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The XMM-Newton/NuSTAR monitoring started on August 28, 2015 and 
ended on September 30, 2015. The goal of the campaign was to follow the 
transition back to the hard state of GX 339-4 at the end of its outburst, 
when the source go back to quiescence (see Fig. 1 and the observation 
logs in Tab. 1 and 2). 
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Table 1. Log of the observations of GX 339–4 analysed in this paper. The table reports: (1) the XMM observation ID; (2) the nomenclature
used throughout the paper to refer to each observation; (3) the EPIC pn observing mode; (4) the net exposure time used for the X-ray
timing analysis (note that this is the same as used for the spectral analysis with the exception of O1, see Sect. 2 for details); (5) the
best-fit slope parameter after fitting the 3-10 keV continuum with an absorbed power law model (see Sect. 3 for details); (6) the 3-6 keV
source flux; (7) the 6-10 keV source flux; (8) the 3-10 keV Fvar (see Sect. 3 for more details) obtained integrating over the frequency
range 0.05-60 Hz.

(1) (2) (3) (4) (5) (6) (7) (8)
ID Obs Mode Exposure Γ F3−6 keV F6−10 keV Fvar

[ks] [10−10 erg/s/cm−2] [10−10 erg/s/cm−2]

0760646201 O1 Timing 14.9 1.77±0.02 2.59±0.06 2.25±0.05 0.28 ± 0.01

0760646301 O2 Timing 15.7 1.66±0.01 2.11±0.03 1.96±0.03 0.32 ± 0.01

0760646401 O3 Timing 20.1 1.62±0.01 1.74±0.03 1.66±0.03 0.35 ± 0.01

0760646501 O4 Timing 18.6 1.58±0.01 1.34±0.02 1.31±0.02 0.37 ± 0.01

0760646601 O5 SmallWindow 36.5 1.49±0.01 0.90±0.01 0.93±0.01 0.32 ± 0.01

0760646701 O6 SmallWindow 33.4 1.51±0.01 0.50±0.01 0.51±0.01 0.36 ± 0.02

Figure 1. The HID of GX339–4. The black dots refer to the
XMM observation analysed in this paper. The red squares are the
archival XMM observations of GX 339–4 analysed in De Marco
et al. (2015), and performed during the 2009 and 2004 outbursts.
For reference, the gray dots show the pattern of a full outburst
observed by RXTE in 2009. A ∼ 10 correction factor should be
applied in order to convert the reported 3 − 10 keV luminosities
into bolometric luminosities.

interested in estimating the relative contribution of the disc
component (which should contain contribution from ther-
mal reprocessing) relative to the Comptonization compo-
nent. These estimates will also be used to define the optimal
energy bands for the analysis of X-ray lags (Sect. 5.1).

We carried out a fit using a simple model for the broad
band continuum. The model includes: a multi-temperature
black body component (diskbb in Xspec, e.g. Mitsuda et al.
1984) to account for thermal disc emission; a Comptoniza-
tion component (nthComp in Xspec, Zdziarski, Johnson &
Magdziarz 1996; Życki, Done & Smith 1999), to account for
the primary hard X-ray emission. The high-energy cut-off
of the Comptonization component was fixed at the value of
100 keV and the seed photon temperature tied to the inner
disc temperature. Both components are absorbed by a col-
umn of cold gas (T babs in Xspec) that we fixed at the value
NH = 6 × 1021cm−2 (note that leaving this parameter free

to vary yields ∼ 10 percent smaller NH values and does not
change significantly our results).

The spectra of the different observations were fit si-
multaneously in the energy band 0.7-10 keV. The chosen
low-energy cut allows us to avoid distortions on the pattern
fraction distribution due to electronic noise in Timing mode
data (i.e. O1-to-O4, as recommended in Guainazzi, Haberl
& Saxton 2010). For consistency we used the same energy
range for the fit of data acquired in SmallWindow mode (O5
and O6). However, we checked that the results of the fits do
not change significantly when extending the analysis down
to 0.3 keV. Finally, to avoid complexities associated with the
Fe K complex we ignored the energy range 5-8 keV. The fit
yields χ2/do f = 14406/7549, because of strong residuals at
the energies close to the ∼ 1.8 keV and ∼ 2.2 keV edges of the
response matrix. As discussed in Kolehmainen et al. (2014)
these are probably associated with residual X-ray loading
and/or charge transfer inefficiency effects. After discarding
the energy range 1.5-2.5 keV the fit considerably improves
(χ2/do f = 8594/6337). Fig. 3 shows the (unfolded) spectra
of GX 339–4 at the beginning (O1) and at the end of the
monitoring (O6) together with our best-fit models. Table 2
reports the best-fit values for the relevant parameters of the
model.

For all the spectra, the disc thermal component is re-
quired to fit the soft X-rays. The best-fit inner disc tempera-
ture is in the range kTd ∼ 0.18− 0.20 keV. We observe a mild
decrease of the disc temperature between the first and the
last observations. However, our data are not very sensitive
to this parameter because of the soft band sensitivity limit
of the instrument, which allows us to cover only the hard
tail of the disc thermal component.

We estimated the relative contribution of the disc ther-
mal component in terms of disc-to-Comptonized flux ratios
in the energy range 0.3-1.5 keV (the best-fit models have
been extrapolated from 0.7 keV down to 0.3 keV). In Fig.
4 we plot this ratio as a function of 3-10 keV Eddington-
scaled luminosity. Since we are interested in the fraction of
observed disc photons relative to Comptonized photons we
report the flux ratios for the absorbed spectrum (the intrin-
sic, unabsorbed, disc-to-Comptonized flux ratios are higher
by a factor ∼ 3). The disc relative contribution in the soft
band is always relatively high (Fdisc/FComp

>
∼ 0.5), despite

the net decrease of disc luminosity (by a factor ∼20 in the
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Figure 1: The HID of GX339–4. The black dots 
refer to the XMM observation analysed in this 
poster. The red squares are the archival XMM 
observations of GX 339–4 performed during the 
2009 and 2004 outbursts. For reference, the gray 
dots show the pattern of a full outburst observed 
by RXTE in 2009. From De Marco et al. (2017) 



Observation Logs

Data Analysis XMM-NuSTAR campaign of GX 339-4

February 7, 2017

1 Data treatment

The XMM-Newton/NuSTAR monitoring started on August 28, 2015 and ended on September 30, 2015. The goal of
the campaign was to follow the transition back to the hard state of GX 339-4 at the end of its outburst, when the
source go back to quiescence. This campaign consisted of 6 observations. The first 4 observations had an exposure
of ⇠ 20 ks while the last two had an exposure of ⇠ 40 ks, to compensate the expected decrease in flux of the source.
The first 5 observations were spaced by ⇠5 days while the 6th and last pointing was done 13 days after the 5th one
(and close to the end of the visibility window of the XMM satellite), in order to catch the source in a very low-flux
state. The logs of the XMM/PN and NuSTAR observations are reported on Tab. 1 and 2 respectively.

XMM observation log
Obs ID Date Date Exposure Mean count rate Obs. mode

(MJD) Total/Net (ks) tot/0.5-2 keV/2-10 keV (cts/s)
Obs 1 0760646201 57262.74 28 Aug. 2015 18.9/9.4 236/152/76 Timing
Obs 2 0760646301 57267.62 02 Sep. 2015 18.1/15.7 158/94/60 Timing
Obs 3 0760646401 57272.70 07 Sep. 2015 22.6/20.2 124/72/48 Timing
Obs 4 0760646501 57277.69 12 Sep. 2015 21.0/18.6 92/51/38 Timing
Obs 5 0760646601 57282.68 17 Sep. 2015 52.4/36.5⇤ 53/29/21 Small window
Obs 6 0760646701 57295.09 30 Sep. 2015 48.1/33.4⇤ 27/14/12 Small window

Table 1: Obs ID, date in MJD and calendar format, total and net exposure (after filtering for flaring particle background
if any), mean count rate in the 0.5-2 and 2-10 keV range, and observing mode (⇤ ⇠30% of deadtime in small window
mode).

NuSTAR observation log
Obs ID Date Date Exposure Mean count rate1

(MJD) Net (ks) 3-10 keV/20-70 keV (cts/s)
Obs 1 80102011002 57262.54 28 Aug. 2015 21.6 12.3/1.2
Obs 2 80102011004 57267.53 02 Sep. 2015 18.3 10.4/ 1.2
Obs 3 80102011006 57272.62 07 Sep. 2015 19.9 8.7/ 1.1
Obs 4 80102011008 57277.66 12 Sep. 2015 21.5 6.8/ 0.8
Obs 5 80102011010 57272.62 17 Sep. 2015 38.5 4.8/ 0.6
Obs 6 80102011012 57295.05 30 Sep. 2015 19.9 2.5/ 0.3

Table 2: Obs ID, date in MJD and calendar format, net exposure, mean count rate in the 3-10 and 20-70 keV range.
These count rates are the algebraic mean of the FPMA and FPMB,

1.1 XMM-Newton data analysis

The source was observed with the XMM/EPIC cameras (Struder et al. 2001; Turner et al. 2001) and the XMM
Reflection Grating Spectrometer (RGS; den Herder et al. 2001). The EPIC instruments were operating in the Timing
mode for the first four observations and in Small-Window mode for the last two pointings, with the thin-filter applied.
The data were processed using the XMM-Newton Science Analysis System (SAS v14), starting from the ODF files.
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1.1 XMM-Newton data analysis

The source was observed with the XMM/EPIC cameras (Struder et al. 2001; Turner et al. 2001) and the XMM
Reflection Grating Spectrometer (RGS; den Herder et al. 2001). The EPIC instruments were operating in the Timing
mode for the first four observations and in Small-Window mode for the last two pointings, with the thin-filter applied.
The data were processed using the XMM-Newton Science Analysis System (SAS v14), starting from the ODF files.
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Table 1: Obs ID, date in MJD and calendar format, total and net exposure (after filtering for flaring particle background if any), 
mean count rate in the 0.5-2 and 2-10 keV range, and observing mode (-30% of deadtime in small window mode).



Data Treatment
XMM-Newton: Timing Mode

XMM-Newton: Small window

‣ Run epproc 
‣ Filter the EPIC event list for flaring particle background. 
‣ No pile-up 
‣ The source is too bright and prevent the extraction of clean 

background spectra. No background is used for this mode. 

‣ Run epproc 
‣ Filter the EPIC event lists for flaring particle background. 
‣ Pile-up lower than 4%. No pile-up correction is applied. 
‣ Filter the OoT events 
‣ Pollution from dust scattering halo is not important 
‣ The source is too bright and prevent the extraction of clean 

background spectra. No background is used. 



NuSTAR

XMM vs NuSTAR
‣XMM and NuSTAR do not agree with each other in the 3-10 keV range 
‣Fitting with a power law gives a harder photon index (!">0.1) in XMM 

with respect to NuSTAR (see Tab. 3 and Fig. 3)

‣We reduced the NuSTAR data using NUSTARDAS v.1.7.0 which is 
par t o f HEASOFT 6 .20 , se t t i ng SAAMODE=st r ic t and 
TENTACLE=YES.  
‣For each observation the source and background spectra were 

extracted from circular regions of 100 and 135-arcsec radii, 
respectively. 



Light Curves
2 Data analysis

2.1 Light curves

We have reported the 0.5-2 keV, 2-10 keV, and the hardness ratio (2-10)/(0.2-2) light curves in Fig. 5. The binning
is 1ks. The source show very weak variability during each observation, but it clearly varies in flux and hardness from
observation to observation. It decreases in flux and hardens spectrally from obs1 to obs6.

Figure 5: 2-10 keV (top) and 0.5-2 keV (middle) light
curves and corresponding hardness ratio for the 6
XMM observations put side by side. The binning is
1ks.

2.2 3-10 keV energy range

The XMM/PN spectra have been grouped such that each group contains a minimum number of 40 (source+background)
counts using the spec group command in order to have a minimum count per bin of 40 and an oversampling lower
than 3 times the instrument resolution.

2.2.1 XMM vs NuSTAR

We have compared the XMM and NuSTAR spectra in the 3-10 keV energy range to check for any inconsistencies.
We did as follow: We use the PN data between 3 and 10 keV and the NuSTAR one between 4.5 and 10 keV. Then
we ignore the 5 to 8 keV band. We first fit with a const ⇥ tbabs ⇥ pow model (N

h

being fixed to 6⇥1021cm�2),
fixing the power law parameters to the same values between XMM and NuSTAR. Then we refit the data but now
letting the power law parameter free to vary between XMM and NuSTAR. We have reported the best fit photon index
values and the corresponding �2 of these two fits in Tab. 3. The contours �

NuSTAR

vs �
XMM/PN

are reported in
Fig. 6 left. The NuSTAR photon index �

NuSTAR

is always larger than �
XMM/PN

. This di↵erence is larger for all
the observations, of the order of 0.1 or even larger for Obs 6. This is the main problem I have to deal with...

Now, thanks again to Matteao Guainazzi, I manage to reconcile the XMM and NuSTAR photon index for the two
small window mode observations i.e. Obs5 and Obs6. He suggested to create a Calibration Index File (CIF, produced
by ”cifbuild”) that bypassed the latest XRT3 PSF calibration file. This was what I did with the following command:

cifbuild analysisdate=”2014-03-15T00:00:00” withobservationdate=yes observationdate=”2014-03-15T00:00:00”

By doing this, I was using the original calibration as in Read et al. (2011, A&A, 534, 34). The current public CCF
file is instead the result of a re-calibration based on EPIC-pn Timing Mode data 5. While its e↵ects were tested on
imaging modes as well, we may observe on the GX 339-4 data a by-product of this update that escaped the validation
process therein described. The new XMM photon index contours for these two observations are shown in Fig. 6 right.
The two instruments are now in quite good agreement for Obs 5 and Obs 6! But the Timing mode observations still
give results that disagree with NuSTAR.

I informed the XMM helpdesk and they are presently trying to understand what is going on but they said ”The
recommendation of the XMM calibration team is that users should NOT revert to an old calibration”.... So not clear
what to do... Note also that, even if by using the old CCF files the di↵erences between the timing mode observations
and NuSTAR increase (e.g. for Obs 1), the spectral results with all the EPIC-pn Timing Mode are now better mutually
consistent. Hope this could help to solve the problem...

5
http://xmm2.esac.esa.int/docs/documents/CAL-SRN-0313-1-3.pdf

5

Figure 2: 2-10 keV (top) and 0.5-2 
keV (middle) light curves and 
corresponding hardness ratio for 
the 6 XMM observations put side 
by side. The binning is 1ks. 



XMM vs NuSTAR
Obs tied � untied �

1
1.78±0.01

�2/dof=375/127

�
XMM

=1.74±0.02
�
NuSTAR

=1.85±0.01
�2/dof=288/126

2
1.65±0.01

�2/dof=380/128

�
XMM

=1.62±0.01
�
NuSTAR

=1.75±0.02
�2/dof=270/127

3
1.60±0.01

�2/dof=275/114

�
XMM

=1.58±0.01
�
NuSTAR

=1.70±0.02
�2/dof=185/111

Obs tied � untied �

4
1.54±0.01

�2/dof=203/103

�
XMM

=1.51±0.01
�
NuSTAR

=1.65±0.02
�2/dof=116/101

5
1.61±0.01

�2/dof=290/120

�
XMM

=1.66±0.01
�
NuSTAR

=1.62±0.02
�2/dof=174/118

6
1.61±0.01

�2/dof=228/96

�
XMM

=1.65±0.01
�
NuSTAR

=1.63±0.03
�2/dof=146/94

Table 3: Photon index best fits values obtained by fitting simultaneously the PN data between 3 and 10 keV and the
NuSTAR one between 4.5 and 10 keV, ignoring the 5 to 8 keV band, and tying or untying the photon index and power
law norm. parameters between the two data sets.
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Figure 6: Comparison, for all the observations of the campaign, of the best fit power law photon index of NuSTAR
(4.5-10 keV) and XMM/PN (3-10 keV), when the energy range 5-8 keV is ignored (we use the const ⇥ tbabs ⇥ pow

model, N
h

being fixed to 6⇥1021cm�2). The solid and dotted lines corresponds to y=x and y=x+0.1 respectively.
Left: when using the CIF file with the correct observation date. Right: When using a false observation date to
bypasses the latest calibration files

2.2.2 Iron line complex: simple fit

The 3-10 keV residuals of the power law fit of the XMM and NuSTAR data, obtained when ignoring the 5-8 keV
range and untying the photon index and power law normalisation between XMM and NuSTAR, are plotted in Fig.
7. An excess in the 5-8 keV range is always visible signature of the presence of iron line emission. We first fit this
excess by adding a simple gaussian line (we use the const ⇥ tbabs ⇥ ( pow + gauss) model, N

h

being fixed to
6⇥1021cm�2). The best fit parameters are reported in Tab. 4. The addition of a gaussian significantly improves all
the fits by more than 99.9%. The gaussian is always broad (> 350 eV), its flux decreases from Obs1 to Obs6 and its
EW also decreases from 210±25 eV for Obs1 to 120±20 eV for Obs6. Note that in most cases the fits are not good.
This is partly due to the fact that we tied the photon index between XMM and NuSTAR but the fits are still worse
even when these parameters are untied. This suggest a more complex iron line profile.
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Figure 6: Comparison, for all the observations of the campaign, of the best fit power law photon index of NuSTAR
(4.5-10 keV) and XMM/PN (3-10 keV), when the energy range 5-8 keV is ignored (we use the const ⇥ tbabs ⇥ pow

model, N
h

being fixed to 6⇥1021cm�2). The solid and dotted lines corresponds to y=x and y=x+0.1 respectively.
Left: when using the CIF file with the correct observation date. Right: When using a false observation date to
bypasses the latest calibration files

2.2.2 Iron line complex: simple fit

The 3-10 keV residuals of the power law fit of the XMM and NuSTAR data, obtained when ignoring the 5-8 keV
range and untying the photon index and power law normalisation between XMM and NuSTAR, are plotted in Fig.
7. An excess in the 5-8 keV range is always visible signature of the presence of iron line emission. We first fit this
excess by adding a simple gaussian line (we use the const ⇥ tbabs ⇥ ( pow + gauss) model, N

h

being fixed to
6⇥1021cm�2). The best fit parameters are reported in Tab. 4. The addition of a gaussian significantly improves all
the fits by more than 99.9%. The gaussian is always broad (> 350 eV), its flux decreases from Obs1 to Obs6 and its
EW also decreases from 210±25 eV for Obs1 to 120±20 eV for Obs6. Note that in most cases the fits are not good.
This is partly due to the fact that we tied the photon index between XMM and NuSTAR but the fits are still worse
even when these parameters are untied. This suggest a more complex iron line profile.
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Table 3: Photon index best fits values obtained by 
fitting simultaneously the XMM/PN data between 3 
and 10 keV and the NuSTAR one between 4.5 and 
10 keV, ignoring the 5 to 8 keV band, and tying 
(left) or untying (right) the photon index and power 
law normalisation between the two data sets.!

Obs tied � untied �

1
1.78±0.01

�2/dof=375/127

�
XMM

=1.74±0.02
�
NuSTAR

=1.85±0.01
�2/dof=288/126

2
1.65±0.01

�2/dof=380/128

�
XMM

=1.62±0.01
�
NuSTAR

=1.75±0.02
�2/dof=270/127

3
1.60±0.01

�2/dof=275/114

�
XMM

=1.58±0.01
�
NuSTAR

=1.70±0.02
�2/dof=185/111

Obs tied � untied �

4
1.54±0.01

�2/dof=203/103

�
XMM

=1.51±0.01
�
NuSTAR

=1.65±0.02
�2/dof=116/101

5
1.61±0.01

�2/dof=290/120

�
XMM

=1.66±0.01
�
NuSTAR

=1.62±0.02
�2/dof=174/118

6
1.61±0.01

�2/dof=228/96

�
XMM

=1.65±0.01
�
NuSTAR

=1.63±0.03
�2/dof=146/94

Table 3: Photon index best fits values obtained by fitting simultaneously the PN data between 3 and 10 keV and the
NuSTAR one between 4.5 and 10 keV, ignoring the 5 to 8 keV band, and tying or untying the photon index and power
law norm. parameters between the two data sets.
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Figure 6: Comparison, for all the observations of the campaign, of the best fit power law photon index of NuSTAR
(4.5-10 keV) and XMM/PN (3-10 keV), when the energy range 5-8 keV is ignored (we use the const ⇥ tbabs ⇥ pow

model, N
h

being fixed to 6⇥1021cm�2). The solid and dotted lines corresponds to y=x and y=x+0.1 respectively.
Left: when using the CIF file with the correct observation date. Right: When using a false observation date to
bypasses the latest calibration files

2.2.2 Iron line complex: simple fit

The 3-10 keV residuals of the power law fit of the XMM and NuSTAR data, obtained when ignoring the 5-8 keV
range and untying the photon index and power law normalisation between XMM and NuSTAR, are plotted in Fig.
7. An excess in the 5-8 keV range is always visible signature of the presence of iron line emission. We first fit this
excess by adding a simple gaussian line (we use the const ⇥ tbabs ⇥ ( pow + gauss) model, N

h

being fixed to
6⇥1021cm�2). The best fit parameters are reported in Tab. 4. The addition of a gaussian significantly improves all
the fits by more than 99.9%. The gaussian is always broad (> 350 eV), its flux decreases from Obs1 to Obs6 and its
EW also decreases from 210±25 eV for Obs1 to 120±20 eV for Obs6. Note that in most cases the fits are not good.
This is partly due to the fact that we tied the photon index between XMM and NuSTAR but the fits are still worse
even when these parameters are untied. This suggest a more complex iron line profile.
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Figure 3: Comparison, for all the observations of the 
campaign, of the best fit power law photon index of NuSTAR 
(4.5-10 keV) and XMM/PN (3-10 keV), when the energy 
range 5-8 keV is ignored (we use the const × tbabs × pow 
model, Nh being fixed to 6×1021cm−2). The solid and dotted 
lines corresponds to y=x and y=x+0.1 respectively.
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(keV) (keV) (10�3cm�2 s�1) (eV)
Obs 1 1.74±0.01 1.86±0.01 6.66±0.05 0.63±0.07 7.6±1.0 120±20 5.1 520/317 489
Obs 2 1.63±0.01 1.77±0.01 6.67±0.06 0.43±0.10 3.2±0.5 60±10 4.2 466/268 201
Obs 3 1.58±0.01 1.72±0.02 6.77±0.07 0.50±0.08 3.5±0.6 80±20 3.5 341/233 209
Obs 4 1.52±0.01 1.67±0.02 6.58±0.08 0.40±0.07 1.9±0.4 55±10 2.8 271/225 139
Obs 5 1.65±0.01 1.61±0.02 6.36±0.10 0.44±0.15 2.4±0.4 100±20 1.8 348/244 316
Obs 6 1.66±0.01 1.59±0.02 6.13±0.10 0.81±0.15 2.5±0.5 180±30 1.0 268/207 274

Table 4: Best fit parameter values using the const ⇥ tbabs ⇥ ( pow + gauss)model, N
h

being fixed to 6⇥1021cm�2.
The last column gives the decrease in �2 due to the addition of a gaussian (with 3 more dof).
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Figure 7: Ratio data/model when fitting with a power law ignoring the 5-8 keV energy range. An excess in the 5-8
keV range is always visible signature of the presence of iron line emission.

2.3 0.5-79 keV energy range

As a first step of the spectral analysis of the 0.5)79 keV range, we extrapolated the pow + gauss model down to 0.5
keV and up to 79 keV. The ratios are shown in Fig. 8. Two excesses, one in the soft X-ray band and the other above
30 keV, are clearly visible and decrease from Obs 1 to Obs 6.
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Figure 4: Ratio data/model when fitting with a power law ignoring the 5-8 keV energy range. An excess in the 5-8 keV 
range is always visible signature of the presence of iron line emission. Fits with a gaussain for the line are reported in 
Tab. 4.!

Iron line complex
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Table 4: Best fit parameter values using the const ⇥ tbabs ⇥ ( pow + gauss)model, N
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The last column gives the decrease in �2 due to the addition of a gaussian (with 3 more dof).
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Figure 7: Ratio data/model when fitting with a power law ignoring the 5-8 keV energy range. An excess in the 5-8
keV range is always visible signature of the presence of iron line emission.

2.3 0.5-79 keV energy range

As a first step of the spectral analysis of the 0.5)79 keV range, we extrapolated the pow + gauss model down to 0.5
keV and up to 79 keV. The ratios are shown in Fig. 8. Two excesses, one in the soft X-ray band and the other above
30 keV, are clearly visible and decrease from Obs 1 to Obs 6.
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Table 4: Best fit parameter values using the XSPEC model const × tbabs × (pow + gauss) in the 3-10 keV range, 
Nh being fixed to 0.6 1022 cm2. The last column gives the decrease in χ2 due to the addition of a gaussian (with 3 
more dof).

(10-10 erg cm-2 s-1)
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Figure 8: Ratio data/model when extrapolating the 3-10 keV pow + gau fit dow to 0.5 keV and put to 79keV. A
soft X-ray excess and a high energy bump are clearly visible, both decreasing with time.

3 Reanalysis. Berkeley 07 Fev. 2017

We look at the proton flare of the first observation. This flare become quite important compared to the source above
8 keV (see Fig. 9left). It looks that the background is non negligible above 8keV and represent about 10% of the
count rate. It decreases to 4.4% in the 6-8 keV and 2.7% in the 4-6 keV.

We checked that excluding the GTI corresponding to count rates larger than 2 cts/s slightly change the spectrum
compared to the spectrum without GTI selection (see Fig. 9right). We conclude that it is better make a GTI selection.
We have to keep in mid however that we may need to cut the XMM data hove 8 keV if they look too di↵erent compared
to Nustar
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Figure 8: Ratio data/model when extrapolating the 3-10 keV pow + gau fit dow to 0.5 keV and put to 79keV. A
soft X-ray excess and a high energy bump are clearly visible, both decreasing with time.
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Figure 8: Ratio data/model when extrapolating the 3-10 keV pow + gau fit dow to 0.5 keV and put to 79keV. A
soft X-ray excess and a high energy bump are clearly visible, both decreasing with time.
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Figure 8: Ratio data/model when extrapolating the 3-10 keV pow + gau fit dow to 0.5 keV and put to 79keV. A
soft X-ray excess and a high energy bump are clearly visible, both decreasing with time.
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8 keV (see Fig. 9left). It looks that the background is non negligible above 8keV and represent about 10% of the
count rate. It decreases to 4.4% in the 6-8 keV and 2.7% in the 4-6 keV.

We checked that excluding the GTI corresponding to count rates larger than 2 cts/s slightly change the spectrum
compared to the spectrum without GTI selection (see Fig. 9right). We conclude that it is better make a GTI selection.
We have to keep in mid however that we may need to cut the XMM data hove 8 keV if they look too di↵erent compared
to Nustar
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Figure 5: Ratio XMM/NuSTAR data/model when extrapolating the 3-10 keV power law fit down to 0.5 keV and up to 79 
keV. A soft X-ray excess and a high energy bump are clearly visible, both decreasing with time (see also Fig. 6).!
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Evolution of the reverberation lag in GX 339–4 5

O1 O2

Figure 2. The power spectrum of GX339–4 during O1 (left panel) and O2 (right panel), in the energy band 3-10 keV. The power spectra
are Poisson noise-subtracted and displayed adopting the fractional root-mean-square normalization (Miyamoto et al. 1991).

O1 O6

Figure 3. The plots show the EPIC pn unfolded spectra of the first (O1, left panel) and the last observation (O6, right panel) of the
monitoring. Overplotted is the best-fit model (solid gray curve) and the single components of the model (i.e. diskbb, red dotted curve,
and nthComp, blue dotted curve).

0.3 − 1.5 keV band between O1 and O6) as the outburst
proceeds.

5 X-RAY LAGS ANALYSIS

5.1 Lag-frequency spectra

We first studied the X-ray lags as a function of the Fourier
frequency. These allow us to investigate the causal connec-
tion between the hard X-ray primary continuum and the
disc component by measuring the distribution of lag ampli-
tude over frequencies corresponding to different time scales
of variability. Using our best-fit spectral models (Sect. 4)
we defined three energy bands, hereafter referred to as very
soft (0.3-0.7 keV), soft (0.7-1.5 keV), and hard (3-5 keV).
These bands pinpoint, respectively, the maximum disc con-
tribution (disc-to-Comptonized flux ratio ∼ 2 − 4), the drop
of disc flux with respect to the Comptonized flux occurring
at ∼ 1 keV (disc-to-Comptonized flux ratio ∼ 0.3 − 1), and
the hard X-ray primary emission-dominated band (exclud-
ing contribution from the FeK line component), where disc
contribution is negligible. For each observation, Table 2 lists

Figure 4. Disc-to-Comptonized flux ratios (in the energy range
0.3-1.5 keV) as a function of 3-10 keV Eddington-scaled luminos-
ity. The fluxes are computed using the best-fit model described
in Sect. 4 and without correction for cold absorption.
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Figure 7: Disc-to-power law flux ratios (in 
the energy range 0.3-1.5 keV) as a 
function of 3-10 keV Eddington-scaled 
luminosity.
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are Poisson noise-subtracted and displayed adopting the fractional root-mean-square normalization (Miyamoto et al. 1991).
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Figure 3. The plots show the EPIC pn unfolded spectra of the first (O1, left panel) and the last observation (O6, right panel) of the
monitoring. Overplotted is the best-fit model (solid gray curve) and the single components of the model (i.e. diskbb, red dotted curve,
and nthComp, blue dotted curve).
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5.1 Lag-frequency spectra

We first studied the X-ray lags as a function of the Fourier
frequency. These allow us to investigate the causal connec-
tion between the hard X-ray primary continuum and the
disc component by measuring the distribution of lag ampli-
tude over frequencies corresponding to different time scales
of variability. Using our best-fit spectral models (Sect. 4)
we defined three energy bands, hereafter referred to as very
soft (0.3-0.7 keV), soft (0.7-1.5 keV), and hard (3-5 keV).
These bands pinpoint, respectively, the maximum disc con-
tribution (disc-to-Comptonized flux ratio ∼ 2 − 4), the drop
of disc flux with respect to the Comptonized flux occurring
at ∼ 1 keV (disc-to-Comptonized flux ratio ∼ 0.3 − 1), and
the hard X-ray primary emission-dominated band (exclud-
ing contribution from the FeK line component), where disc
contribution is negligible. For each observation, Table 2 lists

Figure 4. Disc-to-Comptonized flux ratios (in the energy range
0.3-1.5 keV) as a function of 3-10 keV Eddington-scaled luminos-
ity. The fluxes are computed using the best-fit model described
in Sect. 4 and without correction for cold absorption.

MNRAS 000, 1–14 (2016)

Figure 6: The plots show the EPIC pn unfolded spectra of the first (O1, left panel) and the last 
observation (O6, right panel) of the monitoring. Overplotted is the best-fit model (solid gray curve) and 
the single components of the model (i.e. diskbb, red dotted curve, and nthComp, blue dotted curve).!



Spectral analysis: first results
‣During the transition, the source decreases in flux (Fig. 1 and 
2) and its spectrum hardens (Tab. 3 and Fig. 3)

‣Problem of intercalibration between the XMM/PN and NuSTAR 
data, the XMM/PN data being harder than the NuSTAR one 
(!">0.1, Tab. 3 and Fig. 3)

‣An iron line is always present. When fitted with a gaussian it is 
clearly broad (see Fig. 4, Table 4).

‣A strong soft X-ray excess as well as a reflection bump are 
also present all along the campaign, their importance however 
decreasing from OBS 1 to OBS 6 (see Fig. 5, 6 and 7)
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Figure 7. Lag-energy spectra of observations O1 (left panel) and O2 (right panel) restricted to the very-high frequency range, which
extends up to 30 Hz for O1 and up to 10 Hz for O2.

Hard state (rising)

End of soft-to-hard transition 
Hard state (descending)

Figure 8. The reverberation lag amplitude as a function of 3-10
keV Eddington-scaled luminosity. The black dots refer to the es-
timates obtained in this paper. These data cover the end of the
transition from the soft to the hard state, and the decrease of
luminosity through the hard state preceding the return to qui-
escence at the end of the 2014-2015 outburst. The red squares
are estimates obtained in De Marco et al. (2015) from the analy-
sis of archival XMM observations covering the rise of luminosity
through the hard state during the 2009 and the 2004 outburst.
The gray dotted lines represent the 1σ contours showing the ex-
pected trend of observed lag amplitude as a function of luminosity
induced by variations of the relative fraction, f , of thermally re-
processed flux to the direct variable continuum, and assuming a
constant value for the intrinsic reverberation lag (see Sect. 6.1).

proach of estimating the maximum intensity of the residu-
als, in the very soft band, above the extrapolation of the
log-linear model best-fitting the high energy hard lags. We
applied this procedure to the lag-energy spectra in the fre-
quency interval where the soft lag is observed (i.e. the very
high frequency interval for O1 and O2, Fig. 7, the high fre-

quency interval for O3 and O4, and the medium frequency
interval extended to 1.5 Hz for O5+O6, Fig. 6).

The hard lags have been fit with a log-linear model at
E > 0.8 keV. It is worth noting that, while this model pro-
vides a good description of the overall energy dependence of
the hard lags in BHXRBs, recent works have highlighted de-
viations from a single-slope log-linear model when the anal-
ysis is extended to the band containing contribution from
the disc (Uttley et al. 2011; Cassatella, Uttley & Maccarone
2012; De Marco et al. 2015). In particular, in the analysed
data set we observe the presence of a break to a steeper slope
at E <

∼ 2 − 3 keV during some observations, specifically O3
and O5+O6. For these observations we limited our fit with
a single log-linear model to the energy range E∼ 0.8− 3 keV.

The resulting estimates of soft lag amplitude range be-
tween ∼ 0.004 − 0.014 s (Table 3). These values are plotted
in Fig. 8 (black points) as a function of 3-10 keV Eddington
scaled luminosities. In order to compare these results with
previous detections we considered the lag measurements ob-
tained from our previous analysis of archival XMM observa-
tions of GX 339–4 in the hard state (De Marco et al. 2015;
overplotted as red squares in Fig. 8). This comparison high-
lights a net decrease of soft lag amplitude (by a factor ∼5) as
a function of luminosity, as expected if produced by thermal
reverberation, therefore in agreement with previous inter-
pretations (De Marco et al. 2015; De Marco & Ponti 2016).
Fitting these data with a linear model in log-space we obtain
a best-fit slope parameter of −0.56 ± 0.28.

While the observed variations of lag amplitude as
a function of luminosity can be the result of variations
of intrinsic reverberation lag amplitude, variations of the
strength of the thermally reprocessed component relative to
the direct, variable continuum might also produce a similar
trend. This can be easily seen by assuming that the ref-
erence band mostly contains primary hard X-ray photons
while the very soft X-ray band contains both primary pho-
tons and reprocessed disc emission. In this case, for small
phase lags (where the phase, φ, and time lag, τ, are related
by τ = φ/2πν) and assuming that the hard lags intrinsic to
the primary continuum are approximately equal to zero at

MNRAS 000, 1–14 (2016)

Figure 9: Lag-energy spectra of observations O1 (left panel) and O2 (right panel) restricted to the very-
high frequency range, which extends up to 30 Hz for O1 and up to 10 Hz for O2.
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keV Eddington-scaled luminosity. The black dots refer to the es-
timates obtained in this paper. These data cover the end of the
transition from the soft to the hard state, and the decrease of
luminosity through the hard state preceding the return to qui-
escence at the end of the 2014-2015 outburst. The red squares
are estimates obtained in De Marco et al. (2015) from the analy-
sis of archival XMM observations covering the rise of luminosity
through the hard state during the 2009 and the 2004 outburst.
The gray dotted lines represent the 1σ contours showing the ex-
pected trend of observed lag amplitude as a function of luminosity
induced by variations of the relative fraction, f , of thermally re-
processed flux to the direct variable continuum, and assuming a
constant value for the intrinsic reverberation lag (see Sect. 6.1).

proach of estimating the maximum intensity of the residu-
als, in the very soft band, above the extrapolation of the
log-linear model best-fitting the high energy hard lags. We
applied this procedure to the lag-energy spectra in the fre-
quency interval where the soft lag is observed (i.e. the very
high frequency interval for O1 and O2, Fig. 7, the high fre-

quency interval for O3 and O4, and the medium frequency
interval extended to 1.5 Hz for O5+O6, Fig. 6).

The hard lags have been fit with a log-linear model at
E > 0.8 keV. It is worth noting that, while this model pro-
vides a good description of the overall energy dependence of
the hard lags in BHXRBs, recent works have highlighted de-
viations from a single-slope log-linear model when the anal-
ysis is extended to the band containing contribution from
the disc (Uttley et al. 2011; Cassatella, Uttley & Maccarone
2012; De Marco et al. 2015). In particular, in the analysed
data set we observe the presence of a break to a steeper slope
at E <

∼ 2 − 3 keV during some observations, specifically O3
and O5+O6. For these observations we limited our fit with
a single log-linear model to the energy range E∼ 0.8− 3 keV.

The resulting estimates of soft lag amplitude range be-
tween ∼ 0.004 − 0.014 s (Table 3). These values are plotted
in Fig. 8 (black points) as a function of 3-10 keV Eddington
scaled luminosities. In order to compare these results with
previous detections we considered the lag measurements ob-
tained from our previous analysis of archival XMM observa-
tions of GX 339–4 in the hard state (De Marco et al. 2015;
overplotted as red squares in Fig. 8). This comparison high-
lights a net decrease of soft lag amplitude (by a factor ∼5) as
a function of luminosity, as expected if produced by thermal
reverberation, therefore in agreement with previous inter-
pretations (De Marco et al. 2015; De Marco & Ponti 2016).
Fitting these data with a linear model in log-space we obtain
a best-fit slope parameter of −0.56 ± 0.28.

While the observed variations of lag amplitude as
a function of luminosity can be the result of variations
of intrinsic reverberation lag amplitude, variations of the
strength of the thermally reprocessed component relative to
the direct, variable continuum might also produce a similar
trend. This can be easily seen by assuming that the ref-
erence band mostly contains primary hard X-ray photons
while the very soft X-ray band contains both primary pho-
tons and reprocessed disc emission. In this case, for small
phase lags (where the phase, φ, and time lag, τ, are related
by τ = φ/2πν) and assuming that the hard lags intrinsic to
the primary continuum are approximately equal to zero at
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Figure 9: The reverberation lag amplitude as a function 
of 3-10 keV Eddington-scaled luminosity. The black dots 
refer to the estimates obtained in this campaign. The red 
squares are estimates obtained in De Marco et al. 
(2015) from archival XMM observations during the 2009 
and the 2004 outburst (see Fig. 1). The gray dotted lines 
represent the 1σ contours showing the expected trend 
of observed lag amplitude as a function of luminosity 
induced by variations of the relative fraction of thermally 
reprocessed flux to the direct variable continuum, and 
assuming a constant value for the intrinsic reverberation 
lag.



Timing Analysis
De Marco et al. (2017)

‣A soft X-ray lag ascribable to disc thermal reverberation is 
observed during all the observations when frequencies ∼> 1 Hz are 
sampled (see Fig. 8). 

!
‣We observe a net decrease of lag amplitude (by a factor ∼ 5) as a 
function of luminosity. 

!
‣The observed dependence of reverberation lag amplitude on 
luminosity could be related to variations of the geometry of the 
inner accretion flow. In particular, an inner disc truncation radius 
approaching the ISCO as the luminosity increases at the beginning 
of the outburst and receding as the luminosity decreases at the 
end of the outburst is in agreement with our results. !



Data Analysis in Progress

‣Use of more realistic comptonisation model for the 
continuum 

!

‣Use of more realistic reflection models 
!

‣Test for relativistically blurred iron line 
!

‣Test of different soft X-ray excess models

To be done:


