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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 19154105 based on a large sample of observations available in the RXTE archive. We use a
recently developed spectral-timing Comptonization 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
Comptonization 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 characterized 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 on to the disc) that persist for roughly 15 yr. 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 on QPOs
by Belloni & Motta 2016; Ingram & Motta 2020, and references
therein). These narrow distinct peaks are usually characterized by
their centroid frequency, v, and quality factor Q = v/Av, where
Av 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, Homan & van der Klis 1999;
Remillard et al. 2002; Casella, Belloni & Stella 2005). Among these
three types, the type-C are the most common ones, characterized
by variabilities of up to 20 per cent and narrow peaks usually
with Q 2 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. 2012),
but also in the high-soft and ultraluminous states, reaching up to
~30 Hz (Revnivtsev, Trudolyubov & Borozdin 2000).
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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, Homan & Miller 2006; Ingram, Done & Fragile 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 requires two main components: a cool
optically thick and geometrically thin accretion disc (Shakura &
Sunyaev 1973), which is truncated at r, > risco, where rigco is the
radius of the innermost-stable circular orbit, and a hot, geometrically
thick, accretion flow inside r, (Esin, McClintock & Narayan 1997;
Poutanen, Krolik & Ryde 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 inclination. In
this framework, the broad-band noise in the PDS, instead, would
arise from variations in the mass accretion rate that propagate 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 variation in the
outer radius of the hot inner flow. In models involving an extended
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Comptonizing 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, Hua & Titarchuk 1997).

Despite the big efforts pursued to understand the physical origin
of the QPO dynamics, less attention has been put to quantitatively
explain the time-dependent radiative properties of these QPOs, which
are given by the energy and frequency dependence of the QPO
amplitudes and phase lags. Sobolewska & Zycki (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 Comptonized
emission, although not the emission coming directly from the disc.
In this sense, the lack of a disc imprint in the QPO spectrum is a
complication for QPO models based on disc oscillations (Ingram &
Motta 2020).

Some models for the QPO phase 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 contracting corona of a few gravitational radii (Ry = GM/c?,
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
etal. 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 Comptonization scheme, soft lags can be generated through a
feedback process, if a significant fraction of the up-scattered photons
impinge back on to the soft-photon source (Lee, Misra & Taam
2001). A variety of models (e.g. Nobili et al. 2000; Ingram et al.
2009, 2016) invoking different physical processes can explain the
QPO phase lags, but not many of those models can predict the
energy-dependent rms amplitude 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 findings in the subject is still lacking.

GRS 1915+1051s a very particular BH low-mass X-ray binary
(LMXB). It has been in outburst since its discovery (Castro-Tirado,
Brandt & Lund 1992; Castro-Tirado et al. 1994) and did not show
the typical Q-shape in the HID. Being active during the whole
15-yr lifetime of the Rossi X-ray Timing Explorer (RXTE; Bradt,
Rothschild & Swank 1993) mission, GRS 19154105 is hence one
of the most comprehensively observed and studied sources in the
RXTE archive (for a review on GRS 19154105, we refer the reader
to Fender & Belloni 2004). GRS 19154105 was the first XRB to
show superluminal ejections of synchrotron-emitting components
in the radio band, through a relativistic jet (Mirabel & Rodriguez
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1994). Using very-long baseline array observations, Reid etal. (2014)
measured the trigonometric parallax to GRS 19154105, yielding a
distance estimate of 8.673 kpc and a BH mass of 12.4739 Mo,

The spectral-timing properties of the LF QPOs in
GRS 1915+105 had been studied in several papers (Markwardt,
Swank & Taam 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 recognized at QPO frequen-
cies 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 19154105, in this
paper, we present a systematic study of the evolving properties of
the corona of GRS 19154105 by fitting a variable-Comptonization
model to the energy-dependent phase lag and fractional rms ampli-
tude spectra of the Type-C QPO in 398 RXTE 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
in Méndez et al. (2022). In Section 2, we present our sample
of observations and the methods employed to measure the QPO
variability and the time-averaged spectral properties. In Section 3,
we briefly describe the spectral-timing Comptonization model used.
In Section 4, we show the results obtained with the spectral-timing
fits to the data and we discuss them in Section 5.

2 OBSERVATIONS AND DATA ANALYSIS

Zhang et al. (2020) examined the full set of observations of
GRS 19154105 obtained with the proportional counter array (PCA)
on-board the RXTE (Zhang et al. 1993) between 1996 and 2012.
For each observation, Zhang et al. (2020) calculated a Fourier PDS
in the full energy range (PCA channels 0-249) every 128 s, with
1/128 s time resolution (which corresponds to a Nyquist frequency
of 64 Hz). They subsequently averaged the 128-s power spectra
within each observation, subtracted the Poisson contribution, and re-
normalized 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 spectra 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 order to fit the resulting power spectra, the authors
constructed a model XSPEC V12.9 (Arnaud 1996) consisting of a sum
of Lorentzian functions 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 characteristics
of the type-C QPOs, namely: the observations are in the y state,
equivalent to the hard-intermediate state (HIMS), the power spectrum
showed at least one narrow peak (Q ~ 5-15, and strictly Q > 4) signif-
icantly detected (>30') on top of the broad-band noise component. As
in Zhang et al. (2020), we excluded observations in which the QPO
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frequency changed significantly during one observation. We then
cross-matched our RXTE sample with publicly available observations
of GRS 19154105 with the Ryle radio telescope at 15 GHz (Pooley
& Fender 1997), considering that an X-ray and radio observation
where ‘simultaneous’ if they were performed within 2 d. 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 and 5.7 and 5.7 and 15 keV
energy bands for each observation. Since the RXTE data set contains
observations performed during different PCA calibration epochs
(3-5), the authors actually selected the closest absolute channels
matching these energy bands considering the PCA channel-to-energy
gain factor.! The QPO phase lags were obtained by averaging the lag-
frequency spectrum around the QPO centroid, vy = FWHM/2, where
FWHM is the FWHM 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, 6-8, 8-11, 11-15, 15-21, 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 different way. Since we were 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 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 five subsets using
channels 0-13, 14-35, 36-50, ~51-103, ~104-249, 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 ~104-249
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 normalization, 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

Thttps://heasarc.gsfc.nasa.gov/docs/xte/e-c _table.html
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rms, we obtain its uncertainty, o s, from:

2 2 2

om =[5 (%) +3 (52 + (3
where o denotes the corresponding variance of each quantity. In this
process, we found 12 observations that 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 consisting
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.

2.2 Hardness ratio

For each individual RXTE observation of GRS 19154105 analysed
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 channels
matching these energy ranges according to the PCA gain epoch.
We correct the observed count rates for instrumental dead time and
normalize them to the rate of the Crab in the same bands beforehand
(see e.g. Altamirano et al. 2008).

In Fig. 1, the colours of the points give the QPO phase lags (left-
hand panel) and fractional rms amplitude (right-hand panel) as a
function of HR (y-axis) and QPO frequency (vo, x-axis) for the
398 observations of GRS 19154105, in what we, from now on,
call QPO — 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 1.5-2.5 Hz, but in observations
with 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 or 24 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
Meéndez 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 Vv12.9 (Arnaud
1996), Méndez et al. (2022) performed a joint fit of the full set
of energy spectra, linking the hydrogen column density, Ny in the
VPHABS component to account for the interstellar absorption along
the line of sight to the source, using the chemical abundances and
cross-sections given by Wilms, Allen & McCray (2000) and Verner
et al. (1996), respectively. Since Ny ~ 6 x 10?? atoms cm? is quite
high in the direction of GRS 19154105, 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 kTgp, at its inner radius. The
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Figure 2. Electron temperature (k7,) and power-law index (I") of the corona as a function of QPO frequency and HR (see also Méndez et al. 2022). The
best-fitting values are obtained fitting a Comptonization model to the time-averaged spectra. Average errors in k7 and I" are £0.75 keV and £0.14, respectively.

NTHCOMP component represents the inverse-Compton emission from
the corona (Zdziarski, Johnson & Magdziarz 1996; Zycki, Done &
Smith 1999), and is parametrized by the temperature of the source
of soft photons, kTy,, Which are up-scattered in the corona of hot
electrons with temperature k7., and a power-law index, I". In the fits,
the authors assumed that the seed-photons source was the accretion
disc, and thus linked the kT, parameter to k7 gy, Separately for each
observation. In this inverse-Compton model, the optical depth, 7, of
the corona (assumed to be homogeneous) is a function of the electron
temperature, k7., and the power-law index, I":

3
t(kT.,T) = [2.25+ , 2
( ) \/ AT (M 4 0.5 —2.25] @

where m, 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. 2,
we show the dependence of k7 (left-hand panel) and I" (right-hand

panel) upon the HR and QPO frequency (QPO — HR diagrams).
Remarkably, k7. 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 Comptonization component,
I', 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 Comptonization component.

3 THE SPECTRAL-TIMING COMPTONIZATION
MODEL

In this paper, we extensively use the variable-Comptonization model
from Karpouzas et al. (2020, 2021). This model 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

MNRAS 513, 4196-4207 (2022)

2202 1snBny g uo Jasn (8)sall] Ip 02ILIOUOIISY OLIOIBAISSSQ) 81sali] VNI AQ 2G87859/96 1 1/S/E | S/a10IB/SBlul/Wwod dnoolwapeoe//:sdiy Wol) papeojumod


art/stac1202_f1.eps
art/stac1202_f2.eps

4200

F. Garcia et al.

of different types of QPOs in several sources increases with energy
(e.g. Sobolewska & Zycki 2006; Méndez et al. 2013, and references
therein), this family of models was 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 the QPO, the model 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
blackbody with temperature k7 as the source of seed photons, which
is enshrouded by corona of hot electrons with temperature k7,; the
corona is a spherically symmetric shell of size, L, with constant
density and optical depth, 7. Feedback on to 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 parameter,
0 < n < 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,
astrophysical coronas are long-lived, and thus there must be a source
that provides energy to the corona at a rate H.y, 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 linearized version of the time-dependent
Kompaneets equation, assuming that k7., kT, and H¢y undergo
oscillations with small relative amplitudes 8kT., 6kTs, and §Hey,
respectively, at the QPO frequency. Those oscillations reflect into
complex variability amplitudes of the spectrum that can be compared
to the energy-dependent fractional rms amplitude and phase lags at
the QPO frequency.

In this model, the feedback parameter, n, has a strong impact
on the sign of the slope of the lag spectrum. On the one hand,
Comptonization 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 Comptonized photons
impinge back on to the soft-photon source (1 >> 0), the process leads
to soft or negative lags (Lee et al. 2001). In the same way, in the
Comptonization model, increasing both L or 7 leads to increasing
slopes in the lag-energy spectra (either for positive or negative lags),
since photons experience more scatterings before leaving the electron
cloud. In turn, § Hy has no effect on the shape of variability spectrum
(either lags or rms). This parameter acts as a normalization of the
fractional rms spectrum: the larger §H.y, 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, Garcia et al. (2021) used this model to successfully
explain the spectral-timing properties of the LF Type-B QPO in
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Table 1. Parameters used in the table models.

Parameter Range Steps Scale
vopo (Hz) 0.25-6.00 17 linear
kT, (keV) 0.03-2.0 15 logarithmic
kTe (keV) 5-40 10 logarithmic
size (L) (km) 100 — 25000 20 logarithmic
r 1.8-2.8 5 linear
n 0.001-0.999 21 linear

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
incorporate information gathered from the time-averaged spectra by
fixing the k7. and I' parameters of the spectral-timing model to
the best-fitting values of the time-averaged energy spectrum of each
observation, best-fitting with an NTHCOMP model as explained above
in Section 2.3. We opt not to take the k7 from the time-averaged data,
given that the soft-photon spectrum in our spectral-timing model is
based on a blackbody spectrum, while the time-averaged spectra
were fitted using a multicolour 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, kT,
the corona size, L, the feedback fraction, n, and the amplitude of the
external heating rate, 6H.y. 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 Mg BH like the one in GRS 19154105 (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 disc (250 km, Méndez et al. 2022) and the maximum
LTP radius, corresponding to the minimum QPO 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 multidimensional 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 table models 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. We first explore
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Figure 3. Energy-dependent phase-lag (in radians units, upper panels) and fractional-rms (lower panels) for three RXTE observations at different QPO
frequencies. The left-hand panels correspond to v &~ 0.819 Hz (below 2 Hz, showing hard lags), central panels to v ~ 2.145 Hz with zero or flat lags, and the
right-hand panels to v &~ 4.090 Hz (above 2 Hz, showing soft lags). The lag- and rms-energy spectra are well-fitted by the spectral-timing Comptonization

model, in the ~2-40 and ~2-20 keV energy ranges, respectively.

the full-table model using the STEPPAR function to compute the best-
fitting model at each row of the table. Once we identify the row of
the table that minimizes the residuals of the fit, we run the FIT task of
XSPEC to find a minimum interpolating within the table model. 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 in XSPEC is not computationally feasible. Hence, finally,
based on this minimum, we use again the table model to calculate the
1o (68 per cent) 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 Comptonizing region in these sources, which could consist
of a non-spherical corona and a relativistic jet. None the less, the
quantities inferred by fitting our spectral-timing model to the data of
the Type-C QPO can be thought as characteristic values that allow
us to constrain physical properties of the system that are not directly
accessible through the time-averaged spectra. This way, we can also
identify the weaknesses of the model, which 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
preparation), as well as a more realistic corona considering gradients
of density, temperature, and optical depth. For instance, a more
complex geometry of the corona could account for the possible the
dependence of the rms amplitude and lags upon source inclination
(Heil, Uttley & Klein-Wolt 2015; Motta et al. 2015; van den Eijnden
etal. 2017).

The model is based on the solution of the linearized time-
dependent Kompaneets equation for Comptonization, and thus re-
quires that the amplitudes of the oscillations of the temperatures
involved (8kT; and SkT.) being relatively small to ensure the
validity of the perturbative approach. The inferred amplitudes of
the oscillating temperatures of the 398 best-fitting observations are
shown in detail in Appendix A. We demonstrate that for this particular

data set, 6kT, and 8kT remain below 9 per cent and 5 per cent,
respectively. On the contrary, the amplitude of the external heating
rate,  Hey, can be larger than 100 per cent, 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 Fig. 3 we show three examples of the spectral-timing fits. In the
left-hand panels, we show the results for the QPO in observation
60701-01-26-00, with a v = 0.819 Hz, which shows hard lags; in
the middle panels, we show observation 30182-01-01-00, with a
QPO at v = 2.145 Hz, with flat (nearly zero) lags; and in the right-
hand panels, we show observation 50703-01-24-01 with a QPO
at v = 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 fractional rms amplitude spectra. Horizontal error
bars correspond to the energy-channel widths and vertical error
bars to 1o (68 per cent) uncertainties 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 energy 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-hand panel of Fig. 4, we show the best-fitting values to the
feedback fraction parameter, 1, and their corresponding 1o 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 v < 1.8 Hz, the feedback is low (n < 0.2-0.3); b)
for v > 2.5 Hz, the feedback is high (n > 0.7-0.8), and shows an
increasing trend as vgpo increases; (c) for v ~ 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-hand 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
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considered in this work. Data are also weighted-averaged in frequency bins every 0.25 Hz considering separately those data points with 7 > 0.7 (blue colour)
and n < 0.7 (red colour). Right-hand panel: QPO — HR diagram of the feedback fraction.
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Figure 5. Left-hand panel: corona size, L, and its 1o 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, k7. (see colourbar). Blue and red colours correspond
to weighted-averaged observations with k7. > 10 keV and k7. < 10 keV, respectively. Dashed-black curve represents the radius associated to the LTP frequency
for a ~12 M BH, as in GRS 19154-105 . Right-hand 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 k7. < 10 keV (kT. > 10 keV). Our multidimensional data set allows us to unravel

the changes in the physical properties of the source that lead to this separation.

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 four bins per Hz. We
produce two sets of binned data points: (i) points with n < 0.7 (red
colour, and consistent with regime (a)), (ii) points with n > 0.7 (blue
colour, consistent with regime (b)). The binned points make evident
that, notwithstanding the regime (c¢) (vo ~ 1.8 — 2.5 Hz) where
the uncertainties are the largest, and both clusters coexist, regimes
(a) and (b) have a persistent trend, where 1 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 RXTFE 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.
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In the right-hand panel of Fig. 4, we use coloured points to
represent the values of 1 in a QPO — HR diagram. Here, it is
apparent that the transition from low to high 7 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-hand
panel of Fig. 1). Despite the uncertainties principally present around
2-3 Hz, where the error bars in 7 are the largest, a monotonic relation
between 7 and vgpo can be readily seen in this plot. In particular,
the largest (n = 1) values tend 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-hand panel of Fig. 5, we show the best-fitting values to
the corona size, L in km, and their corresponding 1o error bars, as a
function of QPO frequency, for each of the 398 observations consid-
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Figure 6. Left-hand panel: temperature of the soft-photon source, kT, and its 1o uncertainty, as a function of QPO frequency (grey points and error bars). Data
are also weighted-averaged in frequency bins every 0.25 Hz. Blue and red colours correspond to weighted-averaged observations with k75 > 0.5 keV and kT
< 0.5 keV, respectively. Right-hand panel: comparison between the soft-photon source temperature estimations using the different data available. Grey points
(as in the left-hand panel) correspond to the temperature of the blackbody like source fitted using the spectral-timing data of the QPO (kT5), 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 v < 2 Hz) correspond to observations where the disc blackbody could not be fitted to the spectra.

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 Mg
BH, like GRS 19154105 ), which is usually associated to the inner
edge of the accretion disc, r, (Ingram et al. 2009). In the 0.5-6.5 Hz
range, the LTP radius spans from 350 km (~20 R,) down to 150 km
(~8 R,). Focusing on the points corresponding to the best-fitting
sizes, at low frequencies (v < 2 Hz) L rapidly decreases as the QPO
frequency increases, going from 210000 km when v < 0.5 Hz, to
<1000 km for v < 2 Hz. In the 2-3 Hz range, the corona reaches
minima sizes, becoming compatible at the 1o level with the minimum
size explored in the table models (100 km). From this point onwards,
the pattern is reversed, at high frequencies (v 2 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
subsets according to their k7. values, arbitrarily chosen either below
10 keV (red colour) or above (blue colour). Two clear monotonic,
but separate, trends are apparent: while at v > 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-hand panel of Fig. 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 v 2 3 Hz, L is systematically larger on the top-right
band of points (greenish empty diamonds, k7. > 10 keV) than in
the bottom band points (brown-yellow solid circles, kT, < 10 keV).
Those points have significantly different kT, values (see left-hand
panel of Fig. 2), and thus, the two families of L values on that
regime can be explained by different thermodynamic conditions of
the corona at the same QPO frequency: the higher k7., the larger L.

4.3 The soft-photon source temperature

In the left-hand panel of Fig. 6, we show the best-fitting values
obtained for the soft-photon source temperature (k7, grey points) and
their 1o uncertainties. The values of kT separate into two different
regimes, according to the QPO frequency. For vy = 2.5 Hz, we find
relatively large kT values, 0.7 < kT < 2 keV, whereas for vy <
1.8 Hz, we obtain low temperatures, k7 < 0.2 keV, even compatible
with the minimum values explored with our table models (k7 =
0.03 keV). As in the case of the feedback fraction in Section 4.1, in
the 1.8-2.5 Hz frequency range, k7 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 k7 values in frequency bins of 0.25 Hz. For this,
we consider observations with k7 values either higher (blue points)
or lower (red points) than 0.5 keV. For frequencies vy 2 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 blackbody component, kT ypp, fitted to the
time-averaged spectra is also considered (Méndez et al. 2022).

In the right-hand 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-hand
panel) correspond to the temperature of the blackbody-like source
fitted using the spectral-timing data of the QPO (k7), while coloured
diamonds are used for the temperature of the disc blackbody fitted
using the time-averaged spectra (kTgy,). The latter set of points is
coloured according to the flux of the disc-blackbody component
(see colour bar). Below ~2 Hz, only six observations have a disc-
blackbody temperature measurement. The missing coloured points
correspond to observations where only an upper limit on the disc
blackbody component could be given from the fits to the time-
averaged spectra, as this component was not significantly present
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in the fits. In those observations, 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 kT, and I" to the values fitted
to the Comptonization component in the time-averaged spectra.
Since the best-fitting soft-photon temperatures found in this work
are compatible with those found by fitting the time-averaged data
using the NTHCOMP model, which coincides with the steady-state
solution of our variable-Comptonization model (see Section 3), this
means that the predicted time-averaged spectra associated to our
Comptonization model are also consistent with the observed ones.

5 DISCUSSION

We have successfully applied our spectral-timing model for Comp-
tonization to the Type-C QPO data of GRS 1915+105 available
in the full RXTE archive, consisting of 398 observations performed
with the PCA camera. By combining the energy-dependent phase-
lag spectra of the QPO presented in Zhang et al. (2020), with
our own measurements of the fractional-rms spectra (presented in
Section 2.1), together with information gathered from the time-
averaged spectra (Méndez et al. 2022), we are able to constrain
physical and geometrical properties of the corona, like the feedback
fraction, n, 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 dependence of the corona properties
on both the QPO frequency and the spectral state of the source, given
by the HR, as well as their mutual interconnections. We identify solid
trends in the evolution of the feedback fraction, corona size, and
temperature of the Comptonized soft-photon source, which persist
during the full-time span by the RXTE mission in space, of about
15 yr. This allow 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 Comptonization model by two families
or clusters of solutions. One having a large feedback fraction (1 >
0.8) and high soft-photon source temperatures (k75 ~ 0.8-1.5 keV),
when vy > 2.5 Hz, and negative or soft lags; and the other having low
feedback fraction (n < 0.5) and low soft-photon source temperatures
(kT < 0.2 keV), when vy < 1.8 Hz and positive or hard lags. Each
of these clusters show a smooth trend, with increasing n and k7 as
Vg 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 k7, with QPO frequency is also
independently supported by the time-averaged spectra. As shown
in the right-hand panel of Fig. 6, while observations with high kT
also show a significant DISKBB component in the time-averaged
spectrum, with systematically increasing k7g,p, and disc flux, with
increasing vy, this is not the case when vy < 2 Hz. In this latter
regime, only a few (six) 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 on to the soft source, the source will be heat-up
and thus experience a higher k7T temperature, and vice versa.
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The corona size behaviour is more complex and rich. For QPO
frequencies vy < 2 Hz, the size of the corona consistently shrinks
from L > 10* km (~500 R,) to L ~ 200-500 km (~10-25 R,) as
Vg increases from ~0.5 to 2 Hz. From this frequency onwards, the
corona consistently expands again to sizes of ~1000-2000 km (50—
100 R,) when the QPO frequency reaches its maximum observed
values ~6 Hz. In this regime, the L — v, evolution shows a
much broader relation, with different corona sizes coexisting at
the same QPO frequency. When the corona temperature, k7, is
taken into account, the breath of this relation can be explained as
a connection between the thermodynamic properties of the corona
and its geometry. At the same QPO frequency, systematically larger
corona sizes are found for higher k7, values (see Fig. 5).

While in the variable-Comptonization model, the feedback has
the largest impact upon the sign of the slope of the lag spectrum
(either positive or hard, for very low 7, or negative or soft for high
1), 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 19154105 (Zhang et al. 2020), the appearance of trends like
those found for the dependence of the corona size with the QPO
frequency are naturally expected. Moreover, the dependence of these
trends on the temperature of the corona k7., can also be understood
based on the mathematical relationship expressed by equation (2)
between k7., the spectral index, I, and the optical depth, t.

Assuming that the QPO frequency traces the LTP radius of the
inner edge, r;, of the accretion disc (Ingram et al. 2009), the large
feedback experienced by the source when vy > 2.5 Hz, can be
explained by a corona that fully enshrouds the inner regions of the
accretion disc with sizes L > >r;. Remarkably, for frequencies v
~ 2 Hz, the corona shrinks to minima sizes L ~ r,, leading to flat
lags that can be fitted by either large or small n values, and high or
low kT 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 (vy < 1.8 Hz) two important
changes occur: the corona becomes cooler k7, ~ 5-8 keV and the L
— v 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,
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 d of the corresponding 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 mly (with average uncertainties of 41—
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 temperature of
the soft-photon source fitted to with the spectral-timing model, k7.
Red (blue) coloured points correspond to k7 < 0.5 keV (kT >
0.5 keV). On the top and right-hand panels, we show the normalized
marginal distributions of QPO frequencies and radio flux density
values for each subset, respectively.
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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 the QPO.
Average errors are £(1-5) mJy and £0.05 Hz, in radio measurements and
QPO frequency, respectively. Top panel: normalized marginal distributions
of QPO frequencies for each subset. Observations with kT < 0.5 keV (kT >
0.5 keV) accommodate below (above) ~2 Hz. Right-hand panel: normalized
marginal distributions of radio intensities for each subset. Observations with
kT, < 0.5 keV have systematically higher radio flux density values than those
with kT > 0.5 keV.

Fig. 7 shows an anticorrelation 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 (k75 < 0.5 keV, red colour), the source is
significantly detected in radio with flux densities in the 65f§§ mly
range (1o). Meanwhile, in observations for which the temperature is
high (kT > 0.5 keV, blue colour), the radio fluxes are significantly
lower, spanning in the 18f‘1“5l mly range (lo), with a significant
fraction of the observations being consistent with non-detections
(see right-hand panel). A Kolmogorov—Smirnov test between the
two samples of radio measurements throws a probability of ~107'°,
meaning that the null hypothesis that the two samples come from
the same underlying distribution can be rejected with >8c. Such
correlation was firstly suggested by Trudolyubov (2001) and later by
Yan etal. (2013), using a much smaller data set of RXTE observations,
which we have here extended to the full RXTFE archive. In addition,
the separation of these two populations in terms of QPO frequency
is very clear: points with K7y < 0.5 keV (red colour) and k7 >
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 vy < 2 Hz can not be discarded. Given that
the disc-blackbody component becomes insignificant in the time-
average spectra; the low kT temperatures inferred from our spectral-
timing Comptonization model; the very-long positive lags, which
lead to large inferred corona sizes; and the consistent appearance
of significant radio detections associated to synchrotron emission in
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the compact jet, this could mean that the dominating source of soft
photons for Comptonization 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 Comptonizing region, would become
the base of the jet, as proposed by Fender et al. (1999) and discussed
in more detail in Markoff, Nowak & Wilms (2005). The possibility
that the Comptonizing cloud is effectively ejected as a jet giving
place to a radio flare has been suggested by Vadawale et al. (2003),
Rodriguez, Corbel & Tomsick (2003), and Fender, Belloni & Gallo
(2004). Results from 15 yr of simultaneous 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 19154-105.
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APPENDIX A: EXTERNAL HEATING RATE:
VALIDITY OF THE LINEARIZED
KOMPANEETS EQUATION

In Fig. Al, we show the best-fitting values, and corresponding 1o
error bars, obtained for the amplitude of the external heating rate
source, §Hc, as a function of QPO frequency for each of the
398 observations. In the range where the lags are zero or negative
(v 2 1.8 Hz), we find moderate values for §Hey ~ 10-20 per cent,
decreasing to <10 per cent for v 2 4 Hz. Similar values are found
for frequencies v < 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 per cent. This effect was also
found by Karpouzas et al. (2021). In our spectral-timing model, § Hey;
works as a normalization of the fractional rms amplitude spectrum
(see Section 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 disc (~250 km at
vo = 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
new set of table models would be required. Given the fact that this
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Figure A1. Amplitude of the variation of the external heating rate, 6 Hex(, 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, 8kTe, and of the temperature of the soft-photon source, 8T, in
percent units. Values are always below 10 per cent in accordance with the
linearized scheme considered in the spectral-timing Comptonization model.
The points are coloured according to the QPO frequency.

parameter is non-sensitive to the lag spectrum, and that it only works
as a normalization, 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 lin-
earized regime assumed to calculate the solution of the Kompaneets
equation in the spectral-timing model (see Karpouzas et al. 2020),
in Fig. A2, we present the fractional amplitudes of the variability of
both the electron temperature in the corona, §k7,, and the temperature
of the soft-photon source, kT, in percentage units. As seen in the
plot, both quantities remain below 10 per cent for every observation,
which is in accordance with the linearized 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
kT, is constrained to amplitudes of ~1-9 per cent, §kT spans for
a much larger range, depending on the QPO frequency (and, hence,
on the sign of the lags). For QPO frequencies v < 2.5 Hz, 8kT <
1 per cent, and, in particular, for v < 1.5 Hz, when the lags become
hard and the temperature of the soft photon source becomes very low
(and a disc blackbody 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 (8k7Ty < 1008kT,),
possibly indicating a change in the soft-photon source nature (see
Discussion in Section 5 above).

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

In Fig. B1, we present the residuals obtained for the best-fitting
models corresponding to each of the 398 observations considered in
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Figure B1. Reduced chi-squared residuals, x >/dof, of the best-fitting models
obtained for the 398 observations, as function of QPO frequency and HR (top
panel) and as a marginalized distribution (histogram, bottom panel).

this work. On the top panel, we show a QPO — HR diagram of the
reduced x-squared residuals (x2/dof). The model can fit the data
well in the full frequency range. In particular, data are very-well
fitted in the 1.0-3.5 Hz frequency range (with x2/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 x-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.
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