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ABSTRACT
The inverse Compton process by which soft photons are up-scattered by hot electrons in a corona plays a fundamental role in
shaping the X-ray spectra of black-hole (BH) low-mass X-ray binaries (LMXBs), particularly in the hard and hard-intermediate
states. In these states, the power-density spectra of these sources typically show Type-C low-frequency quasi-periodic oscillations
(QPOs). Although several models have been proposed to explain the dynamical origin of their frequency, only a few of those
models predict the spectral-timing radiative properties of the QPOs. Here we study the physical and geometrical properties of
the corona of the BH-LMXB GRS 1915+105 based on a large sample of observations available in the RXTE archive. We use a
recently-developed spectral-timing Comptonisation model to fit simultaneously the energy-dependent fractional rms amplitude
and phase-lag spectra of the Type-C QPO in 398 observations. For this, we include spectral information gathered from fitting a
Comptonisation model to the corresponding time-averaged spectra. We analyse the dependence of the physical and geometrical
properties of the corona upon the QPO frequency and spectral state of the source, the latter characterised by the hardness ratio.
We find consistent trends in the evolution of the corona size, temperature, and feedback (the fraction of the corona photons that
impinge back onto the disc) that persist for roughly 15 years. By correlating our observations with simultaneous radio-monitoring
of the source at 15 GHz, we propose a scenario in which the disc-corona interactions connect with the launching mechanism of
the radio jet in this source.
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1 INTRODUCTION

Black hole (BH) X-ray binary systems regularly show low-frequency
(LF) quasi-periodic oscillations (QPOs) in the power density spectra
(PDS) of their X-ray light curves (see recent reviews onQPOs byBel-
loni & Motta 2016; Ingram & Motta 2020, and references therein).
These narrow distinct peaks are usually characterised by their cen-
troid frequency, a, and quality factor 𝑄 = a/Δa, where Δa is their
full-width half maximum (FWHM). According to these properties,
and the shape and level of the underlying broad-band noise in the
PDS, these LF QPOs were classified into three main types, namely
A, B and C (Wĳnands et al. 1999; Remillard et al. 2002; Casella et al.
2005). Among these three types, the type-C are the most common
ones, characterised by variabilities of up to 20% and narrow peaks
usually with 𝑄 & 10. They are mainly observed in the Low-Hard
and Hard-Intermediate states (Belloni et al. 2000; Homan & Belloni
2005), with frequencies from a few mHz to ∼10 Hz (see Motta et al.

★ Contact e-mail: fgarcia@iar.unlp.edu.ar

2012), but also in the High-Soft and Ultraluminous states, reaching
up to ∼30 Hz (Revnivtsev et al. 2000).
Several models had been proposed to explain the dynamical origin

of type-C QPOs, based either on geometrical effects, associated to
the Lense-Thirring precession frequency (LTP, Stella & Vietri 1998;
Schnittman et al. 2006; Ingram et al. 2009), or instabilities in the
accretion flow (Tagger & Pellat 1999; Cabanac et al. 2010), but their
physical origin remains a matter of debate. The geometrical scenario
proposed by Ingram et al. (2009) based on relativistic precession re-
quires twomain components: a cool optically thick and geometrically
thin accretion disc (Shakura & Sunyaev 1973) which is truncated at
𝑟𝑡 > 𝑟ISCO, where 𝑟ISCO is the radius of the innermost-stable circular
orbit, and a hot, geometrically thick, accretion flow inside 𝑟𝑡 (Esin
et al. 1997; Poutanen et al. 1997). In this model, the type-C QPOs
are produced by the extended hot inner flow that modulates the X-ray
flux as it precesses at the LTP frequency (Fragile et al. 2007). The
model predicts that this effect should increase with source inclina-
tion. In this framework, the broad-band noise in the PDS, instead,
would arise from variations in the mass accretion rate that propagate
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from the outer regions of the disc towards the BH (Ingram & van der
Klis 2013). In general, the frequency of the type-C QPO increases
as the source moves from harder to softer states. In the LTP model
(Ingram et al. 2009), the change in hardness is interpreted as a varia-
tion in the outer radius of the hot inner flow. In models involving an
extended Comptonising medium, or corona (Thorne & Price 1975;
Sunyaev & Truemper 1979), the hardness changes are attributed to
variations in the physical properties of this medium, like the optical
depth or electron temperature, or in geometrical properties, like its
size (Kazanas et al. 1997).
Despite the big efforts pursued to understand the physical origin of

the QPO dynamics, less attention has been put to quantitatively ex-
plain the time-dependent radiative properties of these QPOs, which
are given by the energy and frequency dependence of the QPO am-
plitudes and phase lags. Sobolewska & Życki (2006) analysed the
variability-amplitude (RMS) spectra of the Type-C QPO in several
BH XRBs. They found that even in observations where a soft disc-
like thermal component was evident in the time-averaged spectra,
this component was not found in the RMS spectrum of the QPOs,
indicating that the QPO strongly modulates the Comptonised emis-
sion, although not the emission coming directly from the disc. In this
sense, the lack of a disc imprint in the QPO spectrum is a compli-
cation for QPO models based on disc oscillations (Ingram & Motta
2020).
Somemodels for theQPOphase lags can be found in (Lee&Miller

1998; Shaposhnikov 2012; Misra & Mandal 2013). The successive
inverse Compton up-scattering of soft-photons by hot electrons was
suggested as the physical explanation for the hard lags observed in
the broad-band noise component in the PDS of Cyg X-1 (Miyamoto
et al. 1988). In turn, broad-band soft lags can be naturally produced
by reverberation off the accretion disc. That is the case in a recently-
discovered BH candidate (MAXI J1820+070), where a small con-
tracting corona of a few gravitational radii (𝑅𝑔 = 𝐺𝑀/𝑐2, were 𝐺 is
the gravitational constant, 𝑀 is the mass of the compact object and 𝑐
the speed of light) was suggested based on the frequency evolution of
the soft reverberation lags measured in the source (Kara et al. 2019).
However, the lags associated to the LF QPOs are usually much larger
than those found in the broad-band noise, and cannot be explained
by reverberation from a small-scale hot inner flow (De Marco et al.
2015).
In a Comptonisation scheme, soft lags can be generated through a

feedback process, if a significant fraction of the up-scattered photons
impinge back onto the soft-photon source (Lee et al. 2001). A variety
of models (e.g., Nobili et al. 2000; Ingram et al. 2009, 2016) invok-
ing different physical processes can explain the QPO phase lags, but
not many of those models can predict the energy-dependent rms am-
plitude of the variability. Motta et al. (2015) suggested that the rms
amplitude of the type-C QPO is higher for high inclination sources
compared to low ones. More recently, van den Eĳnden et al. (2017)
found evidence that in low-inclination sources, above a certain QPO
frequency, the phase-lags of the QPO are hard and increase with QPO
frequency, meanwhile, for high-inclination sources, the opposite is
found: QPO phase-lags are soft and decrease as the QPO frequency
increases. These inclination dependence may favour a geometrical
origin, but a full explanation for the very diverse observational find-
ings in the subject is still lacking.
GRS 1915+105 is a very particular BH LMXB. It has been in

outburst since its discovery (Castro-Tirado et al. 1992, 1994) and did
not show the typical Q-shape in the HID. Being active during the
whole 15-years lifetime of the Rossi X-ray Timing Explorer (RXTE,
Bradt et al. 1993) mission, GRS 1915+105 is hence one of the most
comprehensively observed and studied sources in the RXTE archive

(for a review on GRS 1915+105, we refer the reader to Fender &
Belloni 2004). GRS 1915+105 was the first XRB to show super-
luminal ejections of synchrotron-emitting components in the radio
band, through a relativistic jet (Mirabel & Rodríguez 1994). Using
Very-Long Baseline Array observations, Reid et al. (2014) measured
the trigonometric parallax to GRS 1915+105 yielding a distance es-
timate of 8.6+2.0−1.6 kpc and a BH mass of 12.4

+2.0
−1.8 M� .

The spectral-timing properties of the LF QPOs in GRS 1915+105
had been studied in several papers (Markwardt et al. 1999; Vignarca
et al. 2003; Rodriguez et al. 2004). Remarkably, a change in the sign
of the phase lags between soft and hard X-rays in the type-C QPO has
been recognised at QPO frequencies around 2 Hz (Reig et al. 2000;
Pahari et al. 2013). This effect has been thoroughly studied in a
recent work by Zhang et al. (2020). Analysing the energy-dependent
lag spectra of ∼600 observations of the type-C QPO, the authors
find that the slope of the lag spectra has a clear dependence on
the QPO frequency, being positive below ∼1.8 Hz, flat or zero at
frequencies around ∼2 Hz, and becoming negative at higher QPO
frequencies. At the same time, Zhang et al. (2020) show that the
fractional-variability (rms) amplitude of the QPO is maximum when
the lags are flat (around ∼2 Hz).
Motivated by the recent model from Karpouzas et al. (2020) and

the unique extensive data set available for GRS 1915+105, in this
paper we present a systematic study of the evolving properties of
the corona of GRS 1915+105 by fitting a variable-Comptonisation
model to the energy-dependent phase lag and fractional rms ampli-
tude spectra of theType-CQPO in 398RXTE observations. To do this:
i) we measure the full set of energy-dependent rms-amplitudes of the
Type-C QPOs detected by RXTE, ii) we take the energy-dependent
phase-lags measurements available in Zhang et al. (2020), and iii)
we also use the time-averaged physical properties of the corona of
GRS 1915+105 fitted to the same set of observations inMéndez et al.
(2022). In Sec. 2 we present our sample of observations and themeth-
ods employed to measure the QPO variability and the time-averaged
spectral properties. In Sec. 3 we briefly describe the spectral-timing
Comptonisation model used. In Sec. 4 we show the results obtained
with the spectral-timing fits to the data and we discuss them in Sec. 5.

2 OBSERVATIONS AND DATA ANALYSIS

Zhang et al. (2020) examined the full set of observations of
GRS 1915+105 obtained with the Proportional Counter Array (PCA)
on-board the RossiX-ray Timing Explorer (RXTE; Zhang et al. 1993)
between 1996 and 2012. For each observation, Zhang et al. (2020)
calculated a Fourier power density spectrum (PDS) in the full energy
range (PCA channels 0 to 249) every 128 s, with 1/128 s time res-
olution (which corresponds to a Nyquist frequency of 64 Hz). They
subsequently averaged the 128-s power spectra within each observa-
tion, subtracted the Poisson contribution, and re-normalised them to
units of fractional rms squared per Hz. Since the source count rate
was always very high, they ignored the background contribution in
the conversion to rms units. Finally they re-binned the power spec-
tra using a logarithmic step in frequency, such that the size of each
frequency bin is exp(1/100) times larger than the previous one. In or-
der to fit the resulting power spectra, the authors constructed a model
XSPECv12.9 (Arnaud 1996) consisting of a sum of Lorentzian func-
tions to represent the broad-band noise component and the different
QPOs (see Zhang et al. 2020, for more details of the analysis).
Following Zhang et al. (2020), in this paper we selected the obser-

vations that have a significant QPO consistent with the characteris-
tics of the type-C QPOs, namely: the observations are in the 𝜒 state,
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Figure 1. Phase lags and fractional rms (in the full PCA energy range) of the Type-C QPO as a function of QPO frequency and hardness ratio (in Crab units).
Average errors of the QPO frequency and hardness ratio are ±0.05 Hz and ±0.001 Crab units, respectively (smaller than the size of the points in the plot).
Average errors in phase lag and fractional rms are 0.01 rad and 0.003, respectively.

equivalent to the HIMS, the power spectrum showed at least one nar-
rowpeak (𝑄 ≈ 5−15, and strictly𝑄 > 4) significantly detected (>3𝜎)
on top of the broad-band noise component. As in Zhang et al. (2020),
we excluded observations in which the QPO frequency changed sig-
nificantly during one observation. We then cross-matched our RXTE
sample with publicly-available observations of GRS 1915+105 with
the Ryle radio telescope at 15 GHz (Pooley & Fender 1997), consid-
ering that an X-ray and radio observation where “simultaneous” if
they were performed within 2 days. This process yields a final data
set consisting of 410 observations, with the type-C QPO detected
within the 0.4–6.3 Hz frequency range (Méndez et al. 2022).

2.1 Spectral-timing analysis of the low-frequency Type-C QPO

Following the method described in Vaughan & Nowak (1997) and
Nowak et al. (1999), Zhang et al. (2020) produced frequency-
dependent phase-lags between the 2–5.7 and 5.7–15 keV energy
bands for each observation. Since the RXTE data set contains obser-
vations performed during different PCA calibration epochs (3–5), the
authors actually selected the closest absolute channelsmatching these
energy bands considering the PCA channel-to-energy gain factor1.
The QPO phase lags were obtained by averaging the lag-frequency
spectrum around the QPO centroid, a0 ± 𝐹𝑊𝐻𝑀/2, where 𝐹𝑊𝐻𝑀

is the full-width at half-maximum of the Lorentzian used to fit the
QPO profile. Furthermore, following Uttley et al. (2014), for each
observation in the sample, Zhang et al. (2020) also calculated energy-
dependent phase lags at the QPO, using the 4–6 keV, 6–8 keV, 8–11
keV, 11–15 keV, 15–21 keV, and 21–44 keV energy bands as subject
bands, and the 2–4 keV energy band as the (soft) reference band.
(We refer the reader to Zhang et al. 2020, for more details of the
spectral-timing analysis). In our paper, phase lags are positive when
they are hard, meaning that the hard photons lag the soft ones.
In order to measure the energy-dependent fractional-rms spectra,

we proceeded in a slightly differentway. Sincewewere also interested
in studying the full frequency range where the PDS shows significant
variability, we used clean event files with a time resolution of 1/512 s,
which correspond to a Nyquist frequency of 256 Hz, divided into

1 https://heasarc.gsfc.nasa.gov/docs/xte/e-c_table.html

segments of 16 s. We generated the averaged PDS, subtracted the
Poisson level, and applied a logarithmic rebin in frequency (using
a factor exp(1/100)), considering the full set of PCA channels. We
also split the light-curves into 5 subsets using channels 0 to 13,
14 to 35, 36 to ∼50, ∼51 to ∼103, ∼104 to 249, respectively, to
obtain the energy-dependent rms, which in this case has a slightly
lower energy resolution than in the case of the lags (as we used
the data modes with higher time resolution). Here the “∼” symbol
indicates that we use the closest channel boundary available in each
observation. In some observations, performed in single-bit mode, the
channels start from channel 8, and hence we use 8–13 as our first
subset of channels. To define more or less the same energy bands,
we calculate the energy channels independently for each observation,
based on the channel-to-energy conversion of the epoch when each
observation was performed. To properly estimate the fractional rms
and its error bar, we take into account the background rate, which
becomes a significant fraction of the total observed count rate at the
hardest X-ray bands. We notice that the PDS of channels ∼104 to 249
is always noisy, and the QPO is not detected, and thus we exclude
this channel range in our analysis. Following the method described
above, we use the best-fitting model of the full PDS to fit the PDS
obtained for each energy band. We obtain the rms of the QPO as the
square root of the normalisation, 𝑁 , of the Lorentzian that fits the
QPO. Taking into account the propagation of errors from the count
rates of the source, 𝑆, and the source plus background, 𝑆𝐵, on the
rms, we obtain its uncertainty, 𝜎rms, from:

𝜎rms = rms
√︂
1
4

(𝜎𝑁

𝑁

)2
+ 1
4

(𝜎SB
SB

)2
+
(𝜎𝑆
𝑆

)2
, (1)

where 𝜎 denotes the corresponding variance of each quantity. In this
process we found 12 observations which had energy channels where
the QPO was not significant, and thus we decided to exclude them
from the subsequent analyses. These led us with a final data set con-
sisting of 398 observations for which we have: time-averaged spectral
data, energy-dependent phase-lags and fractional rms amplitudes of
the Type-C QPO, as well as radio-flux measurements at 15 GHz.
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2.2 Hardness ratio

For each individual RXTE observation of GRS 1915+105 anal-
ysed in this paper, we calculate a hardness ratio (𝐻𝑅) between the
background-subtracted count rates of the source in the 13–60 keV,
hard, and the 2–7 keV, soft, band, using the closest absolute chan-
nels matching these energy ranges according to the PCA gain epoch.
We correct the observed count rates for instrumental dead time and
normalise them to the rate of the Crab in the same bands beforehand
(see e.g., Altamirano et al. 2008).
In Figure 1 the colours of the points give the QPO phase lags (left

panel) and fractional rms amplitude (right panel) as a function of 𝐻𝑅

(y-axis) and QPO frequency (a0, x-axis) for the 398 observations of
GRS 1915+105, in what we, from now on, call𝑄𝑃𝑂 −𝐻𝑅 diagrams
(see also Trudolyubov 2001; Méndez et al. 2022). On the one hand,
the phase lags show a strong dependence on the QPO frequency (as
previously discussed by Zhang et al. 2020) and a weak dependence
on 𝐻𝑅 (the colour gradients are nearly horizontal in the plot). On the
other hand, the rms amplitudes show a more complex dependence on
the 𝑄𝑃𝑂 − 𝐻𝑅 diagram. Observations with the highest rms values
cluster around 1.5–2.5Hz, but in observationswith a harder spectrum
(𝐻𝑅 > 0.8) the rms amplitude of the QPO is significantly higher
than in observations with a softer spectrum (𝐻𝑅 < 0.8). The lowest
rms values are found for QPO frequencies either .1 Hz or &4 Hz,
independently of whether the lags are either soft or hard (see Zhang
et al. 2020, for more details).

2.3 Time-averaged spectra

In this Section we briefly describe the methods followed by Méndez
et al. (2022) to obtain, analyse and fit the time-averaged spectra of the
398 observations considered in this paper. For each observation in the
sample, Méndez et al. (2022) extracted dead-time corrected energy
spectra using the RXTE Standard 2 data. They used pcabackest and
pcarsp available in headas v6.27 to extract background spectra and
produce response files, respectively, and corrected the energy spectra
for dead time. Using the model vphabs*(diskbb+gauss+nthcomp)
in XSPEC v12.9 (Arnaud 1996), Méndez et al. (2022) performed a
joint fit of the full set of energy spectra, linking the hydrogen column
density, 𝑁H in the vphabs component to account for the interstellar
absorption along the line of sight to the source, using the chemi-
cal abundances and cross sections given by Wilms et al. (2000) and
Verner et al. (1996), respectively. Since 𝑁H ≈ 6 × 1022 atoms cm2
is quite high in the direction of GRS 1915+105, they also let free
to vary the Fe abundance of this absorption component to account
for an Fe absorption edge at 𝐸 ∼ 7.1 keV that was apparent in the
fitting residuals. The diskbb component stands for the emission from
an geometrically-thin and optically-thick accretion disc (Shakura &
Sunyaev 1973), with a temperature 𝑘𝑇dbb at its inner radius. The nth-
comp component represents the inverse-Compton emission from the
corona (Zdziarski et al. 1996; Życki et al. 1999), and is parametrized
by the temperature of the source of soft photons, 𝑘𝑇bb, that are
up-scattered in the corona of hot electrons with temperature 𝑘𝑇𝑒,
and a power-law index, Γ. In the fits, the authors assumed that the
seed-photons source was the accretion disc, and thus linked the 𝑘𝑇bb
parameter to 𝑘𝑇dbb, separately for each observation. In this inverse-
Compton model the optical depth, 𝜏, of the corona (assumed to be
homogeneous) is a function of the electron temperature, 𝑘𝑇𝑒, and the
power-law index, Γ:

𝜏(𝑘𝑇𝑒, Γ) =
√√
2.25 + 3

𝑘𝑇𝑒
𝑚𝑒𝑐

2

[
(Γ + 0.5)2 − 2.25

] , (2)

where 𝑚𝑒 is the rest mass of the electron and 𝑐 is the speed of
light. Finally, the gauss component was used to represent a broad
Fe emission line at ∼ 6.4 − 7 keV, which arises due to reflection of
corona photons off the accretion disc (Fabian et al. 2009).
By combining the data presented in the previous Sections, in Fig-

ure 2 we show the dependence of 𝑘𝑇𝑒 (left panel) and Γ (right panel)
upon the 𝐻𝑅 and QPO frequency (𝑄𝑃𝑂 − 𝐻𝑅 diagrams). Remark-
ably, 𝑘𝑇𝑒 shows a very smooth diagonal gradient in the diagram,
with values spanning from low temperatures (.5–7 keV, red colour)
at the bottom-left side of the plot to high temperatures (15–40 keV,
blue colour) at the top right (Méndez et al. 2022). Moreover, the
power-law index of the Comptonisation component, Γ, also shows a
smooth gradient in the 𝑄𝑃𝑂 − 𝐻𝑅 diagram. However, in this case
the gradient is vertical, being strictly dominated by the 𝐻𝑅 and quite
independent of the QPO frequency. As expected, the 𝐻𝑅 works as a
proxy to the power-law index when the spectra is mainly driven by
the Comptonisation component.

3 THE SPECTRAL-TIMING COMPTONISATION MODEL

In this paper, we extensively use the variable-Comptonisation model
fromKarpouzas et al. (2020) andKarpouzas et al. (2021). Thismodel
is a numerically-efficient implementation and extension of the model
early-proposed by Lee & Miller (1998) and Lee et al. (2001), and
more recently by Kumar & Misra (2014). Given that the fractional
rms amplitude of different types of QPOs in several sources increases
with energy (e.g., Sobolewska & Życki 2006; Méndez et al. 2013,
and references therein), this family of models were built to explain
the radiative properties of any QPO as an oscillation of the time-
averaged, or steady-state, spectrum, in terms of the inverse-Compton
process. The main idea is that the observed energy spectrum at the
QPO frequency, both its energy dependent variability amplitude (the
fractional rms) and phase lags, arises due to the coupled oscillations
of the physical properties of the system, such as the temperature
of the corona and the temperature of the source of seed photons.
Hence, by fitting the spectral-timing properties of theQPO, themodel
provides physical properties of the corona that are otherwise not
directly accessible through fits to the full time-averaged spectrum.
This model does not explain the dynamical origin of the QPO, and
assumes that the QPO frequency can be produced by any of the
models previously proposed for that (see e.g., Ingram et al. 2009).
The model of Karpouzas et al. (2020) considers a spherical black-

body with temperature 𝑘𝑇𝑠 as the source of seed photons, which is
enshrouded by corona of hot electrons with temperature 𝑘𝑇𝑒; the
corona is a spherically-symmetric shell of size, 𝐿, with constant
density and optical depth, 𝜏. Feedback onto the soft-photon source
of up-scattered photons in the corona is also incorporated in the
model, and controlled by the so-called feedback-fraction parame-
ter, 0 6 [ 6 1, which is defined as the fraction of the flux of the
seed-photon source which arises after the feedback process. In the
inverse-Compton process, the soft photons from the seed source gain
energy from the hot electrons in the corona. When the electrons give
energy to the photons, in turn, they cool down. Notwithstanding, as-
trophysical coronas are long-lived, and thus there must be a source
that provides energy to the corona at a rate 𝐻ext, the external heating
rate, that keeps the corona in thermal equilibrium.
The steady state of the model, which is also the expected time-

averaged spectrum, coincides with the nthcomp model and is the
numerical solution of the stationary Kompaneets equation (Kom-
paneets 1957). In order to obtain the variability in the QPO, the
model numerically solves a linearised version of the time-dependent

MNRAS 000, 1–12 (2022)
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Figure 2. Electron temperature (𝑘𝑇𝑒) and power-law index (Γ) of the corona as a function of QPO frequency and Hardness Ratio (see also Méndez et al.
2022). The best-fitting values are obtained fitting a Comptonisation model to the time-averaged spectra. Average errors in 𝑘𝑇𝑒 and Γ are ±0.75 keV and ±0.14,
respectively.

Kompaneets equation, assuming that 𝑘𝑇𝑒, 𝑘𝑇𝑠 , and 𝐻ext undergo
oscillations with small relative amplitudes 𝛿𝑘𝑇𝑒, 𝛿𝑘𝑇𝑠 and 𝛿𝐻ext,
respectively, at the QPO frequency. Those oscillations reflect into
complex variability amplitudes of the spectrum that can be com-
pared to the energy-dependent fractional rms amplitude and phase
lags at the QPO frequency.

In this model, the feedback parameter, [, has a strong impact
on the sign of the slope of the lag spectrum. On the one hand,
Comptonisation naturally produces hard or positive lags (Miyamoto
et al. 1988) as, on average, photons need more interactions, and
thus longer times inside the corona, to reach higher energies. On
the other hand, if a significant portion of the Comptonised photons
impinge back onto the soft-photon source ([ � 0) the process leads
to soft or negative lags (Lee et al. 2001). In the same way, in the
Comptonisation model, increasing both 𝐿 or 𝜏 leads to increasing
slopes in the lag-energy spectra (either for positive or negative lags),
since photons experiencemore scatterings before leaving the electron
cloud. In turn, 𝛿𝐻ext has no effect on the shape of variability spectrum
(either lags or rms). This parameter acts as a normalisation of the
fractional rms spectrum: the larger 𝛿𝐻ext, the larger the fractional
variability amplitude.

Karpouzas et al. (2020) demonstrated that the model can success-
fully fit the energy-dependent fractional-rms amplitude and time lags
of the lower kilohertz QPO of the neutron-star LMXB 4U 1636–53.
Recently, García et al. (2021) used this model to successfully ex-
plain the spectral-timing properties of the low-frequency Type-B
QPO in MAXI J1348–630. Furthermore, using a limited sample of
nine observations, Karpouzas et al. (2021) showed that the model
can also explain the spectral-timing properties of the Type-C QPO
in GRS 1915+105. In this paper we apply the same model to fit the
full set of 398 observations previously described. For this, we in-
corporate information gathered from the time-averaged spectra by
fixing the 𝑘𝑇𝑒 and Γ parameters of the spectral-timing model to the
best-fitting values of the time-averaged energy spectrum of each ob-
servation, best-fitted with an nthcomp model as explained above in
Sec. 2.3. We opt not to take the 𝑘𝑇𝑠 from the time-averaged data,
given that the soft-photon spectrum in our spectral-timing model is
based on a black-body spectrum, while the time-averaged spectra
were fitted using a multi-colour disc blackbody model. By doing

this, we end up with four free physical parameters to fit to the QPO
variability, namely the temperature of the soft-photon source, 𝑘𝑇𝑠 ,
the corona size, 𝐿, the feedback fraction, [, and the amplitude of the
external heating rate, 𝛿𝐻ext. We also fit an additive constant to the
phase-lag spectra to take into account the reference-lag angle (which
is physically meaningless).

For each observation, we simultaneously fit the lag spectrum in
the full ∼2–41 keV energy range and the fractional-rms spectrum
up to ∼20 keV. We discard the highest-energy channel of the rms
spectrum, as the spectral-timing model systematically predicts larger
rms amplitudes than observed, most likely due to the absence of a
reflection component in the model (for more details, we refer to the
model paper, Karpouzas et al. 2020). In all the paper we will assume
that the seed-photon source is a sphere with a radius of 250 km,
consistent with the typical inner radius of the accretion disc at ∼2 Hz
for a ∼12 M� BH like the one in GRS 1915+105 (Reid et al. 2014),
considering the LTP frequency. We note that the shape of the model
is rather insensitive to this parameter (see Appendix A), varying by
a factor .1.05 within the range set by the estimated inner radius of
the accretion disk (&50 km, Méndez et al. 2022) and the maximum
LTP radius, corresponding to the minimumQPO frequency observed
(.500 km).

In order to fit such a large data set consisting of 398 observations,
and considering the relatively low speed of the fitting process due to
the numerical characteristics of the model, which involve non-trivial
matrix inversions, we create a set of 17 multi-dimensional grids of
pre-calculated models (table models), for 10 QPO frequencies in the
0.25–2.5 Hz range and 7 in the 3.0–6.0 Hz range. We construct each
of these table models using either uniform or logarithmic grids for
each free physical parameter, covering the range of values indicated
in Table 1. Those values were chosen guided by both the best-fitting
time-averaged spectral parameters from Méndez et al. (2022) and
those from the spectral-timing analysis of Karpouzas et al. (2021).
The resulting tablemodels consist of 315 000 rows of 144 logarithmic
energy bands covering the ∼0.5–50 keV energy range. Once the
table models are created, for each observation, we take the closest-
in-frequency table model available and we load it into XSPEC to
simultaneously fit the fractional rms and phase lags.Wefirstly explore
the full table model using the steppar function to compute the best-
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Table 1. Parameters used in the Table Models.

Parameter Range Steps Scale

aQPO [Hz] 0.25–6.00 17 linear
𝑘𝑇𝑠 [keV] 0.03 − 2.0 15 logarithmic
𝑘𝑇𝑒 [keV] 5 − 40 10 logarithmic
size (𝐿) [km] 100 − 25 000 20 logarithmic

Γ 1.8 − 2.8 5 linear
[ 0.001 − 0.999 21 linear

fitting model at each row of the table. Once we identify the row of
the table that minimises the residuals of the fit, we run the fit task of
XSPEC to find aminimum interpolatingwithin the tablemodel. Once
this minimum is found, we load the full spectral-timing model into
pyXSPEC and we use fit task again to find a more refined minimum.
Since this model evaluation is quite slow, calculating error bars for
each parameter for each observation using either the error or chain
commands inXSPEC is not computationally feasible. Hence, finally,
based on this minimum, we use again the table model to calculate
the 1-𝜎 (68%) confidence range of each parameter of the model.

3.1 Model limitations and caveats

The model has limitations and caveats that have to be taken into
account to avoid over-interpretation of the results inferred from its
application, and to understand how the model can be extended and
improved, based on the results that will be shown in this paper.
In particular, the assumed spherically-symmetric blackbody soft-
photon source, is a rough approximation for a spectrum originated
in an accretion disc. Furthermore, a spherically symmetric corona
with constant optical depth is likely not an accurate representation of
the Comptonising region in these sources, which could consist of a
non-spherical corona and a relativistic jet. Nonetheless, the quantities
inferred by fitting our spectral-timingmodel to the data of the Type-C
QPO can be thought as characteristic values that allow us to constrain
physical properties of the system which are not directly accessible
through the time-averaged spectra. This way, we can also identify the
weaknesses of the model, that will help to pave the road to a more
realistic model.
Future improvements of the model will include a disc-blackbody

spectrum for the soft-photon source (Bellavita et al. 2022, in prep.),
as a well as a more realistic corona considering gradients of density,
temperature and optical depth. For instance, a more complex geome-
try of the corona could account for the possible the dependence of the
rms amplitude and lags upon source inclination (Motta et al. 2015;
Heil et al. 2015; van den Eĳnden et al. 2017).
The model is based on the solution of the linearised time-

dependent Kompaneets equation for Comptonisation, and thus re-
quires that the amplitudes of the oscillations of the temperatures in-
volved (𝛿𝑘𝑇𝑠 and 𝛿𝑘𝑇𝑒) being relatively small to ensure the validity
of the perturbative approach. The inferred amplitudes of the oscil-
lating temperatures of the 398 best-fitted observations are shown in
detail in Appendix A. We demonstrate that for this particular dataset,
𝛿𝑘𝑇𝑒 and 𝛿𝑘𝑇𝑠 remain below 9% and 5%, respectively. On the con-
trary, the amplitude of the external heating rate, 𝛿𝐻ext, can be larger
than 100%, but if a larger emitting area would be considered for the
soft-photon source, those values could in principle decrease (for a
more detailed discussion, see Appendix. A).

4 RESULTS

In Figure 3 we show three examples of the spectral-timing fits. In the
left panels we show the results for the QPO in observation 60701-
01-26-00, with a a = 0.819 Hz, which shows hard lags, in the mid-
dle panels we show observation 30182-01-01-00, with a QPO at
a = 2.145 Hz, with flat (nearly zero) lags, and in the right panels we
show observation 50703-01-24-01 with a QPO at a = 4.09 Hz,
with a soft lag spectrum. In all three cases the top and bottom
panels show, respectively, the energy-dependent phase-lag and frac-
tional rms amplitude spectra. Horizontal error bars correspond to the
energy-channel widths and vertical error bars to 1-𝜎 (68%) uncer-
tainties in the underlying data. Solid lines in these plots represent the
best-fitting spectral-timing model. We notice that, while the shape of
the phase-lag spectra changes significantly between the three panels,
showing either positive, flat or negative slopes, the rms-amplitude en-
ergy spectra are more or less similar, and always show an increasing
rms with energy. The model can fit both rms- and lag-energy spectra
simultaneously, with the differences in the slope of the lag-energy
spectra being driven mainly by the feedback fraction, as we explain
in more detail below. The residuals of the 398 best-fitting models are
presented in detail in Appendix B.

4.1 Dependence on feedback fraction

In the left panel of Figure 4 we show the best-fitting values to the
feedback fraction parameter, [, and their corresponding 1-𝜎 error
bars as a function of the QPO frequency for the full data set (grey
colours). Globally, the feedback fraction clearly shows two different
cluster families: a) for a . 1.8Hz, the feedback is low ([ < 0.2−0.3);
b) for a & 2.5 Hz, the feedback is high ([ > 0.7−0.8), and shows an
increasing trend as aQPO increases; c) for a ∼ 1.8− 2.5 Hz there is a
transition from one regime to the other, and both clusters coexist. By
comparing with the behaviour of the lags (see left panel of Fig. 1),
we find that regime (a) corresponds to the QPO frequencies where
the lags are hard, and (b) corresponds to the regime where the lags
are soft. Meanwhile, flat or zero lags are found in the intermediate
regime (c), where the feedback can be either low or high. Given the
large amount of observations fitted, the spread of the points and the
relatively large error bars, we calculated the weighted-average of this
parameter according to the QPO frequency into 4 bins per Hz. We
produce two sets of binned data points: i) points with [ < 0.7 (red
colour, and consistent with regime (a), ii) points with [ > 0.7 (blue
colour, consistent with regime (b). The binned points make evident
that, notwithstanding the regime (c) (a0 ∼ 1.8 − 2.5 Hz) where
the uncertainties are the largest, and both clusters coexist, regimes
(a) and (b) have a persistent trend, where [ increases as the QPO
frequency increases. A first indication of this trend was presented in
Karpouzas et al. (2021) using nine observations. Based on the full set
of 398 observations available in the RXTE archive, we recover that
this behaviour persists on average, but we also find that regimes (a)
and (b) coexist in the 2–3 Hz intermediate frequency range, a result
that was hard to achieve with the sub-sample of nine observations
analysed there.
In the right panel of Figure 4 we use coloured points to represent

the values of [ in a 𝑄𝑃𝑂 − 𝐻𝑅 diagram. Here it is apparent that the
transition from low to high [ fractions at ∼2 Hz is independent of the
𝐻𝑅 state of the source, and occurs at the QPO frequency at which
the lags turn from hard to soft (see left panel of Fig 1). Despite the
uncertainties principally present around 2–3 Hz, where the error bars
in [ are the largest, a monotonic relation between [ and aQPO can be
readily seen in this plot. In particular, the largest ([ ≈ 1) values tend
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Figure 3.Energy-dependent phase-lag (in radians units, upper panels) and fractional-rms (lower panels) for threeRXTE observations at different QPO frequencies.
The left panels correspond to a ≈ 0.819 Hz (below 2 Hz, showing hard lags), central panels to a ≈ 2.145 Hz with zero or flat lags, and the right panels to
a ≈ 4.090 Hz (above 2 Hz, showing soft lags). The lag- and rms-energy spectra are well-fitted by the spectral-timing Comptonisation model, in the ∼2–40 keV
and ∼2–20 keV energy ranges, respectively.
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Figure 4. Left panel: feedback fraction, [, and its 1-𝜎 uncertainty, as a function of QPO frequency. Each grey point corresponds to one of the 398 observations
considered in this work. Data is also weighted-averaged in frequency bins every 0.25 Hz considering separately those data points with [ > 0.7 (blue colour)
and [ < 0.7 (red colour). Right panel: 𝑄𝑃𝑂 − 𝐻𝑅 diagram of the feedback fraction.

to appear mainly at the highest QPO frequencies, at the bottom-right
corner of the plot.

4.2 The corona size behaviour

In the left panel of Figure 5 we show the best-fitting values to the
corona size, 𝐿 in km, and their corresponding 1-𝜎 error bars, as a
function of QPO frequency, for each of the 398 observations consid-
ered. To give the reader an idea of the dimensions associated to 𝐿 in
physical units, we also plot a black dashed line on top corresponding
to the LTP radius for each QPO frequency (considering a ∼12 M�
BH, like GRS 1915+105), which is usually associated to the inner
edge of the accretion disc, 𝑟𝑡 (Ingram et al. 2009). In the 0.5–6.5 Hz
range, the LTP radius spans from 350 km (∼20 𝑅𝑔) down to 150 km
(∼8 𝑅𝑔). Focusing on the points corresponding to the best-fitting
sizes, at low frequencies (a . 2 Hz) 𝐿 rapidly decreases as the QPO
frequency increases, going from &10 000 km when a . 0.5 Hz, to
.1000 km for a . 2 Hz. In the 2–3 Hz range the corona reaches
minima sizes becoming compatible at the 1-𝜎 level with the mini-
mum size explored in the table models (100 km). From this point on
wards, the pattern is reversed, at high frequencies (a & 3 Hz), 𝐿 has
more or less constant values spanning from ∼500 to 2000 km with

a tendency to increase as the QPO frequency increases. Moreover,
by colouring these points based on the electron temperature in the
corona, taken from the time-averaged spectra, a hint for two families
of 𝐿 values can be seen in the data in this latter frequency regime.

To test this possibility, we calculate the weighted-average of the
data in frequency bins of 0.25 Hz, considering two different sub-
sets according to their 𝑘𝑇𝑒 values, arbitrarily chosen either below
10 keV (red colour) or above (blue colour). Two clear monotonic,
but separate, trends are apparent: while at a & 2 Hz the corona size
increases as QPO frequency increases, consistent with the results of
Karpouzas et al. (2021), we find that the size is systematically larger
when the corona is hot (>10 keV) than when it is cool (<10 keV).
This becomes more evident on the right panel of Figure 5. Here
we colour the points of the 𝑄𝑃𝑂 − 𝐻𝑅 diagram according to the
best-fitting value of the corona size. An almost horizontal gradient
is apparent, showing the dependence of 𝐿 with the QPO frequency
described above. However, another more subtle relation arises in this
plot. When a & 3 Hz, 𝐿 is systematically larger on the top-right
band of points (greenish empty diamonds, 𝑘𝑇𝑒 > 10 keV) than in
the bottom band points (brown-yellow solid circles, 𝑘𝑇𝑒 < 10 keV).
Those points have significantly different 𝑘𝑇𝑒 values (see left panel
of Fig. 2), and thus, the two families of 𝐿 values on that regime can
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Figure 5. Left panel: corona size, 𝐿, and its 1-𝜎 uncertainty, as a function of QPO frequency. Small points with grey error bars correspond to the 398
observations considered in this work. Those points are coloured based on the temperature of the corona, 𝑘𝑇𝑒 (see colourbar). Blue and red colours correspond to
weighted-averaged observations with 𝑘𝑇𝑒 > 10 keV and 𝑘𝑇𝑒 < 10 keV, respectively. Dashed-black curve represents the radius associated to the LTP frequency
for a ∼12 M� BH, as in GRS 1915+105.Right panel: 𝑄𝑃𝑂−𝐻𝑅 diagram of the corona size (indicated with colours according to the colour bar). Solid points
(empty diamonds) are used for observations with a cool (hot) corona of 𝑘𝑇𝑒 < 10 keV (𝑘𝑇𝑒 > 10 keV). Our multi-dimensional data set allows us to unravel the
changes in the physical properties of the source that lead to this separation.

be explained by different thermodynamic conditions of the corona at
the same QPO frequency: the higher 𝑘𝑇𝑒, the larger 𝐿.

4.3 The soft-photon source temperature

In the left panel of Fig. 6 we show the best-fitting values obtained for
the soft-photon source temperature (𝑘𝑇𝑠 , grey points) and their 1-𝜎
uncertainties. The values of 𝑘𝑇𝑠 separate into two different regimes,
according to the QPO frequency. For a0 & 2.5 Hz we find relatively
large 𝑘𝑇𝑠 values, 0.7 < 𝑘𝑇𝑠 < 2 keV, whereas for a0 . 1.8 Hz, we
obtain low temperatures, 𝑘𝑇𝑠 < 0.2 keV, even compatible with the
minimum values explored with our table models (𝑘𝑇𝑠 = 0.03 keV).
As in the case of the feedback fraction in Sec. 4.1, in the 1.8–2.5 Hz
frequency range 𝑘𝑇𝑠 can be either in the low- or high-temperature
regime, or even with values in between. Following what we did
for the feedback fraction, we also calculate the weighted-average of
the 𝑘𝑇𝑠 values in frequency bins of 0.25 Hz. For this we consider
observations with 𝑘𝑇𝑠 values either higher (blue points) or lower (red
points) than 0.5 keV. For frequencies a0 & 2.5 Hz, the temperature
tends to increase with QPO frequency (notice that the y-axis in the
plot is in logarithmic scale), which is expected if this temperature
traces the temperature of the innermost regions of the accretion disc,
and the QPO frequency itself corresponds to the LTP frequency at the
inner-edge of the accretion disc. This trend breaks below ∼1.8 Hz,
where a transition to a low-temperature soft-photon source occurs.
This transition becomes more evident when the temperature of the
disc black-body component, 𝑘𝑇dbb, fitted to the time-averaged spectra
is also considered (Méndez et al. 2022).
In the right panel of Fig. 6, we show the comparison between the

two soft-photon source temperatures fitted to each observation using
the two different data available. Grey points (as in the left panel) cor-
respond to the temperature of the blackbody-like source fitted using
the spectral-timing data of the QPO (𝑘𝑇𝑠), while coloured diamonds
are used for the temperature of the disc blackbody fitted using the
time-averaged spectra (𝑘𝑇dbb). The latter set of points is coloured
according to the flux of the disc-blackbody component (see colour
bar). Below ∼2 Hz, only 6 observations have a disc-blackbody tem-

perature measurement. The missing coloured points correspond to
observations where only an upper limit on the disc blackbody compo-
nent could be given from the fits to the time-averaged spectra, as this
component was not significantly present in the fits. In those observa-
tions, the best-fitting model is simply tbabs*(nthcomp+gaussian),
in XSPEC notation (we refer the reader to Méndez et al. 2022, for
more details).
We remind here that in order to fit the spectral-timing data of

the QPO we have fixed both 𝑘𝑇𝑒 and Γ to the values fitted to the
Comptonisation component in the time-averaged spectra. Since the
best-fitting soft-photon temperatures found in this work are com-
patible with those found by fitting the time-averaged data using the
nthcomp model, which coincides with the steady-state solution of
our variable-Comptonisation model (see Sec. 3), this means that the
predicted time-averaged spectra associated to our Comptonisation
model are also consistent with the observed ones.

5 DISCUSSION

We have successfully applied our spectral-timing model for Comp-
tonisation to the Type-C QPO data of GRS 1915+105 available in the
fullRXTE archive, consisting of 398 observations performedwith the
PCA camera. By combining the energy-dependent phase-lag spectra
of the QPO presented in Zhang et al. (2020), with our own measure-
ments of the fractional-rms spectra (presented in Sec. 2.1), together
with information gathered from the time-averaged spectra (Méndez
et al. 2022), we are able to constrain physical and geometrical proper-
ties of the corona, like the feedback fraction, [, and its characteristic
size, 𝐿, which are not directly accessible through the frequently used
time-averaged spectra. Based on this data set, we analyse the depen-
dence of the corona properties on both the QPO frequency and the
spectral state of the source, given by the hardness ratio, as well as
their mutual interconnections. We identify solid trends in the evo-
lution of the feedback fraction, corona size, and temperature of the
Comptonised soft-photon source, which persist during the full time
span by the RXTE mission in space, of about 15 years. This allow
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Figure 6. Left panel: temperature of the soft-photon source, 𝑘𝑇𝑠 , and its 1-𝜎 uncertainty, as a function of QPO frequency (grey points and error bars). Data
is also weighted-averaged in frequency bins every 0.25 Hz. Blue and red colours correspond to weighted-averaged observations with 𝑘𝑇𝑠 > 0.5 keV and
𝑘𝑇𝑠 < 0.5 keV, respectively. Right panel: Comparison between the soft-photon source temperature estimations using the different data available. Grey points
(as in the left panel) correspond to the temperature of the black-body like source fitted using the spectral-timing data of the QPO (𝑘𝑇𝑠), while coloured diamonds
are used for the temperature of the disc blackbody fitted using the time-averaged spectra. Those points are coloured according to the flux of the disc (see colour
bar). The missing coloured points (for a . 2 Hz) correspond to observations where the disc blackbody could not be fitted to the spectra.

us to construct a global picture of the disc-corona interaction and
their links with the jet-launching mechanism that we will discuss
hereafter.
The outstanding dependence of the slope of the lag-energy spectra

with QPO frequency (Zhang et al. 2020) can be interpreted in the
context of our spectral-timing Comptonisationmodel by two families
or clusters of solutions. One having a large feedback fraction ([ >

0.8) and high soft-photon source temperatures (𝑘𝑇𝑠 ∼ 0.8−1.5 keV),
when a0 > 2.5Hz, and negative or soft lags; and the other having low
feedback fraction ([ < 0.5) and low soft-photon source temperatures
(𝑘𝑇𝑠 < 0.2 keV), when a0 < 1.8 Hz and positive or hard lags. Each
of these clusters show a smooth trend, with increasing [ and 𝑘𝑇𝑠 as
a0 increases. Furthermore, in the ∼1.8–2.5 Hz range, where the lags
are approximately flat or zero, we find that both clusters of solutions
coexist, and a sharp transition between both states is recovered.When
the dependence on 𝐻𝑅 is explored, no clear trend is found for any of
these two properties.
Remarkably, the relation of 𝑘𝑇𝑠 with QPO frequency is also inde-

pendently supported by the time-averaged spectra. As shown in the
right panel of Fig. 6, while observations with high 𝑘𝑇𝑠 also show a
significant diskbb component in the time-averaged spectrum, with
systematically increasing 𝑘𝑇dbb and disc flux, with increasing a0, this
is not the case when a0 . 2 Hz. In this latter regime, only a few (6)
observations show a significantly detected diskbb component, while
in the vast majority the continuum is fitted solely with an nthcomp
component (Méndez et al. 2022). Moreover, the connection between
the feedback fraction and soft-photon source temperature is expected
in our model, given that if a large fraction of photons impinge back
onto the soft source, the source will be heat-up and thus experience
a higher 𝑘𝑇𝑠 temperature, and vice versa.
The corona size behaviour is more complex and rich. For QPO

frequencies a0 . 2 Hz, the size of the corona consistently shrinks
from 𝐿 & 104 km (∼500 𝑅𝑔) to 𝐿 ∼ 200 − 500 km (∼10–25 𝑅𝑔) as
a0 increases from ∼0.5 to 2 Hz. From this frequency onwards, the
corona consistently expands again to sizes of ∼1000–2000 km (50–
100 𝑅𝑔) when the QPO frequency reaches its maximum observed
values ∼6 Hz. In this regime, the 𝐿 − a0 evolution shows a much

broader relation, with different corona sizes coexisting at the same
QPO frequency. When the corona temperature, 𝑘𝑇𝑒, is taken into
account, the breath of this relation can be explained as a connection
between the thermodynamic properties of the corona and its geom-
etry. At the same QPO frequency, systematically larger corona sizes
are found for higher 𝑘𝑇𝑒 values (see Fig. 5).
While in the variable-Comptonisation model the feedback has the

largest impact upon the sign of the slope of the lag spectrum (either
positive or hard, for very low [, or negative or soft for high [), the
magnitude of the slope of the lags is driven by the corona size: i.e.,
for the same constant optical depth, in a larger corona photons are
up-scattered more times than in a smaller one. For this reason, for a
very small corona (𝐿 of a few gravitational radii) flat (or zero) lags
are expected. Thus, given the strong connection between the QPO
frequency and the magnitude of the phase-lags in GRS 1915+105
(Zhang et al. 2020), the appearance of trends like those found for
the dependence of the corona size with the QPO frequency are nat-
urally expected. Moreover, the dependence of these trends on the
temperature of the corona 𝑘𝑇𝑒, can also be understood based on the
mathematical relationship expressed by Eq. (2) between 𝑘𝑇𝑒, the
spectral index, Γ, and the optical depth, 𝜏.
Assuming that the QPO frequency traces the LTP radius of the

inner edge, 𝑟𝑡 , of the accretion disc (Ingram et al. 2009), the large
feedback experienced by the source when a0 > 2.5 Hz, can be
explained by a corona that fully enshrouds the inner regions of the
accretion disk with sizes 𝐿 >> 𝑟𝑖 . Remarkably, for frequencies a ∼
2 Hz, the corona shrinks to minima sizes 𝐿 ∼ 𝑟𝑡 , leading to flat
lags that can be fitted by either large or small [ values, and high or
low 𝑘𝑇𝑠 temperatures, respectively. We interpret this as the crossing
between the corona size and the inner radius of the disc, which
turns from a strong feedback process to a very inefficient one, when
the corona becomes smaller than the inner edge of the disc. As the
QPO frequency decreases even further (a0 < 1.8 Hz) two important
changes occur: the corona becomes cooler 𝑘𝑇𝑒 ∼ 5 − 8 keV and the
𝐿 − a0 relation reverses, but keeping the feedback fraction low. This
could be explained by a change in the geometry, in which the corona
becomes extended perpendicular to the plane of the accretion disc,
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Figure 7. Main panel: Radio flux density (Ryle measurements at 15 GHz) as
a function of the QPO frequency at each corresponding RXTE observation.
Red (blue) coloured points correspond to temperatures of the soft-photon
source, 𝑘𝑇𝑠 < 0.5 keV (𝑘𝑇𝑠 > 0.5 keV), fitted to the spectral-timing data of
theQPO.Average errors are±(1–5)mJy and±0.05Hz, in radiomeasurements
and QPO frequency, respectively. Top panel: normalised marginal distribu-
tions of QPO frequencies for each subset. Observations with 𝑘𝑇𝑠 < 0.5 keV
(𝑘𝑇𝑠 > 0.5 keV) accommodate below (above) ∼2 Hz. Right panel: nor-
malised marginal distributions of radio intensities for each subset. Observa-
tions with 𝑘𝑇𝑠 < 0.5 keV have systematically higher radio flux density values
than those with 𝑘𝑇𝑠 > 0.5 keV.

in a jet-like manner, avoiding the formation of a strong feedback
process, and thus leading to positive lags.
Based on the full data set of RXTE X-ray observations containing

a significant Type-C QPO in their PDS, we collected and cross-
matched pointed radio observations performed by the Ryle telescope
at 15 GHz (Pooley & Fender 1997) within 2 days of the corre-
sponding X-ray observations (leading to a total sample of 398 data
points). The radio measurements span from very low values, or non-
detections (with flux-density levels .5–10 mJy) to very significant
detections in the range of 10–250 mJy (with average uncertainties
of ±1–5 mJy). In the main panel of Fig. 7 we show the radio flux
density corresponding to each of the 398 observations as a function
of QPO frequency. The points are coloured according to the tem-
perature of the soft-photon source fitted to with the spectral-timing
model, 𝑘𝑇𝑠 . Red (blue) coloured points correspond to 𝑘𝑇𝑠 < 0.5 keV
(𝑘𝑇𝑠 > 0.5 keV). On the top and right panels we show the nor-
malised marginal distributions of QPO frequencies and radio flux
density values for each subset, respectively.
Figure 7 shows an anti-correlation between radio flux density and

the QPO frequency. In the same Figure, a correlation between the
QPO frequency and the temperature of the soft-photon source is also
evident. For each X-ray observation where the temperature of the
soft-photon source is low (𝑘𝑇𝑠 < 0.5 keV, red colour), the source is
significantly detected in radio with flux densities in the 65+54−38 mJy
range (1-𝜎). Meanwhile, in observations for which the temperature is
high (𝑘𝑇𝑠 > 0.5 keV, blue colour), the radio fluxes are significantly
lower, spanning in the 18+44−15 mJy range (1-𝜎), with a significant

fraction of the observations being consistent with non-detections (see
right panel). AKolmogorov-Smirnov test between the two samples of
radiomeasurements throws a probability of∼10−16, meaning that the
null hypothesis that the two samples come from the same underlying
distribution can be rejected with >8-𝜎. Such correlation was firstly
suggested by Trudolyubov (2001) and later by Yan et al. (2013),
using a much smaller data set of RXTE observations, that we have
here extended to the full RXTE archive. In addition, the separation
of these two populations in terms of QPO frequency is very clear:
points with 𝑘𝑇𝑠 < 0.5 keV (red colour) and 𝑘𝑇𝑠 > 0.5 keV (blue
colour) accommodate either below or above ≈2 Hz, respectively (see
top panel).
We finally argue that a possible change in the actual source of

soft photons when a0 < 2 Hz can not be discarded. Given that the
disc-blackbody component becomes insignificant in the time-average
spectra; the low 𝑘𝑇𝑠 temperatures inferred from our spectral-timing
Comptonisation model; the very-long positive lags, that lead to large
inferred corona sizes; and the consistent appearance of significant
radio detections associated to synchrotron emission in the compact
jet, this could mean that the dominating source of soft photons for
Comptonisation in X-rays could become the synchrotron photons of
the radio jet, in the so-called synchrotron self-Compton radiative
process (Malzac & Belmont 2009; Poutanen & Vurm 2009). In this
case, the corona, i.e. the Comptonising region, would become the
base of the jet, as proposed by Fender et al. (1999) and discussed in
more detail in Markoff et al. (2005). The possibility that the Comp-
tonising cloud is effectively ejected as a jet giving place to a radio
flare has been suggested by Vadawale et al. (2003), Rodriguez et al.
(2003), and Fender et al. (2004). Results from 15 years of simul-
taneous X-ray observations with RXTE and radio-monitoring with
the Ryle telescope provide very strong evidence of a direct coupling
between the X-ray corona and the radio jet (Méndez et al. 2022) in
GRS 1915+105.
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APPENDIX A: EXTERNAL HEATING RATE: VALIDITY
OF THE LINEARISED KOMPANEETS EQUATION

In Fig. A1 we show the best-fitting values, and corresponding 1-𝜎
error bars, obtained for the amplitude of the external heating rate
source, 𝛿𝐻ext, as a function of QPO frequency for each of the 398
observations. In the range where the lags are zero or negative (a &
1.8 Hz), we find moderate values for 𝛿𝐻ext ≈ 10–20%, decreasing
to .10% for a & 4 Hz. Similar values are found for frequencies
a . 1 Hz, when the lags are positive. On the other hand, in the
intermediate frequency range of 1–1.8 Hz, we find large values of
this parameter, even above 100%. This effect was also found by
Karpouzas et al. (2021). In our spectral-timing model, 𝛿𝐻ext works
as a normalisation of the fractional rms amplitude spectrum (see
Sec. 3). This parameter has a dependence with the assumed size
of the soft-photon source. In their paper, Karpouzas et al. (2021)
took this as a fixed parameter at 10 km, and make predictions of
the external heating rate. In this paper, we assumed a larger value,
equal to the typical inner radius of the accretion disk (∼250 km at
a0 = 2 Hz, for a 12 M� BH in the LTP model). Considering a larger
emitting area could, in principle, decrease those values, but a full
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Figure A1. Amplitude of the variation of the external heating rate, 𝛿𝐻ext, as
a function of QPO frequency for the 398 observations.
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Figure A2. Amplitudes of the variability of the electron temperature in the
corona, 𝛿𝑘𝑇𝑒 , and of the temperature of the soft-photon source, 𝛿𝑘𝑇𝑠 , in
percent units. Values are always below 10% in accordance with the linearised
scheme considered in the spectral-timing Comptonisation model. The points
are coloured according to the QPO frequency.

new set of table models would be required. Given the fact that this
parameter is non-sensitive to the lag spectrum, and that it only works
as a normalisation, in that case, the rest of the parameters would
remain essentially the same, which makes not worth to re-build all
the table models and re-fit the data again.
In order to verify if the solutions still remain consistent with the

linearised regime assumed to calculate the solution of the Kompa-
neets equation in the spectral-timing model (see Karpouzas et al.
2020), in Fig. A2 we present the fractional amplitudes of the vari-
ability of both the electron temperature in the corona, 𝛿𝑘𝑇𝑒, and the
temperature of the soft-photon source, 𝛿𝑘𝑇𝑠 , in percentage units. As
seen in the plot, both quantities remain below 10% for every obser-
vation, which is in accordance with the linearised approach used. In
this Figure, we colour the points according to the QPO frequency to
make evident the different regimes. In particular, it is remarkable that
while 𝛿𝑘𝑇𝑒 is constrained to amplitudes of ∼1–9%, 𝛿𝑘𝑇𝑠 spans for a
much larger range, depending on the QPO frequency (and, hence, on
the sign of the lags). For QPO frequencies a . 2.5 Hz, 𝛿𝑘𝑇𝑠 < 1%,
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Figure B1. Reduced chi-squared residuals, 𝜒2/dof, of the best-fitting models
obtained for the 398 observations, as function of QPO frequency and hardness
ratio (top panel) and as a marginalised distribution (histogram, bottom panel).

and, in particular, for a . 1.5 Hz, when the lags become hard and
the temperature of the soft photon source becomes very low (and
a disc black-body in the time-averaged spectra is only given as an
upper-limit), the amplitude of the oscillation of the temperature of the
soft-photon source becomes very small (𝛿𝑘𝑇𝑠 . 100 𝛿𝑘𝑇𝑒), possibly
indicating a change in the soft-photon source nature (see Discussion
in Sec. 5 above).

APPENDIX B: GOODNESS OF FIT OF THE
SPECTRAL-TIMING MODEL

In Fig. B1we present the residuals obtained for the best-fittingmodels
corresponding to each of the 398 observations considered in this
work. On the top panel we show a𝑄𝑃𝑂−𝐻𝑅 diagram of the reduced
𝜒-squared residuals (𝜒2/dof). The model can fit the data well in the
full frequency range. In particular, data is very-well fitted in the 1.0-
3.5 Hz frequency range (with 𝜒2/dof < 2) while less accurate fits are
found for observations with either lower or higher QPO frequencies.
On the bottom panel, we show a histogram corresponding to the
distribution of reduced 𝜒-squared residuals obtained from the best-
fitting models of the full set of observations. The distribution spans
from 0.1 to ∼50, peaking in the 1–2 range, as expected for good fits.

This paper has been typeset from a TEX/LATEX file prepared by the author.

MNRAS 000, 1–12 (2022)


	1 Introduction
	2 Observations and data analysis
	2.1 Spectral-timing analysis of the low-frequency Type-C QPO
	2.2 Hardness ratio
	2.3 Time-averaged spectra

	3 The spectral-timing Comptonisation model
	3.1 Model limitations and caveats

	4 Results
	4.1 Dependence on feedback fraction
	4.2 The corona size behaviour
	4.3 The soft-photon source temperature

	5 Discussion
	A External heating rate: validity of the linearised Kompaneets equation
	B Goodness of fit of the spectral-timing model

