INAF

ISTITUTO MNAZIOMNALE

Ol ASTROFISICA

MATICHMAL INSTITLITE
FOR ASTROFHYSICS

Publication Year 2015

Acceptance in OA@INAF |2020-12-30T12:12:51Z

Title The evolution of the disc variability along the hard state of the black hole transient
GX 339-4

Authors De Marco, B.; PONTI, GABRIELE; Mufioz-Darias, T.; Nandra, K.

DOI 10.1093/mnras/stv1990

Handle http://hdl.handle.net/20.500.12386/29368

Journal MONTHLY NOTICES OF THE ROYAL ASTRONOMICAL SOCIETY

Number 454




arxiv:1509.00043v1 [astro-ph.HE] 31 Aug 2015

Mon. Not. R. Astron. Sod00,[1-?? (2014) Printed 12 June 2018 (MRTEX style file v2.2)

The evolution of the disc variability along the hard state of the black
holetransient GX 339-4

B. De Marco** G. Ponti! T. Mufioz-Darias>®* K. Nandral

1 Max-Planck-Institut fir Extraterrestrische Physik, €senbachstrasse 1, D-85748, Garching, Germany

2 |nstituto de Astrofisica de Canarias, 38205 La Laguna efée, Spain

3 Departamento de astrofisica, Univ. de La Laguna, E-3828& 4guna, Tenerife, Spain

4 University of Oxford, Department of Physics, Astrophysizsnys Wilkinson Building, Keble Road, Oxford, OX1 3RH, UK

Released 2014 Xxxxx XX

ABSTRACT

We report on the analysis of hard-state power spectral §efusiction (PSD) of GX 339-4
down to thesoft X-ray band, where the disc significantly contributes to titaltemission. At
any luminosity probed, the disc in the hard state is intcalty more variable than in the soft
state. However, the fast decrease of disc variability agetion of luminosity, combined with
the increase of disc intensity, causes a net drop of fragtieariability at high luminosities
and low energies, which reminds the well-known behavioutisé-dominated energy bands
in the soft state. The peak-frequency of the high-frequémrgntzian (likely corresponding
to the high-frequency break seen in active galactic nudlgiN) scales with luminosity, but
we do not find evidence for a linear scaling. In addition, weaskie that this characteristic
frequency is energy-dependent. We find that the normadzadf the PSD at the peak of
the high-frequency Lorentzian decreases with luminoditgllaenergies, though in theoft
band this trend is steeper. Together with the frequency, ghié yields quasi-constahigh
frequency(5-20 Hz) fractionakms at high energies, with less than 10 percent scatter. This
reinforces previous claims suggesting that tigh frequencyPSD solely scales with BH
mass. On the other hand, this constancy breaks down isdfidband (where the scatter
increases to- 30 percent). This is a consequence of the additional cartioib from the
disc component, and resembles the behaviour of opticaldity in AGN.

Key words. X-rays: binaries - X-rays: individual (GX 339-4) - accretiaccretion discs

1 INTRODUCTION Ponti et al. 2004) dropping from values of tens of percentin t
lack ol X2y inaes (BHXRE)spend most of i me i S, S, T 2 Tt e e
aqu |.escent state, which is occasionally interrupted bbmts of During the hard state the fractionahs shows an “inverted spec-
activity. A§ the outburst evolves the ;ou.r.ce passes thrdl@'r- trum” (decreasing with energy), which switches to a “hardcsp
egt accretion I\s/lta tes atnd tt)Otlh ig%;/.agalﬁlllty atndl Sgggtsaﬂggﬁjsl trum” (increasing with energy, at least abové keV) during in-
; :/Incgceligteb%k zl())/gg;o '(I?hee 3a.riabilit’y pero(p))re“rt(ieesaé)f thes:e . termediate and soft states (e.g. Zdziarski et al. 2004 pBedt al.
have been extensivély studied in the past, revealing thetemde 2011, asllllustrated .|nt.he inset of Fig. ‘.1)' Thesg behamam usu-
of trends as a function of accretion state /am duminosity (e.g ally ascribed to variations of the rellatllve c.ontnbu.tlontbé main
Zdziarski et al. 2004; Mufoz-Darias, Motta, & Belloni ZOEe.I-. X-ray spectral components (e.g. Gierlifski & ZdziarskDa} In-
loni. Motta. & Muﬁoz'-Darias 2011) i—|owevér due 1o the SEns deed, over the past years, the general idea was that thg btaad-
! X : ’ frequency-bandariability characterizing the hard state was associ-

E[:y I'mt'ts Xf the gtce:t;ctorstheamplqyid (pz_T_r.tlguIar'IEy tTe Fg;g)_rl;al ated with the Comptonized hard X-ray emission (power laajnfr
ounter Array, » On 0SSI X-ray Timing EXplore ), the corona (or the base of a radio-emitting jet, e.g. Zdkiasal.

these studies have been mostly limited to energidkeV. At these 1998; MarkdF, Nowak, & Wilms 2005; Droulans et al. 2010), since
energies thebroad-frequency—ban(ge.g.. in the typl(;al frequency this component dominates the X-ray spectrum during thie s@n
range~ 0.1 - 60 Hz) aperlqdlc Va”ab"_'ty progressively decreases the other hand, the disc-thermal component, known to baltari
as t_he_(_)utburst_evolves, with the fractional root-mearasejgms) on the time scales of the outburst, was thought to be intétigi
variability amplitude (e.g. Nandra etal. 1997; Vaughanl @093; constant on shorter (than about hours-minutes) time sdalgs
Gierlihski & Zdziarski 2005). Given that the disc domirsténe

spectrum up to energies ef10 keV during the soft state, it would
* E-mail: bdemarco@mpe.mpg.de
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then be responsible for the droplbad-frequency-bangariabil-

ity amplitude, and for the change of shape of the fractionzs
spectrum.

The way these variability properties extrapolate to softa)-
energies € 3 keV) during the hard state is currently poorly
known. Since, during the hard state the disc component gioes
negligible contribution in the soft X-ray energy band (1 keV;
Tomsick et al. 2008; Kolehmainen, Done, & Diaz-Trigo 2Q14)
to some extent we would expect to observe behaviours sitailar
those characterizing the disc during the soft state. Howéve re-
cent use of data from the EPIC-pn detector onboard XMM-Nawto
(sensitive down to~0.3 keV), for the spectral-timing analysis of
BHXRBSs, unveiled the existence of high levels of intringia {ime
scales of 2 1 s) disc variability in the hard state (Wilkinson & Ut-
tley, 2009). Though this result has been obtained studyisiggie
dataset for each of the two sources GX 339-4 and Swift J1753.5
0127, it might represent a general property of BHXRBSs. Tleus,
tending timing studies down to soft X-ray energies is criiciar-

der to gain a complete understanding of the disc-coronalviityy
processes.

Another important property of X-ray variability in BHXRBs that
the characteristic time scales vary during the outburstiiguhe
hard state all the variability components (commonly modie¥éh
Lorentzians; Belloni, Psaltis, & van der Klis 2002) in thewsy
spectral density function (PSD) shift towards higher fregies

as the luminosity increases, while keeping tight corretati be-
tween each other (e.g. Belloni et al. 2005; Done & Gierlisk
2005). This indicates strong dependence of X-ray varighdn
the luminositymass-accretion rate of the source. The shift of the
characteristic frequencies as a function of mass-aceretite is

a general property of accreting systems. Indeed, as in BHXRB
a scaling (consistent with being linear; McHardy et al. 2006~
erding et al. 2007) also links the “high-frequency breakd€Eon

& Nandra 1999) and the mass-accretion rate in active galacti
clei (AGN). However, despite all these variations in botarettter-
istic frequencies antiroad-frequency-bandariability amplitude,
thehigh-frequencyPSD (i.e. above the peak-frequency of the high-
frequency Lorentzian) remains remarkably constant duttiegen-
tire outburst (Gierlihski, Nikotajuk & Czerny, 2008), ifwting
little or no-dependence on the luminosity and the accresiaie

of the source. In analogy with BHXRBs, also in AGN the high-
frequency PSD (above the high-frequency break) does nat sho
any clear dependence on the lumingsitgss-accretion rate (e.qg.
O’Neil et al. 2005; Zhou et al. 2010; Ponti et al. 2012).

In this paper we aim at investigating the evolution of the R&D

a function of luminositymass-accretion rate, extending the analy-
sis down to the soft X-ray energy band. For this reason, waystu
the hard-state PSD of GX 339-4, the best monitored BHXRBs. We
used data collected with XMM-Newton, and, in order to obtain
broad band coverage, we considered also simultaneous RKTE o
servations. The data selection and reduction are presanfelt.

[2, while the PSD estimate and analysis procedures are dedari
Sect[3. Given the dierent, frequency-dependent behaviours out-
lined before, which characterize the PSD at energies3 keV,

we will first study thebroad-frequency-bandariability proper-
ties (Sect[4]{=4]2), and then more specifically focus orhthe-
frequencypart (Secf 413). Results are discussed in $éct. 5.
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Figure 1. The hardness-intensity diagram of GX 339-4 as obtained from
all the archived RXTE observations relative to the 2004h(ligrey dots)
and 2009 (dark grey triangles) outbursts. The luminositoimputed in the
range 3-30 keV, the hardness is computed as the ratio betilveet3-30
keV and 3-13 keV flux. Colored points mark the position of thalgzed
XMM-Newton and simultaneous RXTE observations in the diagr The
labels refer to the nomenclature used in the paper to irelib&t 2009 (low
luminosity), 2004 (medium luminosity), and 2010 (high lmosity) obser-
vations. The error bar on the left side of the plot reportsutheertainty on
the HID normalization due to the uncertainties on the distaand the BH
mass of GX 339-4.

2 DATA REDUCTION

GX 339-4 has been observed 18 times by XMM-Newton (as of May
2014). In this paper we focus on all the archived observatigith
exposures-10 ks, which caught the source in a hard state, i.e four
observations in total. In order to further increase the speband
coverage we considered also all the available simultanBX{iE
observations. Details about the analysed data sets argeepn
Table[d.

Among the four selected XMM-Newton observations, two
(16-18 March 2004) were carried out during consecutivellgate
revolutions. Hereafter, we will show results obtained bmbming
these two observations together, and we will refer to theronas
single observation. The remaining two observations betorife
same outburst of the source, but they have been carried eysam
apart (in 2009 and 2010).

We used EPIC-pn (Struder et al. 2001) and Proportional @oun
Array (PCA; Jahoda et al. 2006) data, which ensure hifgcave
area over a broad spectral range.

The XMM-Newton data reduction was done using the XMM Sci-
ence Analysis System (SAS v13.5), and the latest calibrdiies
(CCF, as of May 2014). The analyzed data sets are all in Tim-
ing mode. We followed standard reduction procedures, aptiezp
Rate Dependent PHA (RDPHA) and X-ray loading (XRL) correc-
tions (Guainazzi & Smith 2013; Guainazzi 2014, and refeesnc
therein). We selected time intervals free from backgrouratom
flares (GTI, the final #ective exposures are listed in Table 1) and
considered only events with PATTERH 4. The source counts
were extracted from the region which includes 90 percentef t
total collected counts. For all the observations this nedadls be-
tween RAWX columns 31 and 45.

Being all the observations in Timing mode, pile-up is expdado

be an issue only when the count rate excee30 ctgs (in the 0.7-
10 keV range, Guainazzi et al. 2014). This threshold is weiva
the average count rate registered during the 2004 and 2089-ob
vations considered here. However, the 2010 observatioaeebsc
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Table 1. Log of the analyzed XMM-Newton and simultaneous RXTE obagons: (1) observation ID; (2) date; (3) detector used Far &nalysis and
corresponding observing mode (for the RXTE observatiopsPttoportional Counter Units — PCU — coadded in the analysisilao reported); (4)fiective
exposure (the XMM-Newtonftective exposures refer to the duration of the observatiter eémoval of high soft proton background, the percentddbi®
exposure fiected by telemetry drop outs is reported within parenthg&@snean count rates in the energy bands used for the asdiysibands 0.5-1.5 keV
—soft—and 2-9 keV -hard — for XMM-Newton, and band 10-30 keV very hard— for RXTE).

XMM-Newton
@ &) (©)] 4 (5)
Obs ID Date Instrumerilode Exp (drop outs) Mean count rate (glodird)
[s] [cty/s]
0204730201 2004-03-16 Epic-PRming 104200 (20.7 percent) 208
0204730301 2004-03-18 Epic-PTiming 71000 (21 percent) 9817
0605610201 2009-03-26 Epic-PRiming 32220 (0.2 percent) 131
0654130401 2010-03-28 Epic-PTiming 33630 (23.7 percent) 3pmB4
RXTE
Obs ID Date Instrumerilode Exp Mean count rate (very hard)
[s] [ctys/PCU]
90118-01-05-00 2004-03-16 PCU 0,£80d Xenon 2324 55
90118-01-06-00 2004-03-17 PCU fGbdod Xenon 1660 58
90118-01-07-00 2004-03-18 PCU fGdod Xenon 6505 60
94405-01-03-00 2009-03-26  PCU fGbod Xenon 3055 38
94405-01-03-01  2009-03-26  PCUGbod Xenon 3305 37
94405-01-03-02  2009-03-26  PCU AGbod Xenon 1807 39
95409-01-12-01  2010-03-28  PCUCGeneric Event 19195 180

this threshold. In addition, variability may cause pile-dpring
short time intervals even when the average count rate isvotsle
threshold. Therefore we verified the pile-up level duringheab-
servation using the SAS tool “epatplot”. In the 2010 and 2064
servations, the observaihgleanddoubleevents fractions slightly
deviate from the expected trend for data ndéeted by pile-up (re-
spectively by~1.2 and 12 percent in the 2-10 keV band for both
observations), but this deviation is systematic at all giest As
noticed in Done & Diaz-Trigo (2010), these systematic deéeres
might be either due to the uncertainties related to the niuglef
the singlesanddoublesfraction for the Timing mode, or might in-
dicate that the data are actually slighti§exted by pile-up. Thus,
we tested our results against pile-up by repeating the sisalgie-
scribed in Secf]3) of the 2010 observation (which has thbesig
EPIC-pn count rate) on the event file obtained by excisingéme
tral three pixels (i.e. RAWX 37-39), which reduces the excess of
doubleevents due to pile-up by a facteb in the 2-10 keV band.
We found results perfectly consistent with those preseinté&gct.
[, the only diference being the expected reduction of variability
power signal-to-noise (8) ratio in the PSD.

For the RXTE data analysis we followed standard proceﬁu:es
ing the HEASOFT software v6.13. For the timing analysis, wedi
either Good Xenon or Generic Event configuration modes, ripe
ing on the availability (see Tabld 1). To maximize th#& Satio
we extracted data from all the layers of the Proportional réeu
Units (PCU) that were simultaneously and continuously cvat
on during each observation. On the other hand, the lumieesite
computed from data in Standard2 configuration, consideoitly
the top layer of PCU2.

The position of the analyzed observations within the hasghe

1 The reduction procedures are described in the RXTE datatied.cook-
book:/ http//heasarc.nasa.g@ocgxte/recipegcook book.htm]|

intensity diagram (HID) is displayed in F{g. 1. This plot indes all

the RXTE data relative to the 2004 (light grey dots) and 2@28K
grey triangles) outbursts. Fluxes are computed in the 3e30dn-
ergy range, assuming a simple power law plus a gaussian ahthe
ergy of the Fe & line. The hardness ratio is computed as the ratio
between the 3-13 keV and 13-30 keV fluxes. The fluxes are con-
verted into Eddington-scaled luminosities. Eddingtonihmsities
are obtained by considering the currently available esgmand
uncertainties on the distance and the BH mass of the sougce (i
~6-10 kpc, and~6-10 M,, respectively, Hynes et al. 2003, 2004,
Mufioz-Darias et al. 2008) and assuming a reasonable méae va
i.e. 8 kpc and 8 M. The error bar displayed on the left side of
the plot highlights the uncertainty on the plot normaliaatias due

to the uncertainties on the distance and the BH mass. Note tha
when considering the relative increase of luminosity, glevant
uncertainty is the error on the flux measurements, which fiewe
is very small (i.e. of the order of 0.1 — 0.3 percent), thus it has
not been reported in the plot. The analyzed observations &io
minositiesLs_suxev/Ledd ~0.007 (2009 observations),0.02 (2004
observations), and0.07 (2010 observations). In the following we
will refer to these observations respectively as “low”, ‘tihem”,
and “high luminosity”.

3 DATA ANALYSIS

For each observation we extracted light curves with times loifh
1ms (we verified that this choice of the time bin does not cause
any spurious feature within the analysed frequency winaduwich
might dfect the analysis and results presented in this paper) in the
three energy bands: 0.5-1.5 keV, 2-9 keV (using XMM-Newton
data), and 10-30 keV (using RXTE data). Hereafter we wileref

to these bands respectively saft hard, andvery hard Accord-

ing to previous analyses of the same data sets (Kolehmatren e
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Table 2. Results obtained from the fit of the PSDs of GX 339-4 with a
model comprising three broad Lorentzians. Best-fit valueshe peak-
frequencies (in units of Hz) of the lowest, intermediated &ighest fre-
guency Lorentzian (respectiveby, vi, andv,) are reported, in theoft(0.5-

1.5 keV, S)hard (2-9 keV, H), andvery hard(10-30 keV, VH) band, and at
different luminosities. Errors are reported at 90 percent cendiel level.

Band Low L Med L High L
v
S 0.0096+ 0.0014  0.0420.002  0.1460.013
H 0.0092+ 0.0014 0.042 0.003 0.1720.026
VH  0.0080+0.0035 0.0420.004 0.1720.016
Vi
S 0.18:0.04 0.56:0.05 0.166:0.008
H 0.22+0.02 0.76&0.05 0.163%0.008
VH 0.17+0.06 0.550.08 0.1610.012
Vh
S 1.15:0.15 1.180.10 1.85%0.15
H 1.88:0.15 2.720.29 2.820.11
VH 1.90+0.42 2.580.44 3.050.28
x?/dof
S 80.642 161.966 21.425
H 95.942 87.166 60.325
VH 44.442 89.430 36.825

2014; Plant et al. 2015), the chosswftband is where the accretion
disc gives the most significant contribution. In the othew emergy
bands the dominant component is the primary hard X-ray power
law (this is shown also in Se€t. 4.1.1).

To study the evolution of the variability characteristi¢<3X 339-

4 at diferent energies, we estimated the PSD within each of these
energy bands. To this aim, the light curves were sampled iaver
tervals shorter than the total exposure and of equal lengthinv
each observation. The length of the segments for the XMMtdew
light curves was chosen so as to exclude the gaps due to teleme
try drop-outs (which occur mostly when the target sourceeiy v
bright, i.e. during the high and medium luminosity obsdoras),
while ensuring a diciently broad frequency coverage. For consis-
tency, the RXTE light curves have been sampled accordingeto t
corresponding simultaneous XMM-Newton light curves 2&.s,

59 s, and 500 s for the high, medium and low luminosity obser-
vations, respectively). We estimated the PSD (e.g. Nowal.et
1999b) of each light curve segment, using routines impleeten
with IDL v6.4, and averaged them to obtain an estimate oftthe i
trinsic PSD for every observation and energy band. The lefel
variability power due to Poisson noise was determined djttire
high-frequency part (above 100 Hz) of the PSD with a constant
Then, the average PSDs have been Poisson noise-subtrasted,
renormalized adopting the squared fractional rms norratidin
(Miyamoto et al 1991). We corrected the RXTE data for instru-
mental dead-time (which produces an over-estimate of thgin

sic Poisson noise level) using the dead-time model of Zhaag e
(1995, 1996). Since the variability powefNsratio drops at high
frequencies, we limited the analysis to frequencies0 Hz.

The hard-state PSDs of BHXRBs are usually very complex. They
contain several structures which can be modeled with nieltip
Lorentzian components (e.g. Nowak 2000, Belloni et al. 2002
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Figure 2. The PSDs of GX 339-4 in the three energy bands 0.5-1.5 keV
(soff), 2-9 keV hard), and 10-30 keV \ery hard, for each observation

at different luminosity. The arrows mark the best-fit peak frequeriche
low-frequency ;) and the high-frequency/) Lorentzians for each energy
band.

Pottschmidt et al 2003). We followed this same approachHer t
modeling of the PSDs of GX 339-4.

4 RESULTS

The hard-state PSDs of GX 339-4 are shown in Higs. 2[and 3. In
Fig.[2 we show for each observation, the PSDs &edént ener-
gies, while in Fig[ B we show for each energy band, the PSDs at
different luminosities.

All the PSDs show a similar shape, with two broad humps, whose
intensity and characteristic frequencies clearly charga &unc-

tion of both luminosity and energy. These two broad humpsaare
characteristic feature of BHXRBs in the hard state (e.g. &lqw
Wilms, & Dove 1999a; Wilkinson & Uttley 2009; Bock et al 2011
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Figure 3. Overplotted are the PSDs of GX 339-4 affdient luminosities,
for each of the energy bandeft (upper panel)hard (middle panel), and
very hard(lower panel).

Grinberg et al. 2014; Cassatella et al. 2012). At frequeniceer
than those covered here the variability power per unit lidigaic
interval (vP,) is expected to drop in the hard stateafd-limited
noise). The chosen length of light curve segments allows ot
tain a good sampling of the broad-band noise of GX 339-4, down
to the onset of this drop. We verified the absence of additiona
frequency broad structures by inspecting the PSDs obtaisid)
longer segments of RXTE data. This confirmed that the andlyse
PSDs are band-limited, at least in thard and very hardbands.

We note that theoftband PSD shows the same structures as those

seen at higher energies, therefore we assume that alsoftisand
PSD is band-limited.

Disc variability in GX 339-4 5

quired in all the fits to account for residual structfireBhe best-

fit centroid frequency and full width at half maximum have hee
used to estimate the peak-frequency (i.e. the frequendyeaftax-
imum power per logarithmic interval; Belloni et al. 2002) edch
Lorentzian (see Tablgl 2) using the formula reported in $&2.
The quality of the data is high enough, that our simple model,
though providing a good description of each PSD, does not al-
ways return sfficiently small values of the reduced (see Ta-
ble[2). We verified that this is mainly due to the presence aflsm
residuals which are left unmodeled. These residuals ardlysc-
counted for by increasing the number of Lorentzian comptmnen
(e.g. Nowak 2000, Belloni et al 2005). However, comparing ou
results with those found in the literature, both for GX 33¢e4y.
Nowak at al. 1999a, Nowak 2000) and other BHXRBs (e.g. Cas-
satella et al. 2012, Grinberg et al. 2014) we conclude thateth
variability components are fiicient to obtain a good description
of the hard-state broad-band noise of GX 339-4 within thd-ana
ysed frequency window (i.e. up to frequencies of 20 Hz). Gastb

fit models are plotted in Fif] 2 (solid lines) together witk gingle
components (dotted curves). To avoid confusion, only thepm
nents associated with theery hardband PSD are shown in the
plots. These best-fit PSD models were first used to study tle va
ations of thebroad-frequency-bandbetween 0.002-20 Hz) frac-
tional rms variability amplitude (Secf_411). Then we used them to
constrain the characteristic frequencies and study tteiations

as a function of energy and luminosity (Séctl]4.2). Finallg, fo-
cused on the variability properties of thegh-frequencybetween
5-20 Hz) portion of the PSD (Seff 4.3).

4.1 Trends of broad-frequency-band fractional rmsasa
function of energy and luminosity

We integrated the best-fit PSD models for each luminosity and
energy band, over the frequency interval 0.002-20 Hmdd-
frequency-bandractionalrms), respectively for the high, medium,
and low luminosity observations. Note that there is ho evige

of additional low-frequency broad noise structures in thé6TR
data (Secf14), and therefore these best-fit models desbehdata
well down to 0.002 Hz, at least in tHeard andvery hardbands.
Given that thesoftband PSD shows similar structures as observed
at higher energies, we assume that the extrapolation of esir b
fit model describes the data well down to very low frequencies
also in this band. We also estimated the fractiomas associated
with the low- and high-frequency Lorentzian (obtained gnég-

ing the single components of the best-fit PSD models within th
samebroad-frequency-banthterval). Results are reported in Table
[B. Thebroad-frequency-bandractionalrms independently of lu-
minosity and energy band, is always high @0 percent), covering
values typical of the hard state (Mufioz-Darias et al 20li)ig.

we plot thebroad-frequency-bandractionalrms as a function

of energy (within the three energy bands adopted througtisit
paper). Note that the fractionaihs of each Lorentzian shows the
same energy-dependence as lthead-frequency-bandractional
rms. For comparison we also report (inset of Hig. 4) the spectral
shape of the 0.1-32 Hz fractionahs of GX 339-4 during a (high
luminosity) hard and the soft state, at the energies coveyetie

2 The third Lorentzian fits the narrow peak of the low-frequebecoad-
band noise component of the high luminosity observatiorthénother two

We used two Lorentzian components to model the two humps and observations, this Lorentzian fits an additional broad comept at interme-

more rigorously quantify their variations. A third Loreia is re-

diate frequencies (see Table 2).
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Table 3. The fractionafrms(e.g. Vaughan et al 2003) as obtained integrating
the PSD best-fit models of each observation fiedent luminosities, and in
each of the three bands 0.5-1.5 kedéff), 2-9 keV hard), 10-30 keV yery
hard). Thebroad-frequency-bandractionalrmsand the fractionatmsas-
sociated with each Lorentzian are obtained integrating the frequency
interval 0.002-20 Hz. Finally we report thegh-frequencyfractional rms
obtained integrating over the interval-320 Hz. Errors are computed at the
90 percent confidence level.

Soft Hard Very Hard

Broad-frequency-band

HighL 0.3180.022 0.3760.024  0.3180.020
MedL  0.492:0.034 0.4960.031 0.3740.024
LowlL 0.670:0.036  0.6080.036  0.4330.024

Low-frequency Lorentzian

HighL  0.231:0.024  0.25%0.026  0.2030.022
MedL 0.363+0.037 0.3420.035 0.26%0.027
LowL 0.426+0.046 0.384:0.041 0.28%0.023

High-frequency Lorentzian

HighL  0.187%0.020 0.2230.022  0.1820.019
MedL  0.3120.032  0.24@0.028 0.2230.021
LowL 0.386+0.030 0.33%0.031  0.2450.026

5-20 Hz

HighL  0.075:0.007 0.1180.011 0.1030.010
MedL  0.102:0.010 0.138 0.011 0.1120.011
LowL 0.132:0.010 0.14#0.012 0.1080.010

RXTE PCA (adapted from Belloni et al. 2011).
Our main results can be summarized as follows:

e Above~2 keV, where the power law component dominates the
source emission, we always observe a decreasmatl-frequency-
bandfractionalrms as a function of energy. Therefore such a de-
crease of variability with energy appears to be an intripsiperty
of the power law component. This might be produced by vanesti
of the spectral index, with a high-energy pivot point. Eptrkat-
ing this trend onto thesoft energy band, we see that theoad-
frequency-bandractional rms in this energy band is lower than
expected. This is consistent with the presence of a disgoosnt,
less variable than the power law.

e Comparing the decrease bfoad-frequency-bandractional
rms within each energy band as a function of luminosity, we find
that the largest drop is observed in thaft energy band (a factor
~2.1, as compared tol.6 and 1.4 in théard andvery hardenergy
bands). In Secf. 4.7.1, we show that, though the intrinsictional
rms of the disc-component is high in the hard state, the fraction
of variable disc flux in thesoftband decreases fast (faster than the
power law component), thus causing the observed drepftiband
variability as the luminosity increases.

e In both the medium and low luminosity observations, the
broad-frequency-banéractionalrms spectrum has an overall “in-
verted” shape (decreasing with energy), typical of the tsate
(e.g. Zdziarski et al. 2004; Belloni et al. 2011; inset of .F).
However, during the high luminosity observation, the ladyep
of broad-frequency-bandractionalrms observed in theoft band
causes a shift of the peak of variability power towards imtediate
energies (i.e. in thbéard band). This appears to be the onset of a
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Figure 4. Variations of thebroad-frequency-bandractionalrms spectrum
with luminosity. Different symbols refer to the energy bandsft (black
dots),hard (red triangles), andery hard(blue squares). The inset shows the
typical spectral shape of the 0.1-32 Hz fractiomak of GX 339-4 during

a (high luminosity) hard and soft state observation in theTRXandpass
(adapted from Belloni et al. 2011).
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Figure 5. The broad-frequency-bandractional rms as a function of disc-
to-total (absorbed) flux ratio in treoftband.

transition towards a “hard spectrum”, typical of internsdi and
soft states (inset of Fig] 4).

In order to characterize the nature of the dropbodad-
frequency-bandractionalrms observed in thaoft energy band at
high luminosity, and investigate how this can be associaittan
increasing contribution of disc-thermal emission in thismd, we
carried out fits of the XMM-Newton energy and covariance spec
tra (e.g. Wilkinson & Uttley 2009; Uttley et al. 2011; Uttley al.
2014).

4.1.1 Isthe disc variable or constant during the hard state?

Previous analyses of the same (or part of the) data setssaaiily
this paper (Wilkinson & Uttley 2009; Kolehmainen et al. 2D1d-
vealed the presence of a significant contribution from tleeedion
disc-thermal emission in theoft band. Thus we used the XMM-



Newton data to measure the disc-thermal emission-to-fiotala-

tio in the softband and verify whether the drop of fractiomalsis
related to spectral variations in this band. We fit the XMMaiien
spectra between 0.5-10 keV using a simple model for the ronti
uum (i.e.tbabs:[diskbb+ nthcomp, with the Comptonization high
energy cut-ff fixed at 100 keV and the seed photon temperature
tied to the disc temperature), and excluding the range afg@®e

4 — 7 keV, dominated by the Fe Kline. We also excluded the
energies around the edges of the response matrix, sinchiaési
at these energies might be an artifact of uncorrected XfRcts
andor charge transfer igciency (Kolehmainen et al. 2014). The
contribution from the disc emission strongly depends oncitid
absorption column density parametbk;,. To be more conserva-
tive, we let this parameter free. Hence, all the unceriénsitated
below account for the uncertainty & . Nevertheless, the derived
best-fit values range betwedly ~ 5— 6 x 10°* cmi™?, in agree-
ment with the expected values (Dickey & Lockman 1990; Kong
et al. 2000). In FigJ5 we plot thieroad-frequency-banéractional
rmsas a function of disc thermal emission-to-total (absorlfieck)
ratio in thesoftband, for the dferent luminosities. A net increase
of the disc relative contribution to the total flux as the lnosity
increases is observed. This increase coincides with théeoetase

of fractionalrms and the relation between the two is consistent
with being linear (the best fit slope beird.26 + 0.24). Thus the
observed drop obroad-frequency-bandractional rms at soft X-

ray energies is strongly linked to the progressive incredsedisc
component, in analogy with what would be expected from a com-
parison with disc-dominated states.

In order to produce a drop of the fractionahs the disc com-
ponent should be less variable than the power law. Thus vike est
mated the fractionatms intrinsic to the disc and the power law
components. To this aim we computed tiread-frequency-band
covariance spectra (with respect to the 0.5-10 keV referband)

of the XMM-Newton data (see Wilkinson & Uttley 2009; Uttley
et al. 2011; Uttley et al. 2014), which allow us to determihe t
fraction of variable disc emission. Note that, strictly akiag, the
covariance spectrum gives the spectral shape of the comfzone
whose variability is linearly correlated with the variatyilin the
reference band. However, for intrinsic coherence closenity (as

in this case, see also De Marco et al. 2015), the covarianee sp
trum is equivalent, though with smaller error bars (Wilkinset

al. 2009; Uttley et al. 2014), to thens spectrum, which gives the
spectral shape of all the variable components. We fit bottcthe

variance and the energy spectra with the same model useé,abov

and with theNy parameter tied to the value obtained from the fit
of the energy spectra. Figl 6 shows the ratios to the bestfiep
law, once the normalization of the disc-component is seteto.z
All the covariance spectra show an excess at soft X-ray egrg
This demonstrates the presence of a variable disc companalit
the luminosities spanned by the analysed hard-state cligers.
The intensity of the excess in the covariance spectra isrltiesn

in the energy spectra in the medium and high-luminosity Bbse
vations, indicating that some fraction of the total disc sitn is
constant or that the disc is less variable. We used the lieatél-
els to derive estimates of the intrinsic fractionais of the disc and
the power law components (for each of the two componentsghis
computed as the ratio between the absorbed flux in the cocaria
and in the energy spectrum). These are reported in Tableatd-In
dition, we report the fractions of variab®nstant power lagisc
flux contributing to the totasoftband flux.

We observe that the disc is intrinsically variable at all ium
nosities. Its fractionatmsis comparable with that intrinsic to the
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Table 4. The fractionalrmsof the disc (in thesoftband) and the power law
(in both thesoft and thehard band) components, and the fractions of the
total softband flux due to variableonstant distpower law emissiondyr,

Pyar and Dconsy Pcons)- These estimates have been obtained by fitting the
broad-frequency-ban{.002-20 Hz, 0.017-20 Hz, and 0.04-20 Hz, respec-
tively for the low, medium, and high luminosity observasdrcovariance
spectra of GX 339-4 and its XMM-Newton energy spectra with todel
described in Sedf._4.1.1. All these estimates have beevedetbnsidering
the absorbed fluxes. Errors are reported at 90 percent cooédevel.

Low L Med L High L

Disc [0.5-1.5 keV]

fractionalrms 0.65:0.20 0.4@0.03 0.2@0.03
Dvar 0.1740.03 0.150.01 0.090.01
Dconst 0.09:0.08 0.240.01 0.36:0.02

Power law [0.5-1.5 keV]

fractionalrms 0.68:0.02 0.4%0.01 0.340.01
Pyvar 0.51+0.04 0.220.01 0.190.01
Pconst 0.23:0.03 0.320.01 0.3%0.01

Power law [2-9 keV]

fractionalrms 0.59:0.02 0.420.01 0.330.01

power law component (at low luminosities it is consisterttwtie-
ing as variable as the power law), and much higher than tiipica
observed in soft states (a few percents; Mufioz-Darias €0all).
However, the disc fractionaims decreases with luminosity faster
than the power law fractionains Combined with the variation of
the relative contribution from the disc and the power lawh® to-
tal soft band flux (Fig[®h), the result is a net increase (by a factor
of ~4) of constant disc emission in teeftband D¢ons) as a func-
tion of luminosity. In comparison, the constant power lawssion

in the soft band Pcons) iNncreases only by a facterl.6. Thus we
conclude that the drop of fractionahsin the soft band is driven
by the net increase of constant disc flux in this band. It istlvor
stressing that all these considerations refer tdtad-frequency-
band while a more detailed treatment of thegh-frequency(i.e.
above the peak-frequency of the high-frequency Lorenj##8D
properties is deferred to Sect. 4.3.

4.2 Testing the correlation between the characteristic
frequencies of the PSD in the soft band

Fig. [@ reports the best-fit peak frequency of the low-fregyen
Lorentziany;, plotted against the high-frequency ong(these two

frequencies are marked by arrows in the plots of [Hig. 2). Tdekp
frequency of each Lorentzian is computed using the formeg. (

Belloni et al. 2002):
v = V3 + A?

wherevy, is the centroid frequency amtlis the half-width-at-half-
maximum (HWHM) of the Lorentzian. Note that flat-top, broad-
band noise components are best-fit by Lorentzians wgtlson-
sistent with zero. This is the case for most of our fits. Howeve
in some cases, the high-frequency Lorentzian fit requirecbeem
peaked profile, withy different from zero. The error on the peak
frequency is computed from the 90 percent confidence cosmtmfur
the vo and A parameters. Botly, and vy, show the characteristic
shift towards high frequencies as a function of luminodi#ile v,
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Figure 7. The best-fit peak frequencies of the high- and low-frequency
Lorentzians. The colors refer to the energy barsadt (black), hard (red),
andvery hard(blue). The grey points are the frequencies of the high- and
low-frequency Lorentzian components as obtained by Be#bal. (2005)
from the analysis of all the hard-state RXTE observationsGif 339-4
during the 2002003 outburst. The dashed curve is a linear best-fit to the
Belloni et al. (2005) data points, while the dotted curvehis same linear
model (with only the intercept left free to vary) fit to tleft band data
points derived in this paper.

shifts by a factor 0~20, vy, shifts by a factor of~1.6, for a varia-
tion in luminosity of a factor~ 10. The black dots show that this
same shift is observed also in teeftenergy band. In addition we
observe that, is systematically and significantly (at 30~ confi-
dence level) fiset towards lower frequencies in theftband. Note
that this dfset is driven by a variation &, indicating that the high-
frequency Lorentzian is systematically narrower in swét band,

than at higher energies. It is also worth noting that, if thghh
frequency PSDs (e.g. 1.5 times aboy are fitted with a simple
power law, a significant steepening of the slope is obsenvela
soft band of the high-luminosity observation. This resembles th
behaviour observed in AGN in the disc-dominated opticaldban
(e.g. Mushotzky et al. 2011). On the other handis consistent
with remaining constant among theffdrent energy bands of the
same observation. Indeed, for each luminosity, the lowgtfemcy
Lorentzians in the three energy bands are co-aligned inltite p
of Fig.[2, while an @set ofv, in the softband is clearly observed
(see also Fid.]8, panal and Sec{_4]3 for a description of this fig-
ure). Note that the peak frequency of the additional thirceintzian
does not show any significant energy-dependence (see dié® Ta
). These results suggest that thigh-frequency?SD behaves in a
different manner in theoftband than at higher energies. This as-
pect will be explored in more detail in Sect. ¥.3.

In order to compare our results with those reported in teedture,
we overplot in FiglY7 (grey points) the characteristic fregcies as-
sociated with the high- and low-frequency Lorentzians i@ &n-
ergy bancE = 3.8 - 15.3 keV) as obtained by Belloni et al. (2005)
from the analysis of all the RXTE observations of the 22023
outburst of GX 339-4 (only the values relative to the hardestd
the source are shown in the plot). The two main Lorentziaribef
hard- andvery hardband PSDs analysed in this paper (red and blue
points in FigLT) follow the same trend and span the same rahge
characteristic frequencies as those of the 22023 RXTE data.
This trend seems to characterize also the Lorentzians isdfte
band PSD, despite the significarftset. To show that the correla-
tion between, andv, is preserved in theoftband, we fit the Bel-
loni et al. (2005) data points with a linear model (in the logar
plot of Fig.[7 the model is represented by the dashed cunre&nT
we fixed the slope to the best-fit value, and letting the ierfree

to vary, we fit thesoft band data points (dotted curve in Fig. 7).
Though the number of data points is small, we obtain a veryglgoo
description of the, vs. v, trend in thesoftband, thus in agreement
with the idea that the two Lorentzians are linked by the sansat
relation as observed at high energies. According to thesetlfie
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offset ofv,, as measured in tredftband and at higher energies is of
a factor~ 2.

4.3 Thehigh-frequency PSD of GX 339-4
We now focus on théigh-frequencyPSD of GX 339-4 (between
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as a function ofL/Lgqq (note thatL is computed in the 3-30 keV
range). A fit with a linear model in the log-log space returfest-
fit slope of 026 + 0.11, Q17 + 0.06, and 019 + 0.16, respectively
in thesoft, hard, andvery hardband. We note that these slopes are
consistent with being the same, but consistently and sagmifiy
different from a slope of 1. However tlft band has a signifi-
cantly lower intercept (diering by a factor 0.7 + 0.2), this being
a consequence of the energy-dependenag (8ect[4.D).

We also looked at the variations of the normalization of the
PSD at the peak-frequency of the high-frequency Lorent@n
in units of Hz') as a function of luminosity. We deriveld,, and
its related uncertainties (at the 90 percent confidencd)léwn
the best-fit PSD models. Results are shown in [Hig. 8 (panel
fit with a linear model in the log-log space gives best-fit stop
of —0.81+ 0.13, -0.52 + 0.08, and-0.42 + 0.20, respectively in
the soft hard, andvery hardband (dashed lines in Fif] 8, panel
b). These results point to the existence of an inverse-poeaing
relation betwee,, andL/Lgqg. Once again we note a consistent
behaviour between theard, andvery hardbands, and a significant
deviation in thesoftband. Indeed, in theoftband this trend appears
steeper than in the other bands.

Finally, we computed the fractionaims in the 5- 20
Hz frequency range. Results are reported in Table 3 and plot-
ted in Fig.[8 (panek). Despite the significant variations of the
high-frequency Lorentzian as a function of luminosity, thigh-
frequencyfractional rms (above the peak-frequency of the high-
frequency Lorentzian) in thieard andvery hardbands is consistent
with being remarkably constant. This is due to the combirBete
of the frequency shifandthe decrease of normalization of the high-
frequency PSD with luminosity. These combined variations p
duce a constarttigh-frequencyfractionalrms Indeed, fitting the
data with a constant we measure a scatter around this beatui
of ~ 10 and~ 4 percent (respectively in theard andvery hard
band), i.e. of the order of the corresponding average umiogyt
(Fig.[3, middle and lower panel). On the other hand, the eomst
of the high-frequencyfractionalrmswith luminosity breaks down
in the softenergy band (Fid.]13, upper panel). If fitted with a con-
stant model, the increases<@®0 percent. Instead, a fit with a linear
model in the log-log space yields a best-fit slope-6f24 + 0.08,
and the scatter around the model is~08 percent. This is due to
the fact that the normalization of the high-frequency PSerelases
with luminosity faster in thesoftband than at higher energies.

5 DISCUSSION

In this paper we investigated the luminosity-dependencé¢hef
characteristic frequencies and variability power of GX-33@ the
hard state. These properties have been extensively stirdide
past, through the use of RXTE data, which cover energidkeV.
Our work aims at extending this analysis down to swét X-ray
energy bandE > 0.5 keV), where the contribution of the disc
thermal emission becomes non-negligible. For this reasonsed
XMM-Newton and simultaneous RXTE observations, coverhng t
energy band 0.5-30 keV. The selected observations belohgato
different outbursts of the source. Nonetheless, the variapildp-

5 - 20 Hz, i.e. above the peak of the high-frequency Lorentzian) erties of BHXRBs are extremely similar from outburst to aurti
In the analysed datasets we observe that the peak of the high-(Mufoz-Darias et al. 2011, Grinberg et al. 2014), thusifyisg

frequency Lorentzian varies with luminosity by a factor-¢f.6
(Sect[4.2), as also shown in F[d. 8 (paagl where we plotv,

our approach of considering observations taken duriffgrdint ac-
tivity periods.
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5.1 Discvariability and the shape of the
broad-frequency-band fractional rms spectra

The drop of fractionatmsthat characterizes the transition from the
hard to the soft state, is ascribed to the emergence of a dise c
ponent, which, in the soft state, is more intense and lesablar
(with typical fractionalrmsvalues of few percents) than the power
law. The fractionatmsspectrum is observed to change accordingly,
from an “inverted” (in the hard state) to a “hard” (in the ssffate)
spectral shape.

Extending our analysis of the hard-state variability prtips
of GX 339-4 down to thesoft X-ray band, we observe a drop of
fractionalrmsthat correlates with the progressive increase of disc
flux relative to the total flux in that band. This resembles liee
haviour seen in soft states, although to a much lower exiete¢d
the disc fractionakms is much higher and the drop less intense
than in soft states, see inset of Higj. 4), and is expecteckifitbc
has lower fractionatmsthan the power law. This raises the ques-
tion as to whether or not the disc in the hard state has sitiitamng
properties as in the soft state. Analysing the energy andri@nce
spectra of GX 339-4, we observe intrindicad-frequency-band
disc variability at all the luminosities spanned by the hstate ob-
servations. The presence of a variable disc in a hard stater-ob
vation (corresponding to our medium luminosity observgtivas
first reported by Wilkinson & Uttley (2009). We detect higlvéds
of disc variability ¢ 20 — 65 percent) in the three observations,
comparable to the variability intrinsic to the power law qmnent,
and significantly higher than observed in soft states. Hewedhe
disc fractionarmsdecreases with luminosity faster than the power
law fractionalrms At the same time, the fraction gbftband flux
due to the disc (power law) component increases (decreasbs)
luminosity (Fig[5). The netféect is a strong increase (a factor of
~4) of constant disc-flux fraction in tteoftband, which causes the
observed drop of fractionains It is worth noting that, without the
contribution from the disc component, the fractionals spectra
always show an “inverted” shape (as typically seen in the RXT
data, e.g. Belloni et al. 2011), with variability power deasing as
a function of energy. We conclude that a relatively high tiac
of disc flux is variable during the hard state of GX 339-4. How-
ever, the increasing fraction of constant disc flux with loosity
in the softband is responsible for the net drop of fractiomak as
compared to power law-dominated energy bands. We argughthat
trend continues throughout the outburst, thus leadinggaltbc be-
ing mostly constant during the soft state, and significaditierent
from the disc seen in hard states.

5.2 Thescaling of the high-frequency PSD with luminosity in
BHXRBsand AGN

A number of correlations link thhigh-frequencyariability prop-
erties of BHXRBs and AGN, suggesting that the dominant vari-
ability process at these frequencies is the same in bothlasees

of objects. In particular, considering a sample of 10 AGN and
BHXRBs in the soft state, McHardy et al. (2006) found a linear
scaling of the high-frequency break (a characteristicdezqy of
AGN PSDs, Edelson & Nandra 1999, commonly associatedwyith
in BHXRBSs) with the BH massNlg) and the mass-accretion rate
(Meqq, 1.€. normalized by the mass-accretion rate required tchrea
the Eddington luminosity), which defines the so-called iafaitity
plane’. Koerding et al. (2007) found a similar scaling rielatalso
for sources in the hard state (bufset with respect to the corre-
sponding relation valid for soft-state sources).

As a consequence, we would expect to obsefyescaling
linearly with the mass-accretion rate also in the hardestdiser-
vations of GX 339-4 analysed in this paper. However, weisee
scaling withL/Lgqq (With L = Ls_sxev), With an average slope
of ~ 0.21 + 0.11, therefore not consistent with the results by
McHardy et al. (2006) and Koerding et al. (2d§17We note, how-
ever, that our result is in agreement with the recent estiroat
tained from the PSD analysis of a sample of 104 nearby AGN ob-
served with XMM-Newton (Gonzalez-Martin & Vaughan, 2012),
which reports a best-fit slope of2% + 0.28. This therefore sug-
gests that, indeed, the same engine is at work in both AGN and
BHXRBSs, but that the dependence of tiigh-frequencyariability
on luminositymass-accretion is significantly shallower than previ-
ously thought (McHardy et al. 2006; Koerding et al. 2007). A\
investigated the dependence of the normalization of the &3he
break,N,,, on the luminosity. We find tha\,, decreases as a func-
tion of L/Lgqq. Interestingly, this trend can counterbalance the
vs. L/Lgqq Scaling, producing the santégh-frequencyvariability
power at diferent luminosities.

Previous studies have pointed out thathigh-frequency?SD
does not show a clear scaling with the lumingsitgss-accretion
rate both in BHXRBs (Gierlifiski et al. 2008) and AGN (O’Nei
al. 2005; Zhou et al. 2010; Ponti et al. 2012). We observettieat
high-frequencyfractionalrms of GX 339-4 is constant in theard
andvery hardband (dominated by the hard X-ray Comptonization
continuum) at any luminosity probed. In particular we findttthis
guantity has a small scatter {410 percent, in agreement with re-
sults by Mufoz-Darias et al. 2011 and by Heil, Vaughan, &eytt
2012) in these two energy bands. The remarkable constartbog of
high-frequencyPSD provides us with a tool to measure the BH
mass of accreting objects (Nikotajuk et al. 2004; Gierliretkal.
2008; Ponti et al. 2012; Kelly et al. 2011; La Franca et al.401
Indeed thehigh-frequencyfractionalrms (or equivalently the ‘ex-
cess variance’, e.g. Nikofajuk et al. 2004; Ponti et al. 20%dile
being independent of the mass-accretion rate, scales#lyenith
the BH mass, with a very small scatter (which mostly depends o
the uncertainty oiMgy), of the order of less than 0.2-0.4 dex (e.g.
O'Neill et al. 2005; Zhou et al. 2010; Ponti et al. 2012; Kediyal.
2011).

As observed in Sedi. 4.3, the dependences,@indN,, are
significantly diferent in thesoftband. In particular, the constancy
of the high-frequencyfractional rms as a function of luminosity
breaks down at low energies, with a scatter around the hesirfi
stant model increasing te 30 percent. We ascribe this to the pres-
ence of the additional contribution from the disc componérier-
estingly the same behaviour is observed in AGN. Indeed,dbis
served that the scatter in the relation between the shog-ticale
variability and the BH mass is larger in the optical band (dom
nated by the disc emission) than in the X-ray band (dominkyed
the power law), and the optical variability of AGN is signditly
anticorrelated with the optical luminosity (Kelly et al. 2X).

5.3 A possibleinterpretation for the offset of the
high-frequency L orentzian in the soft band

The characteristic frequencies in the PSD of accretingesyst
(i.e. the peak-frequency of each Lorentzian) are likelated to

3 Here we assumepg « L andLpol/Ledd r'n’édd, with 8 = 1 -2, the
exact value depending on the accretidficeency of the flow (Fender &
Mufioz-Darias 2015).



fundamental time scales of the accretion flow at specifici radi
(e.g. Psaltis, Belloni & van der Klis 1999; Churazov, Gildan

& Revnivtsev 2001; Motta et al. 2014). Though not yet conclu-
sive, the general picture that emerged over the years istlieat
low-frequency Lorentzian in the hard state of BHXRBSs is asso
ciated with a characteristic time scale (most probably tseous
time scale) at the inner edge of the accretion disc (e.g. &our
et al. 2001; Done et al. 2007). According to recent studiesav
tions intrinsic to the seed-photons flux produce the lomgetscale
variability (i.e. the low-frequency Lorentzian) obseniaedhe soft
energy band (Sedi.4.1.1; Wilkinson & Uttley 2009; Uttleyabt
2014). These variations are due to perturbations in thestioaor
rate, which travel inward and modulate the hard X-ray eroissi
from the inner corona, thus producing the long-time scat@ld-

ity observed also in harder energy bands (e.g. Lyubarslgi719
Kotov, Churazov, & Gilfanov 2001; Arévalo & Uttley 2006;-In
gram & van der Klis 2013). The existence of additional vaitigh
components at frequencies higher than those correspotalitng
inner edge of the disc, can be explained provided the corgna e
tends down to the innermost stable circular orbit (ISCO, tlet

al. 2014) and is intrinsically variable on short time scg&eg. Chu-
razov, Gilfanov, & Revnivtsev 2001). This inner hot flmerona is
thus responsible for producing the high-frequency Loiientob-
served inhard andvery hardenergy bands.

Such a high-frequency component is observed also indftband,
and is linearly correlated with that in harder energy bamdssgen
from covariance spectra, light grey triangles in [Eig. 6; alse Ut-
tley et al. 2011; De Marco et al. 2015). We showed that the-high
frequency Lorentzian is significantlyffset, by a factor of2, to-
wards lower frequencies in theoft band with respect to higher-
energy bands. The covariance spectra (light grey triarigl€sg.

[6) show that the high-frequency PSD contains significantrcon
bution from variable disc emission, so thfset, soft band high-
frequency Lorentzian is likely linked to variability congjrirom the
disc component. However, within the scenario depicted abiov
trinsic disc variability due to accretion rate perturbati@ccurring

on time scales shorter than the viscous time scale at the aulye

of the disc is expected to be highly suppressed. Thus, ahpessi
explanation is that this high-frequency variability is niotrinsic

to the disc, but results from reprocessing of the short-taree
variable corona emission (e.g. thermal reprocessing; ifdtn &
Uttley 2009; Uttley et al. 2011; De Marco et al. 2015). In stard
disc-corona geometries, the hard X-rays would irradiagdatively
extendedegion of the disc. Thus, the reprocessing region would act
as a low-pass filter, damping the high-frequency varigbpiwer

in the softband (e.g. Arévalo & Uttley 2006; Uttley et al. 2014).
As a consequence ttedft band high-frequency Lorentzian would
be narrower, and its peak-frequency would result slighitiijtesd
towards low frequencies with respect to the correspondéaak in
harder energy bands. This resembles the behaviour obsertresi
data of GX 339-4. According to this interpretation, the tigkaoff-

set of the peak-frequency of the high-frequency Lorentaiatine
different bands should trace the variations of the geometryeof th
accretion disfcorona during the outburst.
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