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ABSTRACT
We measured the phase-lag spectrum of the high-frequency quasi-periodic oscillations
(QPO) in the black hole systems (at QPO frequencies) GRS 1915+105 (35 Hz and
67 Hz), GRO J1655−40 (300 Hz and 450 Hz), XTE J1550−564 (180 Hz and 280 Hz) and
IGR J17091−3624 (67 Hz). The lag spectra of the 67-Hz QPO in, respectively, GRS 1915+105
and IGR J17091−3624, and the 450-Hz QPO in GRO J1655−40 are hard (hard photons lag
the soft ones) and consistent with each other, with the hard lags increasing with energy. On the
contrary, the lags of the 35- Hz QPO in GRS 1915+105 are soft, with the lags becoming softer
as the energy increases; the lag spectrum of the 35-Hz QPO is inconsistent with that of the
67-Hz QPO. The lags of the 300-Hz QPO in GRO J1655−40, and the 180-Hz and the 280-Hz
QPO in XTE J1550−564 are independent of energy, consistent with each other and with being
zero or slightly positive (hard lags). For GRO J1655−40, the lag spectrum of the 300-Hz QPO
differs significantly from that of the 450-Hz QPOs. The similarity of the lag spectra of the
180-Hz and 280-Hz QPO in XTE J1550−564 suggests that these two are the same QPO seen
at a different frequency in different observations. If this is correct, the lags could provide an
alternative way to identify the high-frequency QPO features in galactic black hole systems.
The lag spectrum of the 67-Hz QPO in GRS 1915+105 (hard lags) is significantly different
from that of the 2.7 × 10−4 Hz QPO in the narrow-line Seyfert 1 galaxy RE J1034+396 (soft
lags), which disproves the suggestion that the two QPOs are the same physical phenomenon
with their frequencies scaled only by the black hole mass. The lag spectrum of the QPO in RE
J1034+396 is similar to that of the 35-Hz QPO in GRS 1915+105, although identifying these
two QPOs as being the same physical feature remains problematic. We compare our results
with those for the lags of the kilohertz QPOs in neutron-star systems and the broad-band noise
component in active galactic nuclei, and discuss possible scenarios for producing the lags in
these systems.

Key words: accretion, accretion discs – black hole physics – X-rays: binaries.

1 IN T RO D U C T I O N

In addition to low-frequency variability (see e.g., Remillard &
McClintock 2006; van der Klis 2006; Belloni 2010; Motta et al.
2011, and references therein), the X-ray light curves of galac-
tic black hole systems show quasi-periodic variability at frequen-
cies of ∼30–450 Hz (Morgan, Remillard & Greiner 1997; Remil-
lard et al. 1999; Belloni, Méndez & Sánchez-Fernández 2001;
Homan et al. 2001; Miller et al. 2001; Strohmayer 2001a,b; Remil-

� E-mail: mariano@astro.rug.nl

lard et al. 2002a; Altamirano & Belloni 2012, see Belloni, Sanna
& Méndez 2012 and references therein). This variability evinces
as relatively narrow features in the Fourier power density spec-
tra of these sources, the so-called high-frequency quasi-periodic
oscillations (HFQPOs). The mean frequency of some of these HFQ-
POs dovetails with the Keplerian orbital frequency at a few gravita-
tional radii of an object of 10–20 M�, and therefore these HFQPOs
have attracted much attention (e.g. Nowak et al. 1997; Cui, Zhang
& Chen 1998; Fragile, Mathews & Wilson 2001).

From more than 7000 observations of black hole systems with the
Rossi X-ray Timing Explorer (RXTE), there are only about a dozen
reports in the literature of HFQPOs (see references in Belloni et al.
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2012). In several cases, the quasi-periodic oscillations (QPOs) re-
ported were marginally significant; a systematic analysis carried
out by Belloni et al. (2012) using individual observations for a to-
tal of ∼12 Ms of RXTE data from 22 galactic black hole systems,
and excluding the peculiar black hole systems GRS 1915+105
and IGR J17091−3624, yielded only 11 significant detections of
HFQPOs from two sources, XTE J1550−564 and GRO J1655−40.
(A handful of the original detections of HFQPOs were based on
combinations of observations within specific states of the source,
or specific energy selections, and hence those QPOs are not de-
tected in the procedure used by Belloni et al. 2012.) Remarkably,
the fraction of observations with HFQPOs in black hole systems
is dramatically lower than in neutron-star systems, where QPOs
at 400–1200 Hz are usually detected in ∼40 per cent of the obser-
vations (see, e.g. Sanna et al. 2012, for the neutron-star system
4U 1636−53).

GRS 1915+105 is an exceptional case. Besides displaying a
wide sweep of variability (Belloni et al. 2000), it has shown several
HFQPOs, at frequencies of 27 Hz (Belloni et al. 2001), 35 Hz
(Belloni & Altamirano 2013b), 41 Hz (Strohmayer 2001b) and
67 Hz (Morgan et al. 1997; Belloni & Altamirano 2013a).

Besides XTE J1550−564, GRO J1655−40 and GRS 1915+105,
the transient source IGR J17091−3624 has also recently shown
HFQPOs. In many respects this source appears to be a scaled-down
version of GRS 1915+105 (Altamirano et al. 2011), including the
presence of an HFQPO at 67 Hz (Altamirano & Belloni 2012), the
same exact frequency (within errors) as the highest (and strongest)
HFQPO seen in GRS 1915+105.

One interesting aspect of the variability of a signal in general,
and of the HFQPOs in particular, is the possible phase lag and co-
herence between measurements in two different energy bands (e.g.
Nowak et al. 1999). The phase lag is a Fourier-frequency-dependent
measure of the phase delay between two concurrent and correlated
signals, in this case light curves of the same source, in two different
energy bands. The coherence measures the frequency-dependent
degree of linear correlation between the two signals. Perfect (unit)
intrinsic (noise subtracted) coherence entails that the two signals
are related through a linear transfer function (see Vaughan et al.
1997; Nowak et al. 1999, for a detailed illustration of the use of the
coherence function in X-ray astronomy; see also Bendat & Piersol
1986 for a comprehensive explication of transfer functions in linear
systems).

The phase-lag spectrum of the broad-band noise component in the
power density spectrum of black hole systems (e.g. Miyamoto et al.
1988; Nowak et al. 1999) has been interpreted as due to soft disc
photons that are Compton up-scattered in a corona of hot electrons
that surrounds the system (e.g. Hua, Kazanas & Titarchuk 1997;
Kazanas, Hua & Titarchuk 1997). The extension of the measure-
ments of phase lags to the HFQPOs in black hole system provides
a powerful tool to study the physics of the accretion flow in the
vicinity of the black hole. The only measurement of the phase-lag
spectrum of an HFQPOs is that of Cui (1999), on the 67-Hz QPO
in GRS 1915+105. Cui (1999) found that the phase lags are hard
(the hard photons lag the soft ones) and increase with energy. The
corresponding time lags (equal to the phase lags divided by 2π

the frequency of the QPO) reached up to ∼5 ms. Using RXTE
data, in this paper we measured the phase-lag spectrum and the
Fourier coherence of the HFQPOs of the four black hole sys-
tems GRS 1915+105, XTE J1550−564, GRO J1655−40 and
IGR J17091−3624. We describe the observations and data analysis
in Section 2; in Section 3, we present our results, and we discuss
them in Section 4.

2 O B S E RVAT I O N S A N D DATA A NA LY S I S

We analysed archival data of the four black hole X-ray bi-
naries GRS 1915+105, GRO J1655−40, XTE J1550−564 and
IGR J17091−3624, collected with the Proportional Counter
Array (PCA; Jahoda et al. 2006) on board RXTE (Bradt, Roth-
schild & Swank 1993). We always used the highest time resolution
data available in each observation to calculate Fourier transforms
of light curves in different energy bands (see below). Due to the
ageing of the PCA instrument, the channel-to-energy conversion
changed over time. Those changes took place over relatively long
time-scales (of the order of years; see for instance van Straaten, van
der Klis & Méndez 2003), except for a few occasions in which the
mission control changed the gain of the PCA instrument manually.
These manual gain changes define the so-called PCA gain epochs.1

For GRS 1915+105, we took the observations in Belloni &
Altamirano (2013b), in which the QPO at ∼67 Hz was very sig-
nificant. In these observations, Belloni & Altamirano (2013b) also
detected a second HFQPO at 35 Hz. We will here call these the
67-Hz and 35-Hz QPO, respectively. These observations were
done on MJD 529 33.627, 529 33.696 and 529 33.764, within
the same gain epoch of the PCA (gain epoch 5). This allowed us
to use the same channel scheme to combine the data of the three
observations for the same energy intervals (see below).

For GRO J1655−40 and XTE J1550−564, we used the observa-
tions in which Belloni et al. (2012) detected significant HFQPOs.
From their table 2, for GRO J1655−40, we selected the observa-
tions on MJD 502 96.311, 503 24.280, 503 35.913 and 503 94.884,
with HFQPOs between ∼270 and ∼450 Hz, and all taken within
PCA gain epoch 3.

For XTE J1550−564, we used the observations from
MJD 510 76.000, 511 08.076, 512 41.802, 512 42.507 and
512 55.158, with HFQPOs between ∼180 and ∼280 Hz, since these
observations were all taken within the same PCA gain epoch (gain
epoch 3), and we dropped the last two observation in the list of
Belloni et al. (2012) which were taken in PCA gain epoch 4.

For IGR J17091−3624, following Altamirano & Belloni (2012),
we used 44 observations with an HFQPO at ∼67 Hz, taken in the
period MJD 558 30 to 558 80, all of them from PCA gain epoch 5.
These observations correspond to the low-variability period marked
with a grey area in fig. 1 of Altamirano & Belloni (2012). We
will call this the 67-Hz QPO in IGR J17091−3624. We give the
channel and energy boundaries of the bands used for each source in
Table 1.

For each observation, we computed the complex Fourier trans-
form for all photons available, and separately for those in each
energy band in Table 1, choosing a Nyquist frequency of 1024 Hz
over segments of 16 s. From the Fourier transforms, we calculated
power density spectra over the full energy band. We normalized all
power density spectra following Leahy et al. (1983), and finally we
produced an average power density spectrum for each observation
and each source separately.

Since the HFQPO at ∼450 Hz in GRO J1655−40 is only detected
above 13 keV (Strohmayer 2001a; Belloni et al. 2012), for this
source we also created a power density spectrum of the observation
with this QPO using only photons in the 13−26.3 keV energy range.
For IGR J17091−3624, following Altamirano & Belloni (2012), we
produced power density spectra in the 2−25 keV band.

1 The definition of the PCA gain epochs and the channel-to-energy
conversion table for each epoch are available at http://heasarc.gsfc.
nasa.gov/docs/xte/r-c_table.html.
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Table 1. Energy bands used to calculate the phase lags of the HFQPOs in GRS 1915+105,
GRO J1655−40, XTE J1550−564 and IGR J17091−3624. We indicate with an asterisk the band
that we used as reference to calculate the phase lags and coherence.

GRS 1915+105 GRO J1655−40 XTE J1550−564 IGR J17091−3624
E (keV) (channels) E (keV) (channels) E (keV) (channels) E (keV) (channels)

3.2−5.7 ( 8−13)∗ <13.0 ( 0−35)∗ <6.5 ( 0−17)∗ <3.2 ( 0− 7)
5.7−14.8 (14−35) 13.0−15.2 (36−41) 6.5−13.0 (18−35) 3.2 − 5.7 ( 8− 13)∗

14.8−17.3 (36−41) 15.2−18.1 (42−49) 13.0−15.2 (35−41) 5.7 − 14.8 (14− 35)
17.3−20.6 (42−49) 18.1−26.3 (50−71) 15.2−18.1 (42−49) 14.8 − 43.0 (36−100)
20.6−30.0 (50−71) − 18.1−26.2 (50−71) −

We fitted each power density spectrum from 20 Hz below up
to 100 Hz above the QPO central frequency reported in the litera-
ture, using a model that consisted of a constant term to represent
the Poisson noise, one Lorentzian for the HFQPO (in the case of
GRS 1915+105, we fitted two Lorentzians to the two HFQPOs
that were present simultaneously in the data) and a zero-centred
Lorentzian to fit the contribution of the low-frequency broad-band
noise component to the frequency range of the HFQPO.

When we had more than one observation of a source with an
HFQPO, we averaged the power density spectra of those obser-
vations. However, before doing this last step, (i) when there was
more than one HFQPO in an observation, or (ii) when we detected
a single HFQPO with a frequency that was not the same in different
observations, we first had to identify the HFQPOs and, if necessary,
correct for their frequency variations (see below), before averaging
the power density spectra. For each source and each QPO, we did
this as follows.

(i) The frequency of the 67-Hz QPO in GRS 1915+105 was
consistent with being the same in all the observations. The same
is true for the 67-Hz QPO in IGR J17091−3624. We therefore
assumed that each of these two HFQPOs was the same physical
feature in, respectively, all three observations of GRS 1915+105
and all 44 observations of IGR J17091−3624.

In GRS 1915+105, the other HFQPO was in all cases consistent
with having a constant frequency of 35 Hz, therefore we also as-
sumed that the 35-Hz HFQPO was always the same physical QPO
in the three observations.

In three of the four observations of GRO J1655−40 with a sta-
tistically significant HFQPO (see table 2 in Belloni et al. 2012), the
frequency of the HFQPO was at ∼270 Hz, ∼290 Hz and ∼310 Hz,
respectively, while in the remaining observation the HFQPO was at
∼450 Hz. Following the identification of Strohmayer (2001a), we
took the HFQPOs at ∼270−310 Hz and the one at ∼450 Hz as two
different QPOs. We call these the 300-Hz and the 450-Hz QPO,
respectively.

In two out of the five observations of XTE J1550−564, the
HFQPO was at ∼180 Hz, whereas in the other three observations
the HFQPO was at ∼280 Hz (table 2 in Belloni et al. 2012). We call
these the 180-Hz and the 280-Hz QPO, respectively; we assumed
that the 180-Hz and 280-Hz HFQPOs were two different QPOs, and
analysed them separately.

(ii) In the case of GRS 1915+105, since the 35-Hz and 67-Hz
QPOs had the same frequency in the three observations, we simply
combined the data.

Similarly, in the case of IGR J17091−3624 the 67-Hz QPO was
always at around the same frequency, and therefore we combined
the data directly.

Since we had only one observation of GRO J1655−40 with the
450-Hz QPO, we only used the data of that observation in our
analysis of this HFQPO.

For the other three observations of GRO J1655−40, and for
the five observations of XTE J1550−564, we applied the shift-
and-add technique described in Méndez et al. (1998): We shifted
the frequency scale of the power density spectra of the individual
observations such that the frequency of the HFQPO was the same
and we averaged the power density spectra.

In Table 2, we give the average frequency (which we used as a
reference to shift the power density spectra if we needed to apply the
shift-and add technique) and full width at half-maximum, FWHM,
of the HFQPOs, and we show the best-fitting model to the power
density spectra as a solid line in the upper panels of Figs 1–3.

We then averaged the 16-s real and imaginary part of the Fourier
transform as a function of Fourier frequency for each observation
and each source separately. When necessary, as we did for the power
density spectra, we used the average HFQPO frequency for each
observation of a given source, we shifted the frequency scale of the
Fourier transform of each full observation to bring the frequency
of the HFQPO to that average value, and we then averaged the real
and imaginary parts of the Fourier transforms (see de Avellar et al.
2013).

For each source (except IGR J17091−3624; see below), we se-
lected the softest energy band in Table 1 as the reference band, we
calculated average cross spectra between each of the other energy

Table 2. Average frequency, νHFQPO, and FWHM of
the HFQPOs in GRS 1915+105, GRO J1655−40, XTE
J1550−564 and IGR J17091−3624. Except for the ∼450-
Hz QPO in GRO J1655−40 and the 67-Hz QPO in
IGR J17091−3624, we measured the frequency and FWHM
of the HFQPOs in power density spectra calculated over the
full energy band. To measure the frequency and FWHM of
the ∼450-Hz QPO in GRO J1655−40, we used a power
density spectrum calculated between 13 and 26.3 keV. For
IGR J17091−3624, we calculated the power density spec-
trum between 2 and 25 keV.

νHFQPO (Hz) FWHM (Hz)

GRS 1915+105 35.1 ± 0.4 4.2 ± 1.4
67.9 ± 0.1 2.3 ± 0.2

GRO J1655−40 289 ± 4 104 ± 13
446 ± 2 51 ± 30

XTE J1550−564 182 ± 3 66 ± 12
282 ± 3 32 ± 10

IGR J17091−3624 66.5 ± 0.5 8.5 ± 1.6
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Lags of the HFQPOs in four black hole systems 2135

Figure 1. The 35-Hz and 67-Hz QPO in GRS 1915+105 (left-hand panels) and the 67-Hz QPO in IGR J17091−3624 (right-hand panels). The upper panels
show the power density spectra of the full PCA bandpass light curve for GRS 1915+105 and for photons in the 2–25 keV band for IGR J17091−3624. The
lower panels show the phase-lag Fourier spectra (phase lags in radians divided by 2π versus Fourier frequency) for the photons in the 5.7–14.8 keV band
relative to those in the 3.2–5.7 keV band. The green and the light-blue points in the left-hand panels show, respectively, the frequency range over which we
calculated the phase lags of the 35-Hz and 67-Hz HFQPO in GRS 1915+105. The light-blue points in the right-hand panels show the frequency range over
which we calculated the phase lags of the 67-Hz HFQPO in IGR J17091−3624 (see the text for details). The solid line in the upper panels shows the best-fitting
model to this part of the power-density spectrum. The horizontal line in the lower panels shows the zero-lag level.

Figure 2. The 180-Hz QPO (left) and the 280-Hz QPO (right) in XTE J1550−564. Upper panels: power density spectra over the full PCA bandpass. Lower
panels: phase lag Fourier spectra for the 6.5–13.0 keV and <6.5 keV photons. The light-blue points show the frequency range over which we calculated the
phase lags of the QPOs. Lines are the same as in Fig. 1.

bands in Table 1 and this reference band and, following the de-
scription in Vaughan & Nowak (1997) and Nowak et al. (1999),
we calculated the phase lags and the Fourier intrinsic coherence
as a function of Fourier frequency for each of the cross spectra.
In the case of GRS 1915+105, the softest band goes from chan-
nel 8 to channel 13, whereas for the other sources the softest band
starts at channel 0 (see Table 1). To be able to compare the phase
lags of the 67-Hz QPOs in, respectively, IGR J17091−3624 and
GRS 1915+105, in the case of IGR J17091−3624, we also chose
the band that goes from channel 8 to channel 13 as the reference
band.2

2 Since the phase lag is a relative quantity, the choice of the reference band
only shifts the full phase-lag spectrum, but does not change the dependence
of the lags with energy.

Finally, to calculate the phase lags of the HFQPO, we averaged
the phase lags over a frequency interval equal to the FWHM of the
corresponding HFQPO. Formally these are the phase lags of the
light curves in the two energy bands used in the calculation, over
the time-scale (the inverse of the Fourier frequency) of the HFQPO.
For simplicity, in the rest of the paper we call these the phase lags
of the HFQPO.

Dead-time-driven cross talk between different energy channels
induces a +π or −π phase lag in the Poisson-noise-dominated
part of the power density spectrum. To correct for this, for each
source we subtracted the cross spectrum in a frequency range well
above that of the HFQPOs, in which the variability was dominated
by Poisson noise. We confirmed that the cross spectrum in this
frequency range has no significant imaginary part, as expected, and
hence this procedure has no effect on the sign of the phase lags of
the HFQPO (see van der Klis et al. 1987, for details).
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Figure 3. The 300-Hz QPO (left) and the 450-Hz QPO (right) in GRO J1655−40. Upper panels: power density spectra over the full PCA bandpass (for the
450-Hz QPO using photons in the 13.0–26.3 keV range). Lower panels: phase lag Fourier spectra for the 13.0–15.2 keV and the <13.0 keV photons. The
light-blue points show the frequency range over which we calculated the phase lags of the QPOs. Lines are the same as in Fig. 1.

Since the broad-band noise component in black hole (and
neutron-star) systems can extend up to a few hundred Hz (e.g.
Sunyaev & Revnivtsev 2000), in the range where the HFQPOs in
black hole systems usually appear, we checked whether the phase
lag of the QPO may be affected by the signal of this broad-band
component. For this, we instead subtracted the average cross spec-
trum of the broad-band component over frequency intervals just
below or above the QPO signal before we calculated the phase lags
of the QPO. The measured phase lags did not change significantly
when we did this compared to the case in which we subtracted the
cross spectrum in the frequency range dominated by the Poisson
noise. The error bars of the phase lags given in this paper account
for the small differences between these procedures.

3 R ESULTS

In Fig. 1, we show for GRS 1915+105 (left) and IGR J17091−3624
(right) the power density spectrum (upper panels) and the phase-lag
Fourier spectrum (lower panels), concentrating on the frequency
range that contains the HFQPOs. For the power density spectrum
of GRS 1915+105, we used the full PCA band while for that of
IGR J17091−3624 we took photons in the 2−25 keV band. The
phase lags were calculated for the 5.7–14.8 keV and the 3.2–5.7 keV
photons. For GRS 1915+105, the green and light-blue points in both
the upper and lower panels indicate the frequency range over which
we measured the phase lags of the 35-Hz and 67-Hz HFQPOs, re-
spectively. For IGR J17091−3624, the light-blue points in both the
upper and lower panels indicate the frequency range over which
we measured the phase lags of the 67-Hz HFQPO. From this fig-
ure it is apparent that in GRS 1915+105, for this energy selection,
the phase lags of the 35-Hz QPO are negative, whereas those of
the 67-Hz QPO are positive, indicating soft and hard lags, respec-
tively. For these two bands the phase lags of the 67-Hz QPO in
IGR J17091−3624 are consistent with zero. This figure also shows
that the 67-Hz QPO in GRS 1915+105 is slightly asymmetric (see
also Belloni & Altamirano 2013a).

In Fig. 2, we plot the full-band power density spectrum (up-
per panels) and the phase-lag spectrum (6.5–13.0 keV relative
to <6.5 keV; lower panels) of, respectively, the 180-Hz (left) and
280-Hz (right) QPOs in XTE J1550−564. The light-blue points in
all panels show the frequency range over which we measured the

phase lags of these two QPOs. In XTE J1550−564, for this energy
selection, the phase lags of the 180-Hz QPO are positive, whereas
those of the 280-Hz are consistent with zero.

In Fig. 3, we plot, respectively, the full-band and the 13–26.3 keV
power density spectra (upper panels) and the phase-lag spectra
(13.0–15.2 keV relative to <13.0 keV; lower panels) of the 300-Hz
(left) and 450-Hz (right) QPOs in GRO J1655−40. The light-blue
points in all panels show the frequency range over which we mea-
sured the phase lags of these two QPOs. For this energy selection,
in GRO J1655−40 the phase lags of the 300-Hz QPO are positive,
whereas those of the 450-Hz are (marginally) negative.

As described in Section 2, we calculated the average phase lag
over the frequency range covering one FWHM of the QPO (Table 2),
for all energy bands in Table 1. In the four panels of Fig. 4, we plot
the phase lags of the QPOs of each of the four sources as a function
of energy.

Fig. 4 shows that: (i) in GRS 1915+105, the phase lags of the
67-Hz QPO are hard and increase with energy, whereas the phase
lags of the 35-Hz QPO are soft, and their magnitude increases
with energy. From this figure, it is apparent that the 35-Hz and the
67-Hz QPOs have significantly different lag spectra. (ii) The lag
spectrum of the 67-Hz QPO in IGR J17091−3624 is consistent
with that of the 67-Hz QPO in GRS 1915+105. (iii) The lag spec-
tra of the 180-Hz and the 280-Hz QPOs in XTE J1550−564 are
independent of energy and are consistent with each other. (iv) In
GRO J1655−40, the phase lags of the 300-Hz QPO are independent
of energy, and the lag spectrum of this QPO is consistent with those
of the 180-Hz and 280-Hz QPOs in XTE J1550−564. (v) The lag
spectrum of the 450-Hz QPO is similar to those of the 67-Hz QPO in
GRS 1915+105 and IGR J17091−3624. (vi) The lag spectra of the
300-Hz QPO in GRO J1655−40 and the 180-Hz and 280-Hz QPOs
in XTE J1550−564 are significantly different from those of the
67-Hz QPO in GRS 1915+105 and IGR J17091−3624, the 35-Hz
QPO in GRS 1915+105, and the 450-Hz QPO in GRO J1655−40.

Since the frequency of the 300-Hz QPO in GRO J1655−40
changed by ∼40 Hz among the three observations that we com-
bined to get the lags (see Section 2), we also computed the phase
lags of the HFQPOs for the three individual observations of this
source, where the QPO frequency was, respectively, ∼270, ∼290
and ∼310 Hz. In all three cases, the values and the energy spectrum
of the phase lags are consistent, with large error bars, with each
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Figure 4. Phase lags as a function of energy for the QPOs in GRS 1915+105 (left-hand panel), IGR J17091−3624 (middle-left panel), XTE J1550−564
(middle-right panel) and GRO J1655−40 (right-hand panel). The horizontal line across all panels shows the zero-lag level. The black cross shows the reference
band.

other and with those of the combined data, and inconsistent with
those of the 450-Hz QPO in this source.

We also calculated the intrinsic coherence of all the HFQPOs
using pairs of light curves in two different energy bands. Except
for a few combinations of energy bands, in all cases the intrinsic
coherence of the HFQPOs across the QPO profile is rather noisy,
and consistent both with 0 or 1 (the possible extreme values of the
intrinsic coherence; see Bendat & Piersol 1986). In Fig. 5, we show
one of the examples in which the intrinsic coherence is well defined
across the QPO profile. In that figure, we plot the intrinsic coherence
as a function of Fourier frequency for the 35-Hz and the 67-Hz QPOs
in GRS 1915+105. To calculate the intrinsic coherence, we used the
photons in the 5.7–14.8 keV and 3.2–5.7 keV bands. The intrinsic
coherence is well constrained (has small error bars) only around the
frequency of the 35-Hz and the 67-Hz QPOs. Outside that range,
the errors increase dramatically. The other thing apparent from this
figure is that the average (across the QPO profile) intrinsic coherence
is less than 1, although the individual measurements have in general
large error bars, and are consistent with 1. Indeed, the error-weighted
average of the intrinsic coherence of the 35-Hz and the 67-Hz

Figure 5. Intrinsic coherence as a function of frequency for the 35-Hz and
the 67-Hz QPO in GRS 1915+105. We calculated the intrinsic coherence
for photons in the 5.7–14.8 keV band relative to those in the 3.2–5.7 keV
band. The green and light-blue points indicate the frequency range of the
35-Hz and 67-Hz HFQPO, respectively. The horizontal lines indicate the
level of coherence equal to zero and one, respectively.

QPOs using these two energy bands are 0.1 ± 0.2 and 0.3 ± 0.1,
respectively. (We note, however, that if the individual measurements
of the intrinsic coherence are not normally distributed, the weighted
average could be biased.) A value of the intrinsic coherence lower
than 1 implies that one or more of the following situations hold
(see Bendat & Piersol 1986, for details): (i) the noise (due to the
Poissonian nature of the signal) was not completely subtracted from
either of the two signals, (ii) the light curves in the two energy bands
are not linearly related or, if they are, (iii) the signal in one band is
due to the signal in the other band plus at least one other uncorrelated
signal in the system (see Vaughan et al. 1998, for details). We will
not discuss this result further, and defer any possible interpretation
to a future paper.

4 D I SCUSSI ON

We present the first systematic study of the energy-dependent phase
lags and coherence of the HFQPOs in the galactic black hole
systems GRS 1915+105, GRO J1655−40, XTE J1550−564 and
IGR J17091−3624. Specifically, we studied the phase-lag spec-
trum of the 35-Hz and the 67-Hz QPOs in GRS 1915+1054, the
300-Hz and the 450-Hz QPOs in GRO J1655−40, the 180-Hz
and the 280-Hz QPOs in XTE J1550−564 and the 67-Hz QPO
in IGR J17091−3624.

For the 67-Hz QPO in GRS 1915+105, the 450-Hz QPO in
GRO J1655−40 and the 67-Hz QPO in IGR J17091−3624, the
hard photons lag the soft ones, with the highest energy photons
lagging the softest ones by up to ∼0.5π rad. In the case of the 67-
Hz QPO in GRS 1915+105, our results are consistent with those
of Cui (1999), based on another observation of this HFQPO. These
are the first measurements of the phase lags of the 35-Hz QPO in
GRS 1915+105 and the HFQPOs in the other three sources. The
phase lags of the 35-Hz in GRS 1915+105 are negative, indicating
soft lags, with the magnitude of the lags increasing with energy
from ∼0.1π rad at ∼10 keV up to ∼π rad at ∼25 keV. For the
300-Hz QPO in GRO J1655−40, and the 180-Hz and the 280-
Hz QPO in XTE J1550−564, the phase lags are independent of
energy, and consistent with being zero or slightly positive (hard
lags). In GRS 1915+105, the phase-lag spectrum of the 35-Hz
QPO is inconsistent with that of the 67-Hz QPO. Similarly, the
phase-lag spectrum of the 300-Hz QPO and that of the 450-Hz
QPO in GRO J1655−40 are significantly different. In contrast, the
phase-lag spectrum of the 180-Hz QPO and that of the 280-Hz
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QPO in XTE J1550−564 are consistent with each other, and both
are consistent with the phase-lag spectrum of the 300-Hz QPO in
GRO J1655−40.

Miller et al. (2001) reported the detection of two simultaneous
HFQPOs in XTE J1550−564 at ∼190 Hz and ∼270 Hz. They de-
tected the HFQPO at ∼270 Hz in each of six separate observations
during the 2000 outburst of XTE J1550−564, whereas the HFQPO
at ∼190 Hz is only detected, albeit at a single-trial significant of
3.5σ , when they combine the six observations with the QPO at
∼270 Hz. Considering the number of trials reported by Miller et al.
(2001), the QPO at ∼190 Hz is only ∼2.3σ significant. Furthermore,
from the analysis of all RXTE observations of XTE J1550−564 sep-
arately, Belloni et al. (2012) recently showed that there is only one
significant HFQPO at a time, either at ∼180 Hz or ∼280 Hz. The
similarity of their phase-lag spectrum suggests that the 180-Hz and
the 280-Hz QPO in XTE J1550−564 are in fact the same QPO
seen at different frequencies in different observations. This idea is
reinforced by the fact that in GRS 1915+105 and GRO J1655−40,
which show two well-identified simultaneous HFQPOs, the phase-
lag spectrum of the HFQPO at the highest frequency is significantly
different from that of the one at the lowest frequency (Section 3,
Fig. 4). This comparison across sources is valid if the phase-lag
spectrum of the highest (lowest) frequency HFQPO is independent
of the QPO frequency or other source parameters, like black hole
mass or spin. If this interpretation is correct, XTE J1550−564 dis-
plays a single HFQPO that changes frequency by ∼100 Hz over
different observations (it would not be the only case, though, since
the 300-Hz QPO in GRO J1655−40 changes by ∼40 Hz as well),
making HFQPO in black hole systems more similar to kilohertz
QPOs (kHz QPOs) in neutron-star systems (see below). This also
suggests that the lags could provide an alternative way to identify
the high-frequency QPO features in galactic black hole systems.

Given the frequency of the HFQPOs, the observed phase lags
imply maximum time lags (in absolute value) ranging from ∼14 ms
for the 35-Hz QPO in GRS 1915+105, to ∼0.3 ms for the 280-
Hz QPO in XTE J1550−564 and the 300-Hz and the 450-Hz
QPO in GRO J1655−40, with the magnitude of the maximum
time lag decreasing more or less steadily with the frequency of
the QPO. The small time lags imply a light-travel-time distance of
∼100−4000 km, or about 10−40 gravitational radii for a 10-M�
non-rotating black hole.

4.1 Comparison with phase lags in active galactic nuclei

Zoghbi et al. (2010) proposed that the ∼30-s soft time lags seen
in the active galactic nucleus 1H0707−495 at a Fourier frequency
of ∼5 × 10−4 Hz are due to reflection of photons from the corona
around the central black hole off the accretion disc. Given the steep
emissivity index inferred from the spectral fits to the time averaged
spectra of this (Fabian et al. 2009) and other objects (e.g. Miller
et al. 2009; Chiang & Fabian 2011; Risaliti et al. 2013), the bulk
of the reflection must take place very close to the inner edge of the
accretion disc.

The observed hard lags of the 67-Hz QPO in, respectively,
GRS 1915+105 and IGR J17091−3624, and the 450-Hz QPO in
GRO J1655−40 cast doubt on this interpretation, assuming that the
same scenario holds for galactic black hole systems and, that in
each source, one of the HFQPOs reflects the Keplerian frequency
at the inner edge of the accretion disc (e.g. Stella, Vietri & Morsink
1999). The only HFQPO in our sample that shows soft lags is the
35-Hz QPO in GRS 1915+105. If the frequency of this QPO is
the Keplerian frequency at the inner edge of the accretion disc (no-

tice, however, that the lowest possible Keplerian frequency at the
innermost stable circular orbit of a 10−M� black hole, Steeghs
et al. 2013, is ∼200 Hz; see also Belloni & Altamirano 2013a), one
would need to explain the existence of a simultaneous HFQPO still
at higher frequencies, namely the 67-Hz QPO in this source. On
the other hand, neither the 300-Hz QPO in GRO J1655−40, nor
the 180-Hz/280-Hz QPO in XTE J1550−564 show the expected
negative lags, making the scenario less likely.

In the case of 1H0707−495, the lags become negative at
∼5 × 10−4 Hz; if the frequency at which the lags become nega-
tive is proportional to mass (as in the case of lags produced at the
inner edge of a Keplerian disc), this frequency would be ∼250 Hz
for a 10-M� black hole. This value is consistent with the frequency
range of the HFQPOs in GRO J1655−40 and XTE J1550−56, but
the time lags have the opposite sign. Furthermore, the magnitude
of the time lags of the HFQPOs in these four systems is one to two
orders of magnitude larger than the lags of 1H0707−495 scaled
down by the black hole mass ratio. The ∼14 ms time lag of the 35-
Hz QPO in GRS 1915+105 is consistent with the expected range,
5−150 ms, from the extrapolation of the relation between soft time
lags and black hole mass of De Marco et al. (2013) for a 10-M�
black hole. However, the extrapolation of the relation between fre-
quency at which the soft time lags are observed and the black hole
mass of De Marco et al. (2013) yields frequencies below ∼1 Hz,
inconsistent with those of the HFQPOs in black holes.

Middleton & Done (2010) suggested that the QPO at
2.7 × 10−4 Hz (Gierliński et al. 2008) in the narrow-line type 1
Seyfert galaxy RE J1034+396 (see Vaughan 2010, for a discussion
on the significance of the QPO) could be the counterpart, scaled
down in frequency, of the 67-Hz QPO in GRS 1915+105. How-
ever, the phase lags of the QPO in RE J1034+396 are soft and
become softer as the energy increases (Middleton, Uttley & Done
2011), whereas the lags of the 67-Hz QPO in GRS 1915+105 are
hard and become harder as energy increases. Our results rule out
that identification, unless the lag spectrum can switch from hard to
soft as the mass of the central black hole decreases by a factor of
∼105. In fact, the lag spectrum of the QPO in RE J1034+396 is very
similar to that of the 35-Hz QPO in GRS 1915+105 (compare the
right-hand panel of fig. 9 in Middleton et al. 2011 and the left-hand
panel of Fig. 4). If these two QPOs were the same feature scaled by
mass, by analogy we would expect to see a QPO in RE J1034+396
at about twice the frequency of the 2.7 × 10−4 Hz QPO, contrary to
what is observed.

4.2 Phase lags and rms spectrum of the high-frequency QPOs

The idea that the phase lags of the HFQPOs are due to reflec-
tion off the accretion disc also needs to address the rms spectrum
of the HFQPOs. Morgan et al. (1997) and Belloni & Altamirano
(2013a) found that the rms spectrum (rms amplitude versus energy)
of the 67-Hz QPO in GRS 1915+105 increases very steeply with
energy, from ∼1 per cent at 4 keV to �10 per cent at 30 keV. Sim-
ilarly, the rms spectrum of the 280-Hz QPO in XTE J1550−564
increases with energy (Miller et al. 2001), and the 450-Hz QPO
in GRO J1655−40 is only detected at high energies (Strohmayer
2001a). In some cases, when HFQPOs are observed, the 2–25 keV
emission of the accretion disc is �10 per cent of the total luminosity
of the source (e.g. Remillard et al. 2002b), and therefore emission
from the disc alone cannot explain the amplitude of the HFQPOs. If
the oscillation mechanism that produces the HFQPOs takes place in
the disc, the signal must be modulated and amplified in the corona
(see Méndez 2006; Sanna et al. 2010, for a similar discussion in
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the case of the kHz QPOs in neutron-star systems), and this should
affect the phase lags of the HFQPO.

4.3 Comparison with the broad-band noise phase lags

On time-scales of 10−2–102 s in black hole (and neutron-star)
X-ray binaries in the hard state, the hard X-ray photons lag the
soft ones by ∼0.1 rad, with the phase lags being more or less
constant as a function of Fourier frequency (e.g. Miyamoto et al.
1988; Ford et al. 1999; Nowak et al. 1999). These broad-band
frequency-independent hard phase lags are usually explained in
terms of Compton up-scattering in a hot electron plasma close to
the black hole: low-energy photons gain energy in each scatter-
ing event; more scatterings imply higher energy of the emerging
photons, and also a longer path length, therefore the higher en-
ergy photons emerge later than the lower energy ones produced
simultaneously. The phase lags of the 67-Hz QPO in, respec-
tively, GRS 1915+105 and IGR J17091−3624, the 300-Hz and
450-Hz QPO in GRO J1655−40 and the 180-Hz/280-Hz QPO in
XTE J1550−564 are consistent with this scenario, whereas the
soft phase lags of the 35-Hz QPO in GRS 1915+105 contradict
this idea. Soft phase lags could be due to hard photons emitted
from the hot corona around the black hole that are Compton down-
scattered by cold plasma in the accretion disc (e.g. Nobili et al.
2000; Reig et al. 2000; Falanga & Titarchuk 2007). A Compton
down-scattering mechanism for the time lags of the 35-Hz QPO in
GRS 1915+105 is difficult to reconcile with the fact that the hard
(power-law like) component in the time-averaged spectrum of this
system (and other black-holes systems) is interpreted as Compton
up-scattering (Payne 1980; Sunyaev & Titarchuk 1980). As shown
by Lin et al. (2000), lags of opposite sign are possible even if the
photon arrival times at different QPO harmonic frequencies are the
same. This could perhaps explain the opposite sign of the possibly
harmonically related (Belloni & Altamirano 2013b) QPOs at 35 Hz
and 67 Hz in GRS 1915+105, without the need to resort to com-
plex Compton up- and down-scattering mechanisms operating at
the same time.

4.4 Comparison with the phase lags of high-frequency QPOs
in neutron-star systems

Neutron-star X-ray binaries also exhibit a pair of high-frequency
QPOs, at frequencies between ∼400 and 1200 Hz, much higher
than the frequency of the HFQPOs in black hole systems. These are
called kHz QPOs. It is unclear, however, whether the kHz QPOs
and the HFQPOs are the same phenomena, and whether the two
members of the pair of kHz QPOs and those of the pair of HFQPOs
(when two are present) can be identified with one another. From the
pair of kHz QPOs, the one at lowest frequency, the lower kHz QPO,
displays soft time lags of ∼20–100 μs, with the magnitude of the
lags increasing with energy (Vaughan et al. 1997, 1998; Kaaret et al.
1999; Barret 2013; de Avellar et al. 2013). The time lags of the other
kHz QPO, the upper kHz QPO, are hard, of ∼10 μs, independent of
energy, and significantly different from the time lags of the lower
kHz QPO (de Avellar et al. 2013).

The lags in neutron-star systems have similar properties to those
in black hole systems. For instance, in GRS 1915+105 the phase
lags of the 35-Hz QPO and those of the lower kHz QPO in
the neutron-star systems 4U 1608−52 and 4U 1636−53 are soft,
whereas the phase lags of the 67-Hz QPO and those of the upper
kHz QPO in 4U 1608−52 and 4U 1636−53 are hard. Furthermore,
in GRS 1915+105 the absolute value of the time lags of the 35-Hz

is about three times that of the 67-Hz QPO (∼14 ms and ∼5 ms,
respectively), while in 4U 1636−53 the absolute value of the time
lags of the lower kHz QPO is about twice that of the upper kHz
QPO (∼20 and ∼10 μs, respectively). Based on this, it is tempting
to identify the lower and upper kHz QPO in neutron stars with the
35-Hz and the 67-Hz QPO in GRS 1915+105, but this identifica-
tion is not without problem: The phase lags of the 67-Hz QPO in
GRS 1915+105 increase with energy, whereas in the two neutron-
star systems the time lags of the upper kHz QPO are independent
of energy, similar to what we observe for the phase lags of the
180-Hz and 280-Hz QPO in XTE J1550−564 and the 300-Hz QPOs
in GRO J1655−40. Additionally, GRS 1915+105 shows QPOs at
27 Hz (Belloni et al. 2001) and 41 Hz (Strohmayer 2001b) in ob-
servations in which the 67-Hz QPO is also present, which makes
the identification with the pair of kHz QPOs in neutron stars more
difficult.

Notice, by the way, that if the same mechanism proposed to ex-
plain the lags in 1H0707−495 is responsible for the lags in galactic
black holes and neutron-star systems, the magnitude of the time
lags of the kHz QPOs and those of GRS 1915+105 imply that
the distance between the source of photons and the reflector in
GRS 1915+105 is 500–700 times larger than in the two neutron-
star systems 4U 1608−52 and 4U 1636−53, whereas the mass ratio
is only ∼5.

Lee, Misra & Taam (2001) proposed a Compton up-scattering
scenario that can explain the soft time lags of the lower kHz QPO
in neutron-star systems. They found a solution of the linearized
Kompaneets equation (Kompaneets 1957) in which the disc and
the corona are coupled and exchange energy, and the coronal and
disc temperatures oscillate coherently at the QPO frequency (see
also Lee & Miller 1998). This model reproduces both the time lags
(Vaughan et al. 1997, 1998) and rms spectrum (Berger et al. 1996)
of the lower kHz QPO in 4U 1608−52. Also, since the resonance is
restricted to a limited frequency range, the idea of Lee et al. (2001)
is consistent with the hard lags on time-scales of 10−2–102 s that we
previously mentioned and, in the case of neutron stars, the hard lags
of the upper kHz QPO (de Avellar et al. 2013). This mechanism
may also apply to accreting black hole systems; it remains to be
seen whether this could explain as well the soft lags of the 35-Hz
QPO and the hard lags of the 67-Hz QPO in GRS 1915+105.
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