We also fitted equation 5 to PSDs which were generated in
‘soft’ and ‘hard’ energy bands (0.3—2keV and 2-10keV, respe
tively) — however, we found no significant dependence of the
PSD on energy with the best-fitting values remaining coestst
within the measurement uncertainties. The best-fittingeslare
presented in Table 4. Likewise, fitting the four orbits fro®l2
independently reveals that there are no significant diffege be-
tween orbits.

In terms of Fourier-based PSD analysis, there are two pyimar
forms of bias which may affect the results: ‘aliasing’ andak-
age’ (see Uttley, McHardy & Papadakis 2002; Vaughan et &320
Gonzalez-Martin & Vaughan 2012 and reference thereihg. for-
mer occurs when observations contain gaps and high-freguen
variability power above the Nyquist frequencynt.q = 1/2vj,
where; is the highest observed frequency) folds back in, thus
distorting the observed PSD. As the present data are cantsiy
sampled, the effect of aliasing is negligible. MeanwhikaKage
occurs when there is significant variability power at fremgies
below the lowest observed frequency and can have the effaut o
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each light curve. This linear function is then subtractemirfrthe
observed light curve (i.e. such that = yx~) before the mean is
returned to its original value. We have end-matched thel@&eV
EPIC-pn light curves for Ark 120 for each of the 2003, 2013 and
2014 epochs and re-fitted equation 5 to the periodogramsndind
a = 1777038 1747537 and2.207) 23, respectively. The 2003
and 2014 epochs now have somewhat steeper slope estimates (a
though still largely consistent within the 90 per cent utaiaties),
while the 2013 epoch slope is estimated to be slightly flafer
ter end-matching. However, we note that the light curve f&irh3
displays only a roughly linear decreasing trend — as suttfe li
variability remains after end-matching. As before, we firdsig-
nificant dependence of the slope on energy and no signifi€dmt 2
inter-orbit variability. Finally, we still find no evidender a bend

in the PSD after end-matching.

1074 — """'74 L """'73 L We now extend thXMM-NewtorPSDs to lower temporal fre-
10~ 10 10 0.01 quencies by constructing broad-band, multi-segment P&Bsra
Frequency (Hz) cluding long-term (days—years) monitoring data fr@wiftXRT

Figure 12. The 0.3-10 keV PSD of Ark 120. These are “raw” unbinned pe-
riodograms estimated from each of the 6 EPIC pn observafions 2003
(black), 2013 (red) and 2014 (green, blue, cyan and magehie) thick
curves represent the fitted power-lapw constant model (equation 5) de-
scribed in Section 3.1.4.

(see below) and/dRossi X-ray Timing ExplorgRXTE-PCA (Pro-
portional Counter Array) campaigns. We measured PSDs eethr
bands: hard (2—10 ke\KMM-Newton+ Swift+ RXTBH), soft (0.3—
2 keV; XMM-Newton+ Swiff), and total (0.3—10 ke\XMM-Newton
+ Swiff). To account for biasing/sampling effects (aliasing ardl re
noise leakage) and to obtain proper errors on PSD pointsywe e
ploy the classic “PSRESP” method used by Uttley, McHardy & Pa
padakis (2002), Markowitz et al. (2003), etc. The readeefierred

Epoch Howerlaw Energy Range (keV) to those publications for details.
(Statistic) 0.3-10 0.3-2 2-10 For each PSD, we include all skMM-Newton EPIC light
a 1.657032 171795t 1.907068 curves, re-binned tdt = 500 s, and theSwiftXRT 6-month light
2003 log(V) —r1t2l o 75100 _78t0S curves as described above. Ark 120 was monitored witlRIKEE
Whittle (S)  —69318 —67 905 —61254 PCA once every three days from 1998 Feb 24 — 2000 Apr 28
2201035 9 2t0:48 9 (jg+0.82 (MJD: 50868-51662) - a duration of 794 days. However, there
@ 0.42 —0.35 U9_0.82 P
2013 log(\) 9.0~ —8.070% _go* were two large gaps due to Sun-angle constraints: MJD 50 931—
Whittle (S) ~ —76 322 74 27‘2 _67'896 51026 and 51278-51 425, comprising 30.5per cent of the total
duration. We thus used two PCA light curves lasting MJD 51026
a 1.9070-15 1967916 9,0970-32
0513 014 —0;26 51278 (252d) and 51425-51662 (237d). We extracted count-
2014 log(V) —7.5555  —T6Ig7  —84T75 rate light curves following standard PCA extraction prages
Whittle (5) —327042 —319701 —200685 (e.g. see Rivers, Markowitz & Rothschild 2013) and conséuic
Al o 1947033 2017015 2107928 PSDs using Discrete Fourier Transforms (DFTs). Followireg P
Whittle —472560  —461946  —419827 padakis & Lawrence (1993) and Vaughan (2005), we logarithmi

Table 4. The best-fitting parameters of the model fitted to the Ark 130OP
(i.e. a simple power law) in the 0.3-10, 0.3—-2 and 2-10 ke\f@nenges
using thexMM-NewtonEPIC-pn. Values marked with asterisks denote that
we were unable to constrain the 90 per cent confidence ingehké quote
the Whittle statistic,S, for each model. See Section 3.1.4 for details.

posing additional long-term trends on shorter observedddigrves.
Leakage may be important for intrinsically steep PSD slaoas
may significantly distort the periodogram if it is steep (exg~ 2)

at or below the lowest observed frequency (in this instance,

7.7 x 10~¢ Hz). This can have the effect of reducing the sensitivity
to features such as high-frequency bends and quasi-peisdil-
lations while biasing intrinsically steep slopesies 2 (see Deeter

& Boynton 1982; Uttley, McHardy & Papadakis 2002; Vaughan
et al. 2003; Gonzalez-Martin & Vaughan 2012 for furthetads).
The simplest method to reasonably recover a better refstgen

of the true PSD spectral index is discussed in Fougere (188&)

cally binned the periodogram by a factor eflL.4 in f (~0.15
in the logarithm), with the three lowest temporal frequehays
widened to each accommodate three periodogram points in or-
der to produce the observed PSB,f). The resulting PSDs span
the temporal frequency ranges:0 x 1077 — 2.4 x 107° and
1.3 x 1075 — 8.1 x 10~* Hz (soft and total bands, respectively)
with the hard band extending downTd® x 10~3 Hz, but yielding
agapaR.4 x 107 — 1.3 x 107° Hz.

We tested two very simple models only: an unbroken power-
law model (equation 5) and a sharply broken power-law:

—B
m(y):{Nu +C forv > vy, @

Nv= 7"+ C forv < vpr.

18 Red noise leakage is manifested as sinusoidal trends withdgdonger
than the duration of the light curve. End-matching subsractinear trend
(i.e. one part of the longest-duration sinusoids) and, ah,swill remove
some fraction, but not all, of the red-noise leaked power.
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Here, N represents normalization factors afiddenotes the
constant level of power at high temporal frequencies dueois-P
son noise, obtained by either egn. A2 of Vaughan et al. (2003)
in the case of EPIC data, empirically from unbinned perigdots
at high temporal frequencies. Meanwhile, the frequency tathv
the power law slope breaks is denotedugy. More complex mod-

els such as a slow bend cannot be well constrained by the data.

When calculating 2dist, we “deweighted” th&XMM-NewtorPSD
points by dividing their contributions by 7 as to avoid bragsthe
fit towards the highest temporal frequencies. Errors on P$Bein
parameters correspond ta Xor one interesting parameter, and
correspond to valuesclabove the rejection probability?, for
the best-fit model on a Gaussian probability distributiatipfving
Markowitz et al. (2003).

The results for the unbroken and broken power-law models
for each band are listed in Table 5, while the PSD is plotted in
Fig. 13. Lunsr and Lerkx are the likelihoods of model accep-
tance, each calculated &s- R, whereR is the rejection probabil-
ity. The best-fitting unbroken-power-law models yield P$apss,

a, with values 1.60-2.00, though formally the slopes are isens
tent with lower limits in the range: 1.40-1.55. The bestrfit
broken-power-law models are superior fits compared to theain
ken power law, and yield extremely small rejection prohitbes:

R < b5per cent. The best-fitting break frequencies have values
vp: = 2.0 — 4.0 x 10~%Hz, but errors onv,, are large, typically

+ ~ 0.7 in the logarithm, due to the break’s falling in the gap in
temporal frequency coverage. Best-fitting power-law stoglgove
the break,3, span 2.6-3.4, but are formally consistent with lower
limits of 1.6—1.9. Below the break, best-fitting values)adire near
1.0, with an average error df0.8.

For completeness, we also measured the hard band PSD using

the full-durationRXTEPCA light curve with gaps (“full” method).
The advantage is that the binned PSD extends dow0 13-¢ Hz,

a factor of 0.5 in the logarithm lower than using two light ves
(“indiv.” method). However, the “full” method yielded onlgne
extra binned PSD point below0~"* Hz (the lowest frequencies
probed by the “indiv.” method), and provided no significadt a
ditional constraint on the broadband PSD model shape. &wurth
more, the linear interpolation across gaps when meastiDET
can introduce a dearth of high-temporal frequency vaiitgitfibr
large gaps and slightly steepen the PSD slopes for both aser
and simulated light curves. In this case, the results obthims-
ing the “full” method were completely consistent with thadiv.”
method: the best-fitting unbroken-power-law model had 1.30;
the best-fitting broken-power-law model had best-fit patanse
log(wn: Hz) = —(5.779:3), B > 1.6, andy = 1.2 £ 0.5, with
Lerkn/Luner =0.976/0.356 = 2.70.

3.1.5 X-raytime lags

Given that Ark 120 is a source which displays relatively sgra-

ray variability, we investigated the nature of frequenependent
X-ray time delays between energy bands by employing Fourier
methods. By following the methods described in Vaughan &
Nowak (1997), Nowak et al. (1999), Vaughan et al. (2003) atd U
tley et al. (2011), we calculated the cross-spectral prisdinctwo
distinct broad energy bands by splitting each of the lighves
into a number of identical-length segments and computirgg th
DFT for each. We then combined these to form auto- and cross-
periodograms, averaging over all segments, allowing ustimate

the coherence, phase and time lags between the two enerdg ban
as a function of frequency.
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Figure 13. The PSD of Ark120 inP(f) space (panel a) anfl x P(f)
space (panel b) to visually accentuate the flattening of tireep-law slope
towards~-1 in P(f) space £0 in f x P(f) space] at lower temporal
frequencies. At low temporal frequencies, green and greyptethe two
RXTEsegments while orange points denote 8weift segment. The seven
XMM-Newtonsegments lie at higher temporal frequencies. Red and cyan
solid lines represent the best fit unbroken and broken ptavemrnodels,
respectively, folded through the “response” of the sangplivindow and
with Poisson noise added. Panels ¢ and d shovyﬁ;gt residuals for the
unbroken and broken power-law models, respectively.

We initially focus on the EPIC-pn data acquired in 2014.
Given the~130ks length of each of the four observations, we
used 65ks segments, providing us with 8 measurements at the
lowest frequencies and allowing us to access frequencies tio
v ~ 1.5 x 107° Hz. A relatively common choice of energy bands
for this type of analysis is to use a ‘soft band’ from 0.3-1 ka\d
a harder, continuum-dominated band from 1-4 keV. As such, we
opt to use these two broad energy bands here. We used lighgtscur
extracted with time bins of sizAt = 100 s and averaged over con-
tiguous frequency bins, which spanned a factar.afin frequency.

The cross-spectral products are shown in Fig. 14. The up-
per panel shows the cohereneg,which is an important factor
in assessing the reality of any measured time lags. Thislési-ca
lated from the magnitude of the cross-periodogram, as ithestin
Vaughan & Nowak (1997). It it a measure of the degree of linear
correlation between the two energy bands, whose value dlieul
in the ranged — 1. A coherence of) would imply no correlation
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Unbroken P.L. Broken P.L.

model (UNBR) model (BRKN)
Band (keV) «a Rej. Pr. ~y log(vp,, Hz) B Rej. Pr. LprkN/LUNBR
Hard (2-10) >1.40 0715 13%0% 57791 >1.6 0048 0.952/0.295 =320
Soft (0.3-2) >1.45 0786 0.970% —(.670%) >1.9 0048 0.952/0.214 =4.50
Total (0.3-10) >1.55 0.558 1.2799  —(5.4%9%)  >1.8 0002 0.998/0.442 =2.30

Table 5. Best-fitting model parameters obtained from the KMM-Newtor+- Swift+ RXTEPSDs. The unbroken-power-law (UNBR) model has a power-law
slope,«, while the broken-power-law (BRKN) model has a low-freqeyeslope,y, a high-frequency slopé, and a PSD break frequeney,,. The rejection
probability (‘Rej. Pr.") gives the ratio of the likelihoods acceptance, which denotes the significance in the impnene of the BRKN fit.
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Figure 14. Cross-spectral products computed between the 0.3-1 and 1-
4 keV energy bands using 65 ks segments and logarithmic éreyubin-

ning. The 2014 EPIC-pn data are shown with in black (circiekjle the

red (diamonds) curves show the results when including tkeefdam 2003

and 2013. Upper panel: the coherence between the two enanglg bMid-

dle panel: the phase lag. Lower panel: the time lag, wheresiiym® lag
denotes the harder band lagging behind the softer bandgh giffset has
been applied to the combined data (red diamonds) on thesxtaxavoid
overlapping error bars.

while a coherence of would mean that the variation in one band
can be perfectly linearly predicted by the variations inakiger. It
is clear from Fig. 14 that the coherence is high up to freqigsnc
> 10~* Hz. At frequencies abovg 3 — 4 x 10~* Hz, the Pois-

delayed with respect to variations in the soft band (i.e-Di&V);
i.e. a ‘hard lag’. A negative delay would imply a ‘soft lag’.hle

at frequencies> 10~* Hz the time delays are consistent with zero
lag, there are some clear deviations at lower frequencidslew
there are no obvious hard delays, the time delays do appgar ne
tive inthed—5x 1075 and8—10x 10~° Hz frequency ranges, with
measured time delays ef = —940 + 380 and—940 + 400 s, re-
spectively. The red data in Fig. 14 show the cross-speatoalyzts
when including the 2003 and 202dVIM-Newtonobservations in
addition to the 2014 data. It can be observed that the maasuits
are reasonably consistent between the two cases.

In order to assess the robustness of the lag measurement, we
follow the method employed in De Marco et al. (2013) to aralys
the incidence of soft lags in a large sample of variable AGhiehl
we use extensive Monte Carlo simulations to test the rditiplmif
the lag detections against spurious fluctuations (i.e.ywed by
Poisson / red noise). Following the method of Timmer & Konig
(1995), we simulated 1 000 pairs of stochastic light cunaseld on
fitting the underlying PSD in each of the 0.3—-1 and 1-4 keV band
with a bending power law (i.e. in the same way as described in
Section 3.1.4). The simulated light curves were scaleddartban
count rate of the observed light curves and were producduthgét
same background rate and Poisson noise level as that which we
observe in the two selected energy bands.

We then computed cross-spectral products for each pair of
simulated light curves having imposed a lag of zero phase (i.
¢ = 0). We adopted the same time sampling, segment length, light
curve length and frequency-binning factor as we use withrélagé
data. Then, any observed frequency-dependent time dalay®i
simulated light curves can be assumed to arise from a #tatist
fluctuation. De Marco et al. (2013) test the significance chdag
in their sample by defining a ‘sliding-frequency’ window taim-
ing the same number of consecutive frequency bis, which
contain the observed lag profile (in this instandg, = 1). They
then compute the figure of merit = /3(7/0-)? at each step
over the frequencies below which Poisson noise dominatesrad-
ing the maximum value. Recording the number of tigdeom the
simulated data exceeds the value from the real data allows us
estimate the probability of observing such a lag by chancéhis
instance, our observed soft lags are significant atth# per cent
level. As such, this appears to be the first detection of ativega
X-ray time delay in Ark 120.

In addition to the frequency-dependence of the lags, they ma

son noise begins to dominate anyway, as shown by the PSD (seealso show significant energy dependence. As such, we iga¢sti

Section 3.1.4).

The middle panel of Fig. 14 shows the phase lagsyhile
the lower panel shows the time delaysboth as a function of fre-
quency. They are simply related by:= ¢/27v. Here, a positive
delay signifies that the response of the hard band (i.e. IMike

the energy dependence of the negative lags observed in &ig. 1
Here, the cross-spectral lag is calculated for a seriesrfemutive
energy bands against a broad reference band, which we kaep co
stant, over a given frequency range (e.g. Uttley et al. 2@bgjhbi

et al. 2011, Alston et al. 2014, Lobban, Alston & Vaughan 2014
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Figure 15. EPIC-pn Lag-energy spectra of Ark120 computed against a
broad reference band (0.3-10keV - minus the band of injepesbss

14 energy bins with roughly equal logarithmic spacing. Uppanel: the
2014 data are shown over two frequency randes:5 x 10~° Hz (black
circles) and8 — 10 x 105 Hz (red diamonds). Lower panel: the com-
bined data (2003+2013+2014) are shown over a lower frequearoge:

0.5 — 1 x 1075 Hz (green squares).

Here, we use a reference band covering the full 0.3—10 keXggne
range minus the band of inter&kt

In Fig. 15, we show the lag-energy spectra overdhe 5 x
1075 (black) and8 — 10 x 10~° Hz (red) frequency ranges. Here,
a positive lag indicates that the given energy band is ddlayith
respect to the reference band. Note that errors on the éthdiViag
estimates in each band were calculated using the standdhddne
of Bendat & Piersol (2010). There is a slight hint of roughtgA
linear energy dependence at lower energies with the mafgitti
the soft lag increasing while moving towards higher enexrg&u-
riously, both lag energy spectra appear to then show a hiat of
peak at higher energies — in particular~af keV (although with
large uncertainties). This appears similar to the Fe K lagsnted
in other sources (e.g. Zoghbi et al. 2012; Kara et al. 20183{ohl
et al. 2014; Kara et al. 2014).

Finally, the green curve in Fig. 15 then shows the lag-energy
spectra derived from cross-spectral products using alXsibv-
Newtonobservations with a segment length of 110ks — i.e. the
longest segment allowed, defined by the length of the obsenva

19 The choice of reference band has the effect of producing &setoih
the resultant spectrum. For example, computing lag-engpggtra against
a 1-4 keV reference band resulted in lag-energy spectraviéhratsimilar in
shape to those shown in Fig. 15, just offset ongkeis.

from 2003. This allows us to extend the analysis down to the lo
est possible frequencies9 x 105 Hz. Curiously, the lag appears
to show strong energy dependence, again with the magnifute o
negative time delay increasing towards higher energies apime
delay,r, of several ks (although with increasingly larger uncertai
ties). Given that, compared to other AGN, this frequencyeapp
unusually low for observing a soft lag with such energy dejesice
combined with the fact that we only have six measurementseof t
lags at such low frequencies, we emphasise that we mustigxerc
caution in its interpretation.

To summarize, this lon¥MM-Newtorobservation of Ark 120
has revealed the presence of a significant high-frequerityXso
ray lag for the first time in this source, with the 0.3-1 keV gmi
sion lagging behind the 1-4 keV emission with a time delay of
~900 s. Modest energy-dependence of the soft lag is obseritled w
the magnitude of the lag increasing towards higher eneigies
roughly log-linear fashion, with an additional hint of ankcéag in
the ~6-7 keV band. Finally, similar energy dependence of the lag
may also be present at the lowest-observable frequencies.

4 SWIFT MONITORING CAMPAIGN

Here, we report on the results of our analysis of $wéft monitor-
ing campaign of Ark 120 undertaken in 2014/15.

4.1 Investigating thevariability of Ark 120 with the Swift

XRT

In Fig. 16, we show the broad-band 0.3-10 k8Wift XRT light
curve, consisting of the WT-mode corrected count ratesitdda
from each of the 84 useful observations obtained in 2014aG%,
ering ~200 days with an observed sampling rate~df days. The
long-term light curve is observed to be variable, varyingksto-
peak by a factor of2, with significant X-ray variability observed
on the timescale of a few days. Superimposed on the XRT light
curve are the corresponding U-band and UVM2-band lightesirv
obtained with the UVOT, which we return to in Section 4.2.

In Fig. 17, we show the XRT fractional variabilityy,.. (see
equation 4), over a series of energy bins with roughly eqog |
arithmic spacing. It can be seen that the long-te3mift XRT
variability gradually increases towards lower energiessking at
~30per cent. Note thafi,., = 18.7 & 0.5per cent over the
full broad-band 0.3-10 keV energy range. We also invesitjdie
hardness ratio as a function of source flux using the sameoaheth
described in Section 3.1 and, again, fitting a simple fumctibthe
form: HR = aCR + b, findinga = —0.10 andb = 0.38. These
results are consistent with Gliozzi et al. (2017) and confiradest
softer-when-brighter behaviour in this source. We did disthe
time-averageSwift XRT spectrum and performed additional flux-
resolved spectroscopy, finding results consistent witbZzliet al.
(2017), who perform a detailed spectral analysis. We refehat
paper for discussion and analysis of 8wift XRT spectrum.

4.2 Simultaneousoptical/UV/X-ray monitoring with the Swift
UVOT and XRT

As stated in Section 2.2.2, the UVOT on-bodasavift obtained
86 individual observations of Ark 120, alternating betwebe
U (~3465) and UVM2 (~2246) filters with typical expo-
sure times of~1ks. The observed sampling rate wa& days (or
~4days for a given filter). In Fig. 16, we show the overlaid tigh
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Figure 16. The Swift UVOT light curve of Ark 120 showing the corrected count ratethe U and UVM2 bands. Each point corresponds to a singlgéna
observation. The 0.3-10 keV XRT light curve is overlaid wathadditional y-axis scale for comparison.
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Figure 17. The fractional variability of the long-teri8wift XRT light curve
in roughly equal logarithmically-spaced bins.

curves obtained in the U and UVM2 bands. The UV data are glearl
variable, with the U-band varying by up te30 per cent and the
UVM2-band varying by up te-50 per cent on the timescale of tens
of days. The amplitude of variability of the two bands, exyge in
terms of fractional variability (see equation 4),A5.. ~ 5.5 and
Foar ~ 8.2 per cent, respectively (compared with,, ~ 16 per
cent for the X-ray band).

The U and UVM2 bands appear to be closely correlated with
a series of coincident peaks and dips in the two correspgrijht
curves. Superimposed on the UVOT light curves is the 0.3el0 k
XRT light curve with an additional y-axis scale for ease ahpar-
ison. Despite displaying more significant short-term \ifity, the
X-rays also appear to track the long-term UV changes well.

In the upper panel of Fig. 18, we plot the XRT count rate
against the U-band count rate for each of 8wiftobservations in
which both useful XRT and U-band data were acquired. Thedowe
panel of Fig. 18 shows the same but instead for the XRT vs UVM2
data. Due to the data acquired in a given observation beippap
imately simultaneous, this is akin to investigating thetiehship
between the two bands with a time delayz 0.

A clear positive correlation is observed in both cases, lwhic
we fit with a simple function of the fornt7 = a X +b, whereU and
X are the count rates in the UVOT and XRT bands, respectively,
anda andb are variables. In both cases, the fit suggests a clear
positive trend. In the XRT vs U-band case,= 13.6 andb =
82.4 while in the XRT vs UVM2-band case;, = 5.7 andb =
15.6. We also tested the linear relationship between the two$and
with the Pearson correlation coefficientand find a strong positive
correlation in both cases: XRT vs W= 0.6152 (p ~ 1.6 x 1075);
XRTvs UVM2:r = 0.6572 (p < 10~7). In both cases, the positive
correlation is significant at the 99 per cent level.

We also searched for correlations between physical model pa
rameters and the UV flux. We fitted each of the 86 XRT spectra ove
the full 0.3-10 keV band with a simple model of the forngABS
x (PL 4+ BBODY), wherePL is a power law, dominating at hard en-
ergies, andBODY is a blackbody component, modelling the soft
excess. Including any additional components in the modelladvo
result in it being overly complex given the limited statistof each
individual XRT snapshot, of which there are 43 simultanewiib
each of the U and UVM2 observations.

In Fig. 19, we plot the UVOT fluxes against the power-law
slope,I’, and the blackbody temperatuk€l’. We again fit the data
with a simple linear model[(k7") = aU(UVM2)+ 1], finding the
following fits (from left to right):T" = 0.29U + 1.48 (x*/d.o.f. =
23.3/41), T = 0.24UVM2 + 1.43 (x*/d.o.f. = 14.5/41), kT =
0.05U + 0.00 (x%/d.o.f. = 81.2/41) andkT = —0.01UVM2 +
0.11 (x?/d.o.f. = 42.7/41).

The linear fits shown in Fig. 19 hint at the power law slopg,
increasing as the UV flux increases, suggesting that theyslope
becomes softer as the source intrinsically brightens. |Sinhie-
haviour is observed in NGC 7469 (Nandra et al. 2000; Petetai
2004), which the authors discuss in terms of the correlatitsing
from Comptonization of UV photons to X-ray photons. However
the correlations only appear to be of moderate strengthvaities
for the Pearson correlation coefficientsof= 0.360 (p = 0.018)
andr = 0.261 (p = 0.091) for the U vsT" and UVM2 vsI" cases,
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panel) and UVM2 (lower panel) bands. In each case, a funciidine form

U = aX + b is fitted to the data, indicating a clear positive trend. The
reducedy? values are included on the plot.

respectively. Meanwhile, the UV V&I correlations are not signif-
icant withr = 0.099 (p = 0.528) andr = 0.024 (p = 0.879),
respectively.

4.2.1 The cross-correlation function

Here, we test for long-timescale correlations between leagth
bands using data from tH8wift monitoring campaign. The stan-
dard tool for measuring correlations between time seripsiisaps
the cross-correlation function (CCF; Box & Jenkins 1976)isT

is a generalized approach to standard linear correlatiadysis
whereby correlation coefficients are measured between ity |
curves, allowing for a linear shift in time between the twa.uch,
the result is a measure of the degree of correlatiofor a given
time shift,7. However, the primary requirement for the CCF is that
the time series be evenly sampled, which is not the case tith t

the discrete correlation function (DCF; Edelson & Krolik88).
The DCF allows us to calculate the correlation between nredsu
data pairsd;, b;), where each given pair has a layr;; = tj — t;.
The complete set of unbinned discrete correlations is folscted
(with their associated pairwise lags):

(ai —a)(b; —b)

V(o =€) (o} — )’

wheree, is the measurement error for a given data point in
time seriesa. This is then binned over the range:— A7/2 <
ATi; < T+ At/2, and averaged over the total number of pairs
falling within each bin:

UDCF;; =

®)

r(DCF;;) = %UCDFH. 9)

Here,—1 < r < 1, wherer = 1 means that the data are
perfectly correlated, whilee = —1 results from a perfect anti-
correlation. Completely uncorrelated data have= 0. We note
that the mean and variance of each time series in equatiory8 ma
be calculated ‘globally’ or ‘locally’ — i.e. using the pomilon
mean/variance, or, in the latter case, computed using belylata
points contributing to that particular lag bin. We have drigoth
methods in our subsequent analysis and find no significafer-dif
ence in our results.

For our CCF estimates, we used the mean count rates from
each UVOT exposure and available XRT snapshot, settingrttes t
t, at the centre of each exposure bin. Gliozzi et al. (2017)mded
the DCF for Ark120 using separate soft and hard X-ray bands
while, here, we use the full 0.3—-10 keV band. While the taagth
of the Swiftcampaign is~200 days, at longer lags, fewer pairs con-
tribute to the DCF. This significantly reduces the certaimtythe
DCF estimates. In addition, one should be wary of lags grélade
~1/3-1/2 of the duration of the light curve in the presencetiaiig
“red-noise” light curves (Press 1978). Therefore, we comegthe
DCFs over the range-35 < 7 < 435 days using time bin sizes
of both A7 = 4 and A7 = 8days?® ensuring that there were
> 25 cthin™t. We computed these using all three available wave-
length bands; i.e. XRT vs U, XRT vs UVYM2 and U vs UVM2. The
DCFs are shown in Fig. 20 (upper panel). A positive lag denote
the ‘first’ wavelength band leading the ‘second’ wavelengmd
— in this case, the shorter wavelength leading the longerewav
length emission.

The XRT vs UVM2 and UVM2 vs U DCFs are well-correlated
at zero lag £2days), withr = +40.682 £ 0.095 andr =
+0.897 £ 0.110, respectively (both significant at the 99 per cent
confidence level), with a clear positive skew in the lattexec& he
UVM2 vs U variability correlation is significantly strongelue to
the relative smoothness of the light curves. Meanwhile XR& vs
U DCF peaks at = +4 days @2 days), withr = +-0.686+0.113
(again significant at the- 99 per cent confidence level). We also
computed the DCFs with a time-bin size of 8 days (cyan) anddou
the results to be consistent, although the XRT vs U lag is agsh
out in the 8-day DCF, peaking at= 0 + 4 days. We also estimate
the centroid of the DCFSi.ent, by taking the mean of all points
falling within 0.8 X Tpeak, iN @n approach similar to Gliozzi et al.
(2017). For the XRT vs UVM2, XRT vs U and UVM2 vs U cases,

20 Note thatAT = 4 days is roughly equal to the observed sampling rate

Swiftmonitoring campaign. As such, we estimate the CCF by using for the U and UVW2 UVOT filters.
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Figure 19. The observed fluxes in tHewiftU and UVM2 bands plotted againstandk7T" acquired from fits of the formtBABS x (PL + BODY) applied to
the simultaneously-obtained XRT spectra. Simple lineamds have been fitted to the plots. The UVOT fluxes are givemiis of ergcnt2s—1 A1, See
Section 4.2 for details.

Bands 4-day DCF 8-day DCF 2-day ICF

r (DCF) Tlag (days) r (DCF) Tiag (days) 7 (ICF)  7j,g (days) Tcent (days)
X-ray vs UVM2  +0.682 % 0.095 0+2 +0.541 £ 0.071 0+4 +0.640 0.9+1.8 09+1.6
X-ray vs U +0.686 + 0.113 442 +0.622 £+ 0.068 0+4 +0.662 2.44+1.8 24+1.6
UVM2 vs U +0.897 £ 0.110 0+2 +0.908 £ 0.094 0+4 4+0.943 1.7+2.0 1.7+1.7

Table 6. The CCF estimates for Ark 120 obtained fren® months of monitoring wittswift While the X-ray vs UVM2 and UVM2 vs U CCFs are consistent
with zero lag there appears to be a suggestion of the X-raglirig the U-band emission. Note that the range;gf values for the DCF simply denotes the

bin width. See Section 4.2.1 for details.

we findreent ~ 0, 2 and2 days, respectively. The results are tabu-
lated in Table 6.

In addition to the DCF, we also computed the interpolated cor
relation function (ICF; see Gaskell & Sparke 1986 and Whiteek
terson 1994). Here, linear interpolation is performed leetwvdata
points in first light curve to achieve regular sampling. TheéFC
can then be measured for an arbitrary lagby comparing the in-
terpolated values with the real values from the second bghte.
The reverse process is then done with interpolation applietie
second light curve instead and the results are averagedirEae
correlation coefficient is then calculated as:

N

Zi,j:l(a’i —a)(b; —b)

(VEL @ —a2) (V=0 -02)

and is repeated for a range of lags in order to find the value
of 7 for which the CCF is maximized. The ICFs were computed
with time bin sizes ofAr = 2days, which is roughly half of the
observed sampling rate in the UVOT light curves. The ICFs are
shown in Fig. 20 (upper panel).

We estimated uncertainties on the ICF lags using the method
of Peterson et al. (1998). Here, a distribution of lag valgdsuilt
up by modifying individual light curve points and recaldita the
correlation coefficient a number of timea] (in this case,N =
1000). We use the combined ‘FR’ (flux randomisation) and ‘RSS’
(random subset selection) methods to modify the light curvae
FR method randomly deviates each flux point based on a Gaus-
sian distribution of the flux uncertainty (with, , = eq,5) While
the RSS method is similar to “bootstrapping” techniquesnehg
samples are drawn from randomly selected points, redubingé-
lected sample size by a factor of uptd/e =~ 0.37 points in order
to test the sensitivity of the CCF to individual data points.

According to the ICF, the peak correlation coefficient com-

T(ICFij ) =

, (10)

paring the XRT and UVM2 bands ig.s = +0.640 with a lag

of 7 = 0.9 £ 1.8days (1.6 days centroid), consistent with zero.
However, in the case of the XRT vs U ICF, we find; = +0.662
peaking at a positive lag af = 2.4 + 1.8days (1.6 days cen-
troid). Finally, in the UVM2 vs U case, the ICF has a peak darre
tion coefficient ofr;.s = +0.943 with alag ofr = 1.7 & 2.0days
(x1.7days centroid), again consistent with zero. See Table 6 for
a summary. In general, this suggests that the shorter wagtble
emission may be leading the longer wavelength emissionnMea
while, the lower panel of Fig. 20 shows the distribution af tten-
troid of the peaks in each case, calculated using pointswaities

r > 0.8rpeax. The vertical dot-dashed red lines show the 90 per
cent confidence intervals based on 10 000 simulations.

5 DISCUSSION

The purpose of this paper has been to present some of the-funda
mental timing and variability properties of Ark 120 througthong
~420 ksXMM-Newtoncampaign plus addition@wift RXTEand
NuSTARJata. Here, we discuss the results.

5.1 Spectral decomposition

In Section 3.1.1 we fitted phenomenological models to thadyo
band X-ray spectra and analyzed the energy-dependencee of th
variability. Both the difference and the rms spectra cleadnfirm

that the main source of the variability in the 2014 campagyduie

to a soft power-law-like component which primarily variesliux.
Given the relative smoothness of the component and thetfatitt

can be fitted with a steep power law, this is likely consisteitt the
cooler Comptonization component detected in paper IV (aés®
Mallick et al. 2017). The soft component appears to domittade
variability on timescales corresponding to frequencieth@range
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v ~ 0.77 — 5 x 10~° Hz (corresponding to timescales in the range:
10-130ks) and also between observations on timescaleslayjs
and~years. This behaviour is confirmed by low-frequency covari-
ance spectra presented in Section 3.1.3. Similar behah@sire-
cently been observed in the variable Seyfert galaxy PG 1P43+
(Lobban et al. 2016). Meanwhile, the fractional variakild much
less pronounced on short timescales and its energy depsnden
much flatter. As such, the X-ray continuum is likely desodiitxy

a blend of two components with the soft excess varying slowly
and independently of the hard X-ray coronal power law, sintib
cases such as NGC 3227 (Arévalo & Markowitz 2014), Ton S180
(Edelson et al. 2002), Ark564 (Turner et al. 2001) and Mkn 509
(Mehdipour et al. 2011). If the variable, steep soft excemn-c
ponent arises from Comptonization (as suggested by braad-b
modelling in paper V), a possible scenario might involveiirsic
changes to the corona either in terms of the electron tertyrera
or the optical depth. For example, the corona may be cooldioan
thinner during time periods where the variable soft comporie
observed to be weaker.

Through the analysis of difference spectra, we also find ev-
idence for a weak component of variable Fe K emission. This is
most prominent in the long-term difference spectra (i.¢éwben
the 2013 and 2014 epochs) in botMM-NewtorandNuSTARJata
and is observed to peaka6.2 keV. This energy is moderately red-
ward of the core of the line at 6.4 keV and is like the assodiatel
wing of the Fe line. This feature in the difference spectrikidy
the variable component of emission in the 6.0-6.3 keV ranige p
sented in paper Il. This is observed to vary in strength opsirales
of ~1year and may arise from a short-lived hotspot on the surface
of the accretion disc, perhaps illuminated by magneticmaeotion
events, located just a few tenssqffrom the central black hole.

5.2 Thepower spectrum

In Section 3.1.4 we modelled the PSD of Ark 120 using all a#é
XMM-NewtonEPIC-pn data. We fitted the broad-band 0-3-10 keV
PSD (plus PSDs in soft and hard energy bands) with a simplemod
consisting of a power law plus a constant, the latter of whicidels
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Poisson noise which begins to dominategt 3 — 4 x 10~* Hz.
From a joint fit to all six observations we find a mean slope: 6f
1.9475-13, with no clear dependence of the slope on energy, time or
flux within the measurement uncertainties. We find that tbpesis
consistent with the mean value @f= 2.01 + 0.01 obtained from
a large sample of AGN described in Gonzalez-Martin & Vaargh
(2012).

We also tested for the presence of a break in the PSD by
fitting a broken-power-law model (equation 7) to the f¥MM-
Newtord Swift+ RXTEPSD, extending the frequency range down

The energy-dependence of the lags are shown in Fig. 15
against a constant broad reference band. There is a hint offa m
est log-linear energy dependence with the magnitude ofdbe |
increasing towards higher energies with an additional bina
peak in the~6-7 keV band, similar in shape to the high-frequency
FeK lags now observed in a range of AGN (e.g. Alston et al.
2014; Kara et al. 2014; Zoghbi et al. 2014). The FeK lags are of
ten associated with small-scale reverberation from neltetose
to the black hole. Additional energy-dependence is founth wi
the lowest-frequency lag (when including all six obsenvas) at

to ~10~7 Hz. The broadband PSD shape in each energy band isv ~ 9 x 10~® Hz. Curiously, this energy-dependence appears to

broadly consistent with the X-ray PSD shapes of other Seyfer
galaxies with power-law slopes 6f1 below the break, and steeper
slopes of~2-3 above the break. In the broken-power-law models,
the best-fitting break frequencies correspond to breakstales,
Ty, = 2.9 — 5.8d — but, given the large errorg;,, is consis-
tent with values spanning 0.54-14.6 d (the average of eauthiba
log space). We note that the unbroken-power-law models atre n
formally rejected at high significance; e.g. rejection pdoilities
are only 56—79 per cent due to the poor limited temporal feeqy
coverage. Thus, while broken-power-law models providéebéits

at all bands, withLsrkn/Lunsr indicating breaks at the 2.3—
4.5¢ level, we must conservatively conclude that break detestio
are tentative, not conclusive. We find no evidence for evaubf
PSD shape or break frequency with photon energy.

The break timescale of the PSD and the mass of the black
hole have been found to be approximately linearly corrdlftem
studies of numerous AGN (e.g. Uttley, McHardy & Papadakis
2002; Markowitz et al. 2003). A simple scaling relation isyided
by Gonzalez-Martin & Vaughan (2012), which links the absed
bend timescale and the mass of the black hole for AGN:

log(Tv:) = Alog(Msu) + C, (11)

whereT,, is the time-scale of the break in day®gy is the
mass of the black hole in units @0° M, and A andC are coeffi-
cients with values o0f.09 4+ 0.21 and—1.70 £ 0.29, respectively.
For the black hole mass of Ark 1204gx = 1.5 x 10® M), this
predicts bend timescales ranging fran85 — 26.3d, consistent
with the observed PSD break measured here.

Additionally, McHardy et al. (2006) extend the mass-
timescale relation to include an extra dependence on bdiame
luminosity, L. Here, an additional term is included in equa-
tion 11: Blog(Luo1), where Ly is the bolometric luminosity in
units of 10** ergs™!. In this instance, the best-fitting values, as de-
rived by Gonzalez-Martin & Vaughan (2012), ate= 1.3440.36,

B = -0.24+0.28 andC = —1.88 4+ 0.36. For Ark 120, taking
a value of Ly, = 2 x 10*® ergs™?, this predictsTi,, = 5.3d

(although with large uncertainties), also consistent with obser-
vations.

5.3 X-raytimelags

In Section 3.1.5, we presented an analysis of the X-ray biitia

of Ark 120 on short timescales through Fourier-based arsalyée
computed frequency-dependent time lags and detecteddkemre

of a soft lag whereby the 0.3—-1 keV band emission lags behiad t
harder 1-4 keV band emission. In Fig. 14, such soft lags appea
prominent in thet — 5 x 107> and8 — 10 x 10~° Hz frequency
ranges with measured time delaysrof —9404 380 and—940+

400 s. This is the first detection of a soft lag in Ark 120.

be much stronger, again with the magnitude of the soft lageas:
ing towards higher energies, compared to the broad refertgsuad,
peaking at a few ks.

A scaling relation betweeM s and amplitude/frequency of
the soft lag is presented by De Marco et al. (2013) based on a
sample of 15 AGN. The following relations were found for the
relationship between observed frequeney,and time lag,|7|,
with Mgn: logr = —3.50[£0.07] — 0.47[£0.09] log (MsH) and
log|r| = 1.98[£0.08] + 0.59[+0.11] log (MsH ), where Mgy is
the black hole mass in units db” M. In the case of Ark120
(Mgn = 1.5 x 10® M), this predicts the frequency of the soft lag
to liein the ranger = 5.9 x 107° — 1.3 x 10~* Hz. This is consis-
tent with the8 — 10 x 10~° Hz lag and marginally consistent with
thed — 5 x 1075 Hz lag. Meanwhile, the scaling relations predict
a time delay in the rangér| = 290 — 760's, which is consistent
with our measured time delay within the uncertainties.

The most popular model to explain high-frequency soft lags
involves reverberation of the primary X-ray emission by eni
close to the black hole, perhaps via reflection (e.g. Zoghtail.e
2011; Fabian et al. 2013; Uttley et al. 2014). In such a scente
observed time lag roughly corresponds to the distance lestives
primary and reprocessed emission sites. In the case of Arkd?2
time delay on the order o1 ks would correspond to a distance
of a~few r,. As such, the scaling of the characteristic timescales
compared to lower-mass AGN (e.g. 1HO7045; Zoghbi et al.
2011) may be consistent with the disc reverberation scenad-
ditionally, in a number of sources, the energy-dependefficheo
high-frequency soft lags have shown evidence for featurahe
Fe K band (e.g. see Zoghbi et al. 2012; Kara et al. 2013; Alston
al. 2014; Kara et al. 2014), which have been associated wéh t
small-scale reverberation model. In Fig. 15, we find theie lént
of a peak in the energy-dependence of the soft lag of Ark 120 at
~6—7 keV, which appears similar to the Fe K lags detected iaroth
sources. However, we do note that the inferred distanceeaitsov
slightly at odds with our Fe K modelling in paper Il and ouralktd
broad-band spectral modelling in paper IV, in which we irtfeat
the bulk of the Fe emission arises frontens ofr, from the black
hole. If the soft excess were to arise purely from reflectiéth the
X-rays originating in a highly compact corona - e.g. the |pogt
model geometry - then the discrepancy could, in part, hanérieo
butions from systematic errors in either of the inferredatises.
On the other hand, we may consider alternative geometies, s
as a more extended X-ray-emitting corona (e.g. see papefFiil)
nally, it is worth noting, though, that the estimated sizalsof a
~few r, for the reprocessor may actually be significantly larger
when considering the effect of dilution from continuum esiog
in the reprocessing band. In particular, in paper IV, we fhat the
soft excess is dominated by Comptonization (largely agi$iom
the fact that the relativistic reflection parameters areblento be
reconciled between the soft excess and the Fe K band). As isuch
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may be the case that our high-frequency lag measuremenndoes
directly reflect ‘corona-to-reflected-only’ light travehihs.

Finally, we do not detect the low-frequency hard lag, which
is now observed to be a common feature of both variable AGN
and XRBs. Low-frequency hard lags are an important phenomen
as they may be ubiquitous in accreting black hole systents tiwi
frequency and amplitude of the lag scaling with black holssnas
such, they likely carry important information about thausture of
accretion flows surrounding black holes. Our non-deteatisuch
a lag likely arises from the fact that the black hole mass &f10
is large (1.5 x10® M) and so pushes the frequency of the hard
lag below our observed frequency range (ke.7.7 x 107%Hz)
with our 130 ksXMM-Newtonobservations.

5.4 Optical/UV monitoring

In Sections 3.1, 4.2 and 4.2.1, we analyzed the optical angidp-
erties of Ark 120 througtkKMM-NewtonOM data and a-6-month
monitoring campaign with the UVOT on-boa8Wwift The OM UV
data are well correlated with the long-term X-ray variatiqsee
Section 3.1) and are observed to track the long-term X-ray-flu
e.g. mimicking the drop in brightness of the source in 2013nrd- a
varying by up to~80 per cent on timescales efyears. This huge
change in flux may be too large to arise from reprocessing and s
a long timescale suppression of the observed flux, such asltha
served in the 2013 epoch, might be due to an intrinsic deereas
the accretion rate of the source. While the within-obsésvatari-
ability with the OM is far less pronounced, variations of @ fger
cent can be observed on timescales-dfays. On these timescales,
the shorter-wavelength emission (i.e. UV) displays stesrgac-
tional variability than the longer-wavelength emissiae (bptical)
with a steady decrease in flux over the timescale of the 204M-
Newtoncampaign. The lower variability in the longer wavelength
bands (e.g. V, B, U) may be expected due to increased dilrioom
the host galaxy whereas the shorter wavelength bands aer ¢to
the peak of the UV bump where more intrinsic variability may b
expected. Meanwhile, an upturn in the UVW2120 A) flux is ob-
served at the end of the campaign, hinting at a delayed resgon
the increase in X-ray flux-2 days previously.

In Section 4.2, we show the6-month UV/X-ray light curves
obtained withSwift A clear linear positive correlation is observed
between the U and UVM2 bands. In addition, the X-rays appear
to track these variations with a clear positive correlatiserved
with a time delay,r = 0, significant at the> 99 per cent level.

In Section 4.2.1, we tested for inter-band correlations &sna-
tion of time delay by computing DCFs and ICFs. Our 4-day and
8-day DCFs show strong correlations between all three \wagth
bands, generally peaking at= 0 days, consistent with Gliozzi et
al. (2017). However, we do find a non-zero solution for the XRT
vs U-band DCF, which peaks at= 4 + 2 days, suggestive of the
U-band emission lagging behind the X-rays (also see Buissah
2017). Additionally, given the slight positive skew in thé&/M2

vs U DCF, we do estimate the centroit.nt, to be~2 days. We
also compute the ICF for each wavelength band, performingt®&o
Carlo simulations to estimate the error on the peak-cdiosidag.
While the XRT vs UVM2 and UVM2 vs U ICFs are found to be
consistent with a lag of zero within the uncertainties, waiag
find evidence of a time lag between the XRT and U bands, with
the U-band emission lagging behind the X-rays with a delay of
T =24+ 1.8days.

Short-timescale correlations between the optical, UV and X
ray bands have been seen in numerous type-1 Seyfert galsxots

as MR 2251-178 (Arévalo et al. 2008), Mrk 79 (Breedt et aD®0
NGC 3783 (Arévalo et al. 2009), NGC 4051 (Breedt et al. 2010,
Alston et al. 2013) and NGC 5548 (McHardy et al. 2014, Edel-
son et al. 2015). The observed variations are commonly stscl

in the context of reprocessing in the accretion disc. In tus-
nario, the disc is illuminated by primary X-rays, which aepiro-
cessed, resulting in the production of UV and optical phstdine
UV/optical photons will then be delayed with respect to theaXs
where the time lags, is defined by the light-crossing time between
the emission sites. Therefore, one may expect large-ampliX-
ray variations to result in time delays that are both smatiem-
plitude and wavelength-dependent. If the disc is optietidigk, the
longer-wavelength emission will be delayed with an expe:céda-
tion: 7 < A%/ (Cackett et al. 2007). Now, while the majority of the
optical and UV emission could be “intrinsic” (for exampleising
from internal viscous heating), it is expected to be largaigstant
over long timescales, whereas an additional portion of vese
emission may vary, arising from the reprocessing of X-rays.

For Ark 120, we can estimate the location of the reprocessing
sites assuming a standard accretion disc that is optitaiti- We
assumex = 0.1, H/R = 0.01, a central compact X-ray source at
67 above the mid-pland,/Lraa = 0.1 (paper 1V) and the mass
of the black hole to bé.5 x 108 M. Then, using equations 3.20
and 3.21 of Peterson (2007), we estimate emission-weightdid
for the SwiftU (3465A) and UVM2 (2 2464) bands of 300 and
160r,, respectively. These correspond to respective lightsings
times of~2.0 and~1.1 light-days* While we do not detect any
significant time delay between the XRT and UVM2 bands, we may
not expect to detect one given our data’s timing resolutidean-
while, our ICF does suggest an XRT-to-U-band peak time delay
T = 2.4+1.8 days. This is consistent with the predicted.0 light-
day crossing time. The absolute change in UV / X-ray lumitiesi
observed here is consistent with a reprocessing scendnierely
the observed variations in X-rays are a factor& larger than the
UV variations but the X-ray luminosity is a factor 8f2—3 times
weaker. Consequently, the large-amplitude changes irethtvely
weak X-rays are sufficient enough to power the smaller-gogi
changes in the relatively large UV luminosity.

We note that some recent results have posed challenges for
the predictions of the reprocessing scenario — namely tteHat
larger physical separations between emitting regions éixpected
from standard accretion disc models have been implied by mea
sured time lags (e.g. Cackett et al. 2007, Edelson et al.)2&1db
microlensing studies (Mosquera et al. 2013). This has letksau-
thors (e.g. Gardner & Done 2016) to suggest that the obsenped
tical/UV lags do not arise from the accretion disc itself instead
arise from reprocessing of the far UV emission by optic#tligk
clouds in the inner regions of the BLR. While we do not confirm
longer-than-expected lags here, to better define the pated-time
lags and offer further tests of the disc reprocessing mad&l120
would likely be an appropriate target for a more comprehensi
Swiftmonitoring campaign in order to sample the source progertie
more extensively in time and flux.
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