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A B S T R A C T 

GRS 1915 + 105 can show type-C quasi-periodic oscillations (QPOs) in the power density spectrum. A high-frequency QPO 

(HFQPO) at 67 Hz has been observed in this source, albeit less often than the type-C QPOs. Besides these features, GRS 1915 + 105 

sometimes shows a broad bump in the power spectrum at around 30–150 Hz. We study the power spectra of GRS 1915 + 105 

with the Rossi X-ray Timing Explorer when the source was in the χ class. We find that the rms amplitude of the bump depends 
strongly upon both the frequency of the type-C QPO and the hardness ratio, and is correlated with the corona temperature and 

anticorrelated with the radio flux at 15 GHz. The characteristic frequency of the bump is better correlated with a combination of 
the frequency of the type-C QPO and the hardness ratio than with the frequency of the type-C QPO alone. The rms amplitude 
of the bump generally increases with energy from ∼1–2 per cent at ∼3 keV to ∼10–15 per cent at ∼30 keV. We suggest that 
the bump and the HFQPO may be the same variability component but the properties of the corona affect the coherence of this 
variability, leading either to a HFQPO when the spectrum is in the relatively soft γ class, or to a bump when the spectrum is in 

the hard χ class. Finally, we discuss the anticorrelation between the rms amplitude of the bump and the radio flux in the context 
of the relation between the corona and the jet. 

Key words: accretion, accretion discs – stars: black holes – stars: individual: GRS 1915 + 105 – X-rays: binaries. 
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 I N T RO D U C T I O N  

lack hole binaries can sho w v ariability in the X-ray light curve on
ime-scales from milliseconds to years (e.g. Belloni & Stella 2014 ; 
elloni & Motta 2016 ; Ingram & Motta 2019 ). Fourier techniques
re a powerful tool to explore the variability of X-ray time series (Van
er Klis 1989 ). Power density spectra (PDS) are generally used to
tudy the variability of the light curve in the frequency domain, where
everal components can be observed. Some of those components are 
he broadband noise, which can extend up to 10–100 Hz, and narrow
eaks called quasi-periodic oscillations (QPOs; Nowak 2000 ; Bel- 
oni, Psaltis & van der Klis 2002 ; Van der Klis 2005 ; Ingram & Motta
019 ; M ́endez & Belloni 2021 ). The low-frequency QPOs (LFQPOs;
mHz to ∼30 Hz) in black hole X-ray binaries can be divided into

hree classes, i.e. type A, B, and C, based on the quality factor,
ractional rms amplitude, phase lags of the QPOs and the strength 
f the underlying broadband noise component (Casella, Belloni & 

tella 2005 ). High-frequency QPOs (HFQPOs) in black holes X-ray 
inaries with frequencies up to ∼350 Hz are less common and were
nly observed in a few sources (e.g. Morgan, Remillard & Greiner 
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997 ; Remillard et al. 1999 ; Strohmayer 2001a ; Belloni, Sanna &
 ́endez 2012 ; M ́endez et al. 2013 ). HFQPOs and high-frequency

roadband component with a cutoff at 60–80 Hz (Trudolyubov 2001 )
n black hole X-ray binaries and kilo-hertz QPOs in neutron-star X-
ay binaries hav e man y similarities, indicating that they may have
he same origin (Psaltis, Belloni & van der Klis 1999 ; Belloni et al.
002 ; M ́endez et al. 2013 ; Bhargava et al. 2021 ). 
The rms amplitude of the components in the PDS can be used

o study the correlated X-ray variability in these sources. For 
nstance, the 0.1–10 Hz integrated rms amplitude in the power 
pectrum can be regarded as a tracer of accretion regimes in black
ole transients (Mu ̃ noz-Darias, Motta & Belloni 2011 ). The rms
mplitude of the QPOs increases with energy, gradually flattens 
bo v e 10 keV, and at the highest energies it can either increase
r decrease (e.g. Yan et al. 2013 ; Zhang et al. 2017 , 2020 ; Lyu
t al. 2020 ). Phase lags are defined as the argument of the Fourier
ross spectrum of two light curves at different energies o v er a fixed
requency range, and can be used to study other properties of the
ignals that we identify in the PDS (Nowak et al. 1999 ). The lags of
POs can increase, decrease, or remain constant with energy (e.g. 
eig et al. 2000 ; Zhang et al. 2017 , 2020 ). 
Low-mass X-ray binaries (LMXBs) emit in the X-ray band as 
aterial accretes on to the compact object. A typical X-ray spectrum
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ncludes a power-law component, a disc thermal component, and
 reflection component, with the strength of the different com-
onents depending on the state of the source (for a re vie w, see
emillard & McClintock 2006 ). The thermal disc is represented
y a multitemperature blackbody with a temperature around 0.3–
.0 keV. When the soft photons interact with electrons in the hot
orona near the black hole, inverse Compton scattering transfers
nergy from the hot corona to the thermal photons and gives rise
o the power-law emission with a high-energy cutoff. A fraction of
he Comptonized photons illuminate the disc and are Compton back-
cattered, producing fluorescent emission lines and a Compton hump.
n the hard state, Comptonization is strong, yielding a power law that
s flat and can extend to high energies, and reflection usually appears,
hile in the soft state, the power law is steeper and a stronger disc

hermal spectrum is present. 
GRS 1915 + 105 is a black hole X-ray binary disco v ered in 1992 by
ATCH (Castro-Tirado, Brandt & Lund 1992 ). As the first galactic
icroquasar, GRS 1915 + 105 shows strong variability in the X-

ay band and a luminous jet in the radio band (for a re vie w, see
ender & Belloni 2004 ). Typically, the outburst of a black hole
MXB undergoes an evolution along a ‘q’ path on the hardness

ntensity diagram (Fender, Belloni & Gallo 2004 ). The outburst starts
ith the source in the quiescent state, continues when the source

nters the low hard state, the source quickly transits to the high soft
tate, and finally returns to the quiescent state; a relativistic jet appears
etween the hard and the soft states. GRS 1915 + 105 is peculiar since
t does not show this typical behaviour of black hole transients, and
ever goes back into quiescence since it was discovered 30 yr ago,
ven though in the last 2 yr this source displayed an extreme low
ux state and indication of rebrightening (Negoro et al. 2018 ; Aoki
t al. 2020 ; Lepingwell et al. 2020 ). Miller et al. ( 2020 ) suggested
hat this low flux state of GRS 1915 + 105 is not quiescence but a
ighly absorbed, quasi compton-thick accretion mode, and Motta
t al. ( 2021 ) suggested that this low flux epoch might be associated
o super-Eddington accretion. 

Due to its variability and persistence, tremendous work has been
one on GRS 1915 + 105. Belloni et al. ( 2000 ) performed a model-
ndependent analysis and classified the variability into 12 classes,
ith two more classes added by Hannikainen et al. ( 2003 , 2005 ).
he LFQPOs in GRS 1915 + 105 have been intensively studied in the
ast (e.g. Reig et al. 2000 ; Yan et al. 2013 ; Ingram & van der Klis
015 ; Zhang et al. 2020 ; Liu et al. 2021 ). The rms amplitude of the
FQPOs increases with energy and then gradually flattens, indicating

hat the energy that sustains the QPOs possibly originates from the
ot corona (Yan et al. 2013 ). The slope of the lag-energy spectrum
f the QPOs changes monotonically from positive to ne gativ e as
he QPO frequency increases, with the slope becoming 0 at around
 Hz, where the phase lags are more or less independent of energy.
t the same time, the rms amplitude of the QPOs increases and

hen decreases as the QPO frequency increases, with a maximum at
 Hz (Reig et al. 2000 ; Qu et al. 2010 ; Pahari et al. 2013 ; Zhang
t al. 2020 ). HFQPOs (either around 35 or 70 Hz) in GRS 1915 + 105
re less frequent, and appear depending on the spectral states and
he variability class of the source (Belloni et al. 2006 ; Belloni &
ltamirano 2013 ; M ́endez et al. 2013 ). 
Trudolyubov ( 2001 ) used data from the Rossi X-ray Timing Ex-

lorer ( RXTE ; Bradt, Rothschild & Swank 1993 ) from 1996 to 2000
o explore a high-frequency feature in the PDS of GRS 1915 + 105.
his author identified two types of steady hard X-ray states of
RS 1915 + 105, which are associated to the ‘plateau’ state and the
class (Fender et al. 1999 ; Belloni et al. 2000 ). In the type I state,

he energy spectrum shows a power-law continuum with a cut-off
NRAS 514, 2891–2901 (2022) 
nergy between 60 and 120 keV. The PDS shows a significant high-
requency noise component, which Trudolyubov ( 2001 ) fitted with a
aussian function, with a width of around 60–80 Hz. In the type II

tate, the power-law component that fits the energy spectrum shows
 break at an energy between 12 and 20 keV. The high-frequency
art of the PDS drops quickly, showing no significant variability at
requencies higher than ∼30 Hz. These two types of X-ray hard states
an also be distinguished by their properties in the radio band. In the
ype I state, the source tends to be ‘radio quiet’, while in the type
I state, the source shows high radio flux. Trudolyubov ( 2001 ) also
av e a quantitativ e estimate of the properties of the high frequency
ump, assuming that the QPO frequency and the width of the high-
requency bump are proportional to the Keplerian frequency at the
uter and inner radii of an optically thin region of the accretion flow.
his estimate matches the fitting results of the PDS. We note that,
esides the observations between 1996 and 2000, RXTE collected a
arge amount of data on GRS 1915 + 105 before the termination of
he mission in 2012. M ́endez et al. ( 2022 ) recently analysed these
ame data and suggested that the X-ray corona turns into the jet. 

In this paper, we explore the full RXTE archi v al data of
RS 1915 + 105 in detail to further study the high-frequency bump

n the power spectrum, complementing and expanding the work
f M ́endez et al. ( 2022 ). The paper is organized as follows:
n Section 2 , we describe the reduction of the RXTE data of
RS 1915 + 105, and explain how we generated the PDS, as well

s the cross spectra for different energy bands. We also explain
ow we filter and analyse the data in this section. In Section 3
e show the results we obtain. These results include the PDS, the

ms evolution of the high-frequency bump as a function of the QPO
requency and hardness ratio, and the rms energy evolution for the
ombined fitting. In Section 4 , we discuss and compare our results
ith previous works. In Section 5 , we summarize our conclusions. 

 OBSERVATI ONS  A N D  DATA  ANALYSI S  

XTE monitored GRS 1915 + 105 from 1996 to 2012. There are
ore than 1800 public observations of GRS 1915 + 105 in the RXTE

rchive. 
Among all the RXTE observations of GRS 1915 + 105, we analysed

he 620 in the χ state (Belloni et al. 2000 ) with type-C QPOs, fol-
owing the same selection as in Zhang et al. ( 2020 ) and M ́endez et al.
 2022 ). Finally, we chose 410 observations that have ‘simultaneous’
within 2 d) radio observations. For our analysis, we used the Event,
ingle Bit, and Binned mode files, with a time resolution of 1/512 s
o that the Nyquist frequency is 256 Hz. We used Ghats 1 to generate
he power density spectrum (PDS) for the full Proportional Counter
rray (PCA; Bradt et al. 1993 ) band, channels 0–249; in some
bservations the measurements start at channel 8, so the full PCA
and in those cases is channels 8–249. We set the length of each Fast
 ourier Transformation (FFT) se gment to 16 s. We averaged the PDS
f all time segments within one observation, subtracted the Poisson
evel (Zhang et al. 1995 ), and normalized the PDS to units of rms 2 

er Hz (Belloni & Hasinger 1990 ). The background count rate can be
gnored for the full PCA channels since it is negligible as compared
o the source count rate. Finally, we applied a logarithmic rebin in
requency to the PDS data such that the size of a bin increases by
xp (1/100) compared to that of the previous one. 

We separated the full PCA bands into five bands defined by the
hannels: 0–13, 14–35, 36–∼50, ∼51–∼103, ∼104–249, where the

http://www.brera.inaf.it/utenti/belloni/GHATS_Package/Home.html
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 ∼’ indicates the nearest channel available. For some observations 
ith Single Bit Mode, the data started from channel 8, so the
rst energy band spanned channels 8–13. The RXTE /PCA energy- 
hannel conversion is divided into five epochs in time sequence. 2 

he observations we analysed in this paper are from epochs 3, 4,
nd 5. We can obtain the energy boundaries of each channel interval
y mapping the channels based on the time of each observation. 
ifferent from the full band, in the subsets of channels, we needed to

ake the background rate into account to normalize the PDS to rms
nits. We used pcabackest to calculate the background count rate 
er proportional counter unit (PCU) for each channel range for the 
hree epochs, as well as the number of PCU that was active in each
bservation. 
For each observation, we also computed the FFTs for different 

nergy bands in order to obtain the cross spectra, estimate the 
oherence function, and calculate the phase lags that is energy- and 
requency-dependent (Vaughan & No wak 1997 ; No wak et al. 1999 ).

e regarded the lowest energy band (channels 0–13 or 8–13) as the
eference band. In this process, we used the same files with 1/512-s
ime resolution and 16-s time segment as we did for the PDS. We
alculated the intrinsic coherence between the FFTs as a function of
requency before we calculated the phase lags. 

After subtracting the background, we obtained the observed count 
ate in the 13–60 keV (hard) band and the 2–7 keV (soft) band,
espectively, using the closest channels that match these energy 
anges, in units of the Crab nebula as in Altamirano et al. ( 2008 ). We
ivided the hard-band intensity by the soft-band intensity to calculate 
he hardness ratio. 

The radio data of GRS 1915 + 105 were obtained with the Ryle
elescope at 15 GHz (Pooley & Fender 1997 ). Calibrations were 
erformed on the flux density with the help of observations of the
uasars 3C 48 or 3C 286. The observations contain mostly 32-s
amples with an rms noise of 6 mJy, which decreases as the square
oot function of the integration time, while the flux density below 

bout 1 mJy is possibly unreliable. See Pooley & Fender ( 1997 ) for
ore discussion about the radio data. 

.1 Fitting of the power density spectra 

e used XSPEC VERSION 12.9 (Arnaud 1996 ) to fit the power spectra.
YTHON scripts were used to assist performing the semiautomatic 
tting of the 410 observations. A number of Lorentzian functions 
nd a Gaussian function were used to fit the variability of the
ource (Nowak 2000 ; Trudolyubov 2001 ; Belloni et al. 2002 ; Zhang
t al. 2020 ). Four Lorentzian functions were used to represent the
undamental, harmonic, and sub-harmonic of the type-C QPOs plus 
he broadband noise. We used two extra Lorentzian functions to fit
he power spectra that were not satisfactorily fitted by these four
orentzian functions. For instance, some power spectra showed two 
roadband components, one at low and another at high frequency, 
hich we fitted with zero-centred Lorentzians. In some power 

pectra, the QPOs themselves moved to some extent during an 
bservation; in those cases one Lorentzian function was not enough 
o fit the QPOs. We noticed that power spectra with the type-C
POs at the same frequency sometimes showed enhanced power 

t frequencies between ∼30 and ∼150 Hz. Following Trudolyubov 
 2001 ), we added a Gaussian centred at zero to fit this excess power.

e left the width of the Gaussian and the integrated power of the
 https:// heasarc.gsfc.nasa.gov/ docs/xte/e-c table.html 

r  

0  

0  

a  
aussian free during the fits. We name this component the high-
requency bump, or simply the bump. 

We converted the normalization of all components into fractional 
ms amplitude, hereafter rms (Belloni & Hasinger 1990 ): 

ms = 

√ 

P ( S + B) 

S 
, (1) 

here P is the normalization of the Lorentzian giving the integrated
ower of the bump in Leahy units (Leahy et al. 1983 ), and S and
 are, respectively, the source and background count rates. For 

he error of the rms, we considered also the uncertainties of the
ource and background count rates. Unless indicated otherwise, all 
rrors represent the 90 per cent confidence level of the corresponding
uantity. Because some components were not significant, in some 
ases we calculated the 95 per cent upper limit. We estimated the
ignificance of the bump as its integrated power divided by its error
ar of 1 σ (68 per cent) confidence level. If this factor was lower
han 3, we considered that the bump was not significant. For those
ases, we fixed the width of the Gaussian function at 70 Hz and
ave the 95 per cent upper limit of the rms. Finally, when the bump
as significant but out of the 30–150 Hz range, we fixed the width
f the Gaussian at 70 Hz and computed the upper limit of the rms.
e carried out this same process in each energy band (see abo v e).
e noticed that the PDS for channels from ∼104 to 249 showed

o significant signal, therefore we did not consider this band in our
nalysis. We used the best-fitting model for each observation as a
aseline to perform further fitting on the four separate bands. 

 RESULTS  

he frequency of the fundamental of the type-C QPOs of all the
10 observations is between 0.3 and 6.3 Hz. Fig. 1 shows selected
DS from observations with QPO frequencies being between 1.3 and 
.3 Hz (top left), 2.3 and 3.3 Hz (top right), 3.3 and 4.3 Hz (bottom
eft), and 4.3 and 5.3 Hz (bottom right), respectively. The top-left
anel in Fig. 1 shows the PDS with the bump in black, while the PDS
ithout the bump are indicated in red. In this panel, the harmonic

nd sub-harmonic of the type-C QPOs are clearly seen in the PDS
ith the bump. Note that the harmonic can also be seen in the power

pectrum with the bump in the top-right and the bottom panels. The
ed PDS in the top-right and bottom-right panels, and the black PDS
n the bottom-left panel shows that two Lorentzian functions are 
eeded to fit the QPOs, indicating that the QPOs may have shifted in
requency to some extent along the RXTE observations. Judging from 

hese examples, the PDS with a bump possibly have more features
han those without a bump. We noticed that observations with a bump
ave higher hardness ratio than the observations without a bump (see
elow), suggesting that the strength of the bump is correlated with
he hardness ratio. 

.1 Rms amplitude of the bump in individual observation 

n Fig. 2 , we plot the hardness ratio versus the frequency of the
ype-C QPOs. Each point corresponds to one of the 410 RXTE obser-
ations of GRS 1915 + 105. Following the proposal by Trudolyubov
 2001 ) that there are two types of states, corresponding to different
pectral-timing states and properties in the radio band, we plot each
bservation in Fig. 2 with the colours of the points indicating the
ms amplitude of the bump. The QPO frequency varies from around
.3 to 6.3 Hz, while the hardness ratio in Crab units goes from around
.3 to 1.3. Average errors of the QPO frequency and hardness ratio
re, respectively, ±0.05 Hz and ±0.001 Crab units, both of which
MNRAS 514, 2891–2901 (2022) 
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M

Figure 1. Representative PDS of observations of GRS 1915 + 105 with the type-C QPOs at more or less the same frequency with and without the bump. 
The points with error bars are the data, while the solid and dashed lines indicate the best-fitting model and the components, respectively. Top-left panel: the 
red PDS corresponds to observation 91701-01-32-01 (QPO frequency: 1.65; HR: 0.64; rms of bump: 0.013), while the black PDS corresponds to observation 
92702-01-02-01 (QPO frequency: 2.06; HR: 1.12; rms of bump: 0.074). Top-right panel: the red PDS corresponds to observation 70702-01-44-00 (QPO 

frequency: 3.22; HR: 0.47; rms of bump: 0.012), while the black PDS corresponds to observation 92702-01-06-00 (QPO frequency: 2.36; HR: 1.11; rms of 
bump: 0.081). Bottom-left panel: the red PDS is observation 70702-01-44-01 (QPO frequency: 3.96; HR: 0.42; rms of bump: 0.009), while the black PDS 
corresponds to observation 20402-01-14-00 (QPO frequency: 3.57; HR: 0.9; rms of bump: 0.063). Bottom-right panel: the red PDS corresponds to observation 
70702-01-45-00 (QPO frequency: 5.26; HR: 0.34; rms of bump: 0.008), while the black PDS corresponds to observation 70702-01-20-00 (QPO frequency: 
4.31; HR: 0.71; rms of bump: 0.056). 
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re smaller than the size of the data points. The rms amplitude of the
ump varies in the range 1–9 per cent. The points plotted with circle
re significant measurements of the rms amplitude of the bump,
hile the points marked with triangle are the 95 per cent upper

imit of the rms amplitude since they do not fulfill the criteria in
ection 2.1 . The rms of the high-frequency bump has an average
rror of ±0 . 7 per cent . 

Fig. 2 shows a strong dependence of the rms amplitude of the
ump upon hardness ratio and QPO frequency. The rms of the bump
ncreases as both the hardness ratio and the QPO frequency increase,
hereas as the QPO frequency increases and the hardness ratio
ecreases the rms remains broadly constant (see the black and blue
rrows in Fig. 2 ). 

In Fig. 3 , we show the rms amplitude of the bump as a function of
he source hardness ratio for four narrow ranges of the QPO frequency
round, respectively, 1.5, 2, 2.5, and 3 Hz. This figure shows that,
t each QPO frequency, the rms amplitude of the bump decreases
moothly from ∼6 to 8 per cent down to ∼1 to 2 per cent as the
ardness ratio decreases. This figure also shows that the value of the
NRAS 514, 2891–2901 (2022) 

o  
ardness ratio at which the bump becomes undetectable (the arrows in
he plot are upper limits) decreases as the QPO frequency increases,
onsistent with the picture offered by the plot in Fig. 2 . Considering
he description in Trudolyubov ( 2001 ) for the radio behaviour, this
ms evolution of the bump should show an anticorrelation with the
adio flux density. The bump is strong when GRS 1915 + 105 is radio
uiet, while the bump is weak or disappear when GRS 1915 + 105 is
adio loud. The left-hand panel of Fig. 4 shows the rms amplitude
f the bump versus the 15 GHz radio flux density. The rms is in the
ange of 1–9 per cent, while the radio flux density is in the range of
–250 mJy. As the radio flux increases, the rms of the bump decreases
nd eventually leads to upper limits. 

.2 Relation between the rms of the bump and the spectral 
arameters 

o study the relation between the bump and the spectral properties
f the source, we take the parameters from the best-fitting model
f a disc plus a Comptonized component, diskbb + nthcomp ,
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Figure 2. Hardness ratio versus QPO frequency for the 410 observations 
of GRS 1915 + 105. The coloured points indicate the rms amplitude of the 
bump. The black and blue arrows indicate the directions in which the rms 
amplitude of the bump increases and remains broadly constant, respectively. 
The plot is divided into different regions of regular intervals on the hardness 
ratio and QPO frequency (see Table A1 for details on the division and the 
observations in each group). 

Figure 3. The rms amplitude of bump versus hardness ratio plot for selected 
ranges of QPO frequencies. From the top to bottom, the QPO frequencies are 
1.4–1.6, 1.9–2.1, 2.4–2.6, and 2.9–3.1 Hz, respecti vely. The arro ws indicate 
the 95 per cent upper limits. 
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3 The variable x represents a rotation of the νQPO and HR axes around the axis 
of the width of the bump, where c = cot φ, with φ being the rotation angle of 
the νQPO and HR axes. The best fit yields φ = 0.37 rad. 
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o the 410 observations observation in GRS 1915 in M ́endez et al.
 2022 ) and Garc ́ıa et al. ( 2022 ). Specifically, we plot in the right-hand
anel of Fig. 4 the rms amplitude of the bump versus the electron
emperature of the corona, kT e (see M ́endez et al. ( 2022 ) and Garc ́ıa
t al. ( 2022 ) for details of the spectral fitting). 

From the right-hand panel of Fig. 4 , it is apparent that the rms
f the bump increases from ∼ 1 per cent to ∼ 9 per cent when the
orona temperature kT e increases from 5 to 35 keV. On the contrary,
e find no correlation between the rms of the bump and either � or

T in . 
.3 Width of the bump in combined fitting 

e use a number of exponential functions to divide the hardness-
PO frequency plot into 24 regions (see Fig. 2 ). We combine
bservations and perform fitting on the combined power spectra, 
iven that in each group of observations the properties of the bump
re consistent with being the same. The division of the groups and the
bservation IDs in each group are listed in Table A1 . This procedure
llows us to obtain a more stringent constraint on the properties of the
ump. The components we use to fit the observation in a group are
ame as described in Section 2.1 . In a square, we let all the Lorentzian
unctions free when we fit the power spectra, and only link all the
arameters of the zero-centred Gaussian function to measure both 
he width and the rms of the bump for the combined observations.
ince the constraint of the width can be more stringent, we relax the

imit of 150 Hz which we use in the individual fittings. But if the
idth of the Gaussian function is unconstrained, we fix it at 70 Hz

nd we give an upper limit to the rms amplitude. We then use the
tting results on the full band for each data group as the baseline for

he separate bands. Within one observation group, for the separate 
ands, we fix the position and the width of the Lorentzian functions,
s well as the width of the Gaussian function, to be the same as the
est-fitting values in the full band, and we fit only the rms amplitude
f the components. We follow the process described in Section 2.1 to
alculate the rms as well as the 90 per cent error bars and 95 per cent
onfidence-level upper limits. If the calculation of the rms upper limit
s larger than unity, we set the value to unity due to the fact that the
ms should not be larger than unity (Belloni & Hasinger 1990 ). 

In Fig. 5 , we plot the width of the bump versus the QPO frequency
nd the hardness ratio, respectively. The width of the Gaussian 
unction appears to depend on the QPO frequency and the hardness
atio. The width of the bump is broadly in the range of 40–230 Hz. The
PO frequency range and the hardness ratio range are 1.3–5.3 and
.5–1.3 Hz, respectively, as indicated by the group indices in Table 1 .
he table shows the best-fitting value of the width of the bump in each
roup for the width of the bump with significant measurements, while 
he QPO frequency and hardness ratio correspond to the averaged 
alues in each data group. Note that in the table, we exclude the
roups in which the width of the bump is fixed at 70 Hz because the
ms and the width of the bump are unconstrained in those cases. In
ig. 5 , the left-hand panel shows that the width of the bump and the
PO frequency are correlated, while the right-hand panel shows that 

he width of the bump and the QPO frequency are anticorrelated.
hese plots suggest that there may be a parameter c such that for
ome value of c the width of the bump is more tightly correlated to a
ariable x = νQPO + c HR than to either νQPO or HR separately. 3 In
ig. 6 , we plot the width of the bump versus x for the value of c that
ives the smallest χ2 value to the fit of a quadratic relation of the
ogarithm of the bump versus x . This figure shows that the width of
he bump depends upon this specific linear combination of the QPO
requency and the hardness ratio. 

.4 Rms spectrum of the bump 

he rms spectra of the bump in the combined power spectra are
lotted in Fig. 7 . For each group of combined observations, the rms
f the bump generally increases with energy, from ∼1 per cent in the
–6 keV band to ∼ 10 per cent in the 20–40 keV band. In those cases,
MNRAS 514, 2891–2901 (2022) 
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Figure 4. Left-hand panel: the rms of the bump versus the 15 GHz radio flux density for GRS 1915 + 105. Right-hand panel: the rms of the bump versus corona 
temperature, kT e , for GRS 1915 + 105. In both panels, the red points show the measurements of the rms of the bump, while the blue points show the 95 per cent 
upper limit. 

Figure 5. Width of the bump v ersus QPO frequenc y (left) and hardness ratio (right) in GRS 1915 + 105. The error bars correspond to 90 per cent confidence 
level. The solid black line in both panels is the best-fitting quadratic function to log (Width) versus νQPO and HR, respectively. The bottom panels show the 
residuals given as (data − model)/error. 

Table 1. Best-fitting values of width of the bump in GRS 1915 + 105 versus 
QPO frequency and HR for the groups in Fig. 2 . 

Group index QPOs frequency (Hz) Hardness ratio Width (Hz) 

#01 1.86 1.20 63 . 4 + 5 . 3 −4 . 7 

#02 2.17 1.09 65 . 4 + 2 . 0 −1 . 9 

#03 2.77 0.99 70 . 8 + 1 . 9 −1 . 5 

#04 3.36 0.87 81 . 1 + 2 . 5 −2 . 3 

#05 4.30 0.70 98 . 1 + 4 . 4 −3 . 9 

#06 5.07 0.58 146 ± 18 

#07 1.43 1.05 47 . 4 + 10 . 1 
−8 . 4 

#08 2.02 0.98 55 . 0 + 4 . 8 −4 . 1 

#09 2.39 0.88 61 . 3 + 5 . 6 −4 . 9 

#10 2.99 0.79 63 . 0 + 4 . 2 −3 . 7 

#11 4.05 0.67 74 . 4 + 18 . 6 
−6 . 5 

#12 5.16 0.52 184 ± 45 Figure 6. The width of the bump versus a linear combination of the QPO 

frequency and hardness ratio for GRS 1915 + 105. The error bar corresponds 
to 90 per cent confidence level. The solid black line and the bottom panel are 
the same as those in Fig. 5 . 
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Figure 7. The rms of the bump in GRS 1915 + 105 versus energy. Different panels indicate the different data groups in Fig. 2 , arranged in the same manner as 
in that figure. The blue points are significant measurements with error bars of 90 per cent confidence level, while the red points are 95 per cent upper limits. 
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n which the best-fitting values are 0, we plot the upper limits (red
oints) of the rms amplitude of the bump. As it is apparent in Fig. 7 ,
hese broad upper limits are also consistent with this increasing trend. 

In the groups #13–#24 (last two rows), we see that most rms values
or different energy bands are upper limits. Groups #13, #16, #17, 
20, and #24 have significant measurements of the rms amplitude for
he lowest energy band, where the rms amplitude is around 1 per cent.
here are two significant measurements in groups #18 and #21. We 
nd that the rms spectrum tends to have more significant data points
s both the hardness ratio and QPO frequency increase. This trend 
s e xpected giv en the trend of the rms amplitude of the bump in
ig. 2 . When we have enough measurements we see that the rms first

ncreases with energy up tp 10–20 keV and then stays more or less
onstant within the errors at high energies. We also notice that if we
an measure a significant rms, in the same row, the rms for the same
nergy band remains broadly the same, while in the same column, 
he rms for the same energy band increases from bottom to top. 

.5 Lags of the bump 

e calculate FFTs in each observation in two separate bands: the 
ow band is channel 0/8 to 35, while the high band is channel 36 to
49. The coherence function o v er a broad high frequency range, 30–
50 Hz, of this two FFTs within one observation is always consistent
ith zero, which means that we cannot measure the phase lags of
he bump. The combined FFTs of observations in a group in Fig. 2
till give a low coherence function. This implies that the phase lags
f the bump at the frequency of the width cannot be measured using
he current data. 

 DI SCUSSI ON  

e have detected the high-frequency bump, with a characteristic 
requency between 30 and 150 Hz, in the PDS of GRS 1915 + 105 of
he RXTE observations performed during the χ state when the type-C 

PO is present. Not all 410 observations show the bump. The rms
mplitude of the bump strongly depends on both the QPO frequency
nd the hardness ratio, as shown in Fig. 2 . When the QPO frequency
ncreases from 0.5 to 6.5 Hz and the hardness ratio increases from
.3 to 1.3, the rms amplitude of the bump gradually increases from
1 per cent to ∼9 per cent. The radio flux of GRS 1915 + 105 is

nticorrelated with the rms amplitude of the bump, suggesting that 
here is a mechanism that drives energy between the bump and the
et. The characteristic frequency of the bump shows a correlation 
ith the frequency of the type-C QPO and an anticorrelation with

he hardness ratio. The correlation is much tighter when we plot the
idth of the bump versus a combination of the QPO frequency and

he hardness ratio. The rms amplitude of the bump for each combined
MNRAS 514, 2891–2901 (2022) 
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tting (Fig. 7 ) increases from around 1 per cent to 10 per cent as the
hoton energy increases from ∼3 to ∼30 keV. 
Trudolyubov ( 2001 ) studied the bump and classified the obser-

ations of GRS 1915 + 105 into two types: Type I observations
orrespond to the radio-quiet state showing a high frequency bump,
hereas type II observations correspond to the radio loud state in
hich the high frequency bump is significantly weaker or absent.
he presence of the bump depends upon the QPO frequency: Type
 observ ations generally sho w a type-C QPO at higher frequencies
han type II observ ations. Ho we ver, after systematically exploring the
ata sets, we find that at a given QPO frequency, the bump can either
e present or not (see Fig. 1 ). From Fig. 2 , it is apparent that the rms
mplitude of the bump depends not only upon the QPO frequency
ut also upon the hardness ratio. The rms of the bump increases
onotonically and continuously as both the QPO frequency and the

ardness ratio increase, indicating that the hardness ratio and the
PO frequency both contribute to the strength of the bump. From

ll this, as well as Fig. 3 and left-hand panel of Fig. 4 , it is apparent
hat the type-I and type-II observations are in fact the extreme cases
f a continuous and smooth phenomenology, with the types I and II
orresponding to the cases of the strongest bump and the strongest
adio flux, respectively. 

Previous studies have found a universal correlation between the X-
ay and radio flux in black hole candidates (Gallo, Fender & Pooley
003 ; Corbel et al. 2013 ; Gallo et al. 2014 ), although GRS 1915 + 105
oes not seem to follow this correlation (Muno et al. 2001 ). From our
esult in the left-hand panel of Fig. 4 , we find that in GRS 1915 + 105
he radio flux is anticorrelated with the rms amplitude of the bump.
 ́endez et al. ( 2022 ) suggested that the mechanism that produces

he bump in GRS 1915 + 105 should be connected to the corona.
pecifically, fig. 1 in M ́endez et al. ( 2022 ) shows that the rms of the
ump increases when the corona temperature increases and the radio
ux and the emission of the iron line due to reflection decrease. We
how that the rms of the bump is anticorrelated with the radio flux
left-hand panel of Fig. 4 ) and correlated with the corona temperature
right-hand panel of Fig. 4 ). On the other hand, the rms of the bump
s uncorrelated with the best-fitting disc temperature, indicating that
he rms amplitude of the bump is not related to the disc. All this,
nd the fact that in those groups in Fig. 7 in which we can measure
he rms spectrum of the bump significantly up to ∼30–40 keV,
ith the rms amplitude of the bump at the highest energies being
10 per cent, strongly suggest that mechanism that produces the

ms amplitude of the bump is connected with corona. We note that
he rms spectrum of the LFQPOs in black hole systems (e.g. Zhang
t al. 2020 ; Ma et al. 2021 ) suggests that the rms spectrum of this
PO is also formed in the corona around the black hole (Karpouzas

t al. 2020 ; Garc ́ıa et al. 2022 ; M ́endez et al. 2022 ). Since radio
mission comes from the jet that is relatively f ar aw ay from the black
ole, if the radio emission and the rms of the bump are physically
onnected, the energy of the high-frequency oscillations from the
-ray photons would have to propagate to the region where the

adio emission is produced to explain this rms-radio anticorrelation.
n this scenario, the decay of the rms of the bump gives rise to
he radio flux. When the bump is no longer significantly detected,
he radio flux increases faster, indicating that there may be another

echanism that also contributes to boosting the radio emission. 
After Nowak ( 2000 ) used multiple Lorentzian components to fit

he PDS of GX 339-4, Belloni et al. ( 2002 ) proposed a unified
escription of the timing features of accreting X-ray binaries. Belloni
t al. ( 2002 ) studied the high-frequency variability and extended the
orrelation (Psaltis et al. 1999 ) between low frequency QPOs ( νLF 

n the range of around 0.1–100 Hz), low-frequency broadband ( ν l ),
NRAS 514, 2891–2901 (2022) 
nd high-frequency broadband ( νu ) components. In the left-hand
anel of Fig. 5 , we confirm the correlation between νLF and νu in
RS 1915 + 105 with the νLF in the range of around 1–6 Hz, where
e identify the νu component in GRS 1915 + 105 with the high-

requency bump. Our results show that when the QPO frequency
ncreases, the width of the bump increases. This indicates that the
POs and the bump may have the same origin. The properties of the

pectra of the source, which in those observations are dominated by
omptonization (Trudolyubov 2001 ), also contribute to the width of

he bump. The anticorrelation between the width of the bump and the
ardness ratio, as shown in the right-hand panel of Fig. 5 , indicates
hat the Comptonization process can somehow mo v e the bulk of the
igh-frequency variability to lower frequencies, resulting in a drop of
he width of the bump. The correlation between the frequency of the
ump and both the QPO frequency and the hardness ratio is stronger
han that of the frequency of the bump and the QPO frequency alone.
ote that in Fig. 2 the rms of the bump increases when both the QPO

requency and hardness ratio increase. So considering both the effect
f QPO frequency and hardness ratio, as both parameters increase,
he width and the rms amplitude of the bump increase. 

Since the bump is fitted with a zero-centred Gaussian, the width
f the bump in GRS 1915 + 105 is the parameter σ in the Gaussian
unction in the range of 30–250 Hz in our observations (see Fig. 6 ).

e regard the width of the bump as its characteristic frequency.
his frequency range is remarkably similar to the frequency of the
FQPOs in GRS 1915 + 105 at around 41 and 69 Hz (Morgan et al.
997 ; Strohmayer 2001b ; Belloni & Altamirano 2013 ). According
o Belloni et al. ( 2000 ), the HFQPOs appear in the γ class and this
lass reflects transition between states A and B, due to the difference
n the temperature of the inner disc. This difference can contribute
o the ratio between the hard and soft photons, resulting in the state
ransitions. The HFQPOs frequency mentioned abo v e cannot be the
eplerian frequency at the innermost stable circular orbit (ISCO)

round the black hole in GRS 1915 + 105(see discussion in Belloni &
ltamirano 2013 ). Instead, Cui, Zhang & Chen ( 1998 ) suggested that

he HFQPOs in GRS 1915 + 105 are due to the precession of the hot
nner flow close to the black hole, inside the disc truncation radius.
iven all this, and the rms spectrum of the HFQPOs (Morgan et al.
997 ; Belloni & Altamirano 2013 ), the radiative properties of the
FQPOs must arise from Comptonization in the hot electrons in the

orona. This suggests that in the γ class, where narrow HFQPOs are
etected, there is a strong coupling between the disc and the corona,
nd when this coupling is resonant, a narrow QPO appears (M ́endez
t al. 2013 ). The bump, ho we ver, appears in the χ class, which
orresponds to state C (Belloni et al. 2000 ). In the C state, the high-
nergy emission is more dominant than that in the B state (Belloni
t al. 2000 ), suggesting that this may be the cause of hard spectrum
f the bump. In this state, the coupling between the disc and the
orona would be much weaker than that in the state B, and hence the
esonance between the disc and the corona would be more damped in
he χ class than that in the γ class observations, leading to a broader
igh-frequency variability. 
HFQPOs at 66 Hz were disco v ered in the IX class of

GR J17091 − 3624, which is similar to the behaviour of γ class
f GRS 1915 + 105(Altamirano & Belloni 2012 ). This means that
bservations of IGR J17091 − 3624 could potentially be used to test
he proposed link between the bump and the HFQPOs. Testing the
elation to the jet might be more challenging given that the radio
ux is significantly weaker in IGR J17091 − 3624 (Rodriguez et al.
011 ; Gatuzz et al. 2020 ). 
The rms amplitude of the bump we obtain is in the range

–9 per cent for the significant measurements (blue points in



High-frequency variability in GRS 1915 + 105 2899 

F
1  

h  

m  

p
n  

s  

t  

e  

m
t  

t  

3  

a
w

t
p  

a
t
t
n
t
D  

T
m  

Q  

o  

t  

s  

h  

2  

t
f  

b  

s  

e  

t  

l  

e  

s  

u
v

5

W
G

b  

f

a
r

 

i  

∼

b  

t

 

f  

t

 

H  

e  

i
o  

t

A

A  

i
(
B
p
D
P
r
a
a
fi
H  

I

D

T  

E
a
t
w

R

A
A  

A
A  

B
B
B  

B
B  

B
B  

B
B  

B
C
C
C  

C
F

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/514/2/2891/6569718 by D
eutsches Elektronen Synchrotron D

ESY user on 06 July 2022
ig. 2 ), lower than the rms of the simultaneous type-C QPO (3.6–
6.2 per cent), but nearly the same as the amplitude of the second
armonic and the subharmonic of the QPOs (Zhang et al. 2020 ). This
eans that the bump is actually not the dominant feature in the whole

ower spectrum, but only dominant at high frequencies. It is worth 
oting that the rms amplitude of the bump increases with energy, as
een in the rms-energy spectra for the combined fittings in Fig. 7 . This
rend is the same as that of the rms-energy spectra of the QPOs (Zhang
t al. 2020 ), suggesting that the QPOs and the high frequency bump
ay originate from the same region. Since the disc temperature in 

his observation is al w ays under ∼2 keV (Trudolyubov 2001 ) and
he rms amplitude of the bump can be as large as 10–15 per cent at
0 keV, it must be the hot corona that modulates the hard photons
nd produces the bump. In this scenario, the soft photons interact 
ith the hot electrons in the corona and mo v e to high energies. 
Our rms-energy spectra offer the potential to study the properties of 

he corona. A Comptonization model was recently proposed by Kar- 
ouzas et al. ( 2020 ) to fit the spectral-timing properties of QPOs (see
lso Karpouzas et al. 2021 ). The model provides information about 
he physical properties of the corona that are not directly accessible 
hrough time-averaged energy spectrum. Note that this model does 
ot explain the dynamical origin of the QPOs, but assumes that 
he QPO frequency is produced by some mechanisms (e.g. Ingram, 
one & Fragile 2009 ; You, Bursa & Życki 2018 ; You et al. 2020 ).
his Comptonization model was used to study the Comptonizing 
edium in the neutron star 4U 1636 − 53 through the lower kilohertz
POs (Karpouzas et al. 2020 ), and the rms and lag-energy spectra
f the type-B QPOs in MAXI J1348 − 630 (Garc ́ıa et al. 2021 ) and
he type-C QPOs in MAXI J1535 − 571 (Zhang et al. 2022 ). Further
tudies are ongoing to apply this model to the LFQPOs in the black
ole GRS 1915 + 105(see also Karpouzas et al. 2021 ; Garc ́ıa et al.
022 ). Considering that the bump may also originate from the corona
hrough Comptonization, the model can also be applied to the high- 
requency bump. The hard lags of the 67-Hz HFQPO are thought to
e due to the longer path of the hard photons than the path of the
oft photons (Cui et al. 1998 ) and resonance in the corona (M ́endez
t al. 2013 ). Ho we ver, it is still unclear whether the hard photons in
he bump lag the soft photons because we are unable to measure the
ags of the bump using the RXTE data set. Future X-ray missions like
XTP (Zhang et al. 2019 ) and ATHENA (Nandra et al. 2013 ) will be
ensitive enough to measure the lags of the bump, and will help us
nderstand the disc–corona interplay that drives the high-frequency 
ariability in this source. 

 C O N C L U S I O N S  

e studied the high-frequency variability in the PDS of 
RS 1915 + 105. We found that: 

(i) The rms amplitude of a high-frequency bump with frequencies 
etween ∼30 and ∼150 Hz in the X-ray PDS depends both on the
requency of the type-C QPO and the hardness ratio of the source. 

(ii) The rms amplitude of the bump is correlated with the temper- 
ture of the corona and anticorrelated with the simultaneous 15 GHz 
adio flux density of the source. 

(iii) The rms spectrum of the bump is hard, with the rms amplitude
ncreasing from ∼1–2 per cent at ∼3 keV up to ∼10–15 per cent at

30 keV. 
(iv) The characteristic frequency of the bump correlates much 

etter with a combination of the frequency of the type-C QPO and
he hardness ratio of the source than with the QPO frequency alone. 
(v) Due to the low intrinsic coherence of the variability at the
requency of the bump in the cross spectrum, we could not measure
he phase lags of the bump. 

We suggest that the high-frequency bump in the χ class and the 67
z HFQPO in the γ class are the same variability component that is

ither broad or narrow, depending upon the properties of the corona
n these two classes. The anticorrelation between the rms amplitude 
f the bump and the radio emission suggests that in GRS 1915 + 105
he radio jet and and X-ray corona are physi 
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Table A1. Information about the groups defined in Fig. 2 . 

Group Observation IDs 

#01 30703-01-34-00, 70702-01-11-00, 70702-01-11-01 
#02 20402-01-15-00, 20402-01-19-00, 50405-01-02-01, 50405-01-02-00, 92702-01-02-01, 92702-01-02-00, 92702-01-06-00, 30703-01-41-00, 

50703-01-66-00, 50405-01-02-02, 30703-01-35-00, 50703-01-66-01, 50703-01-65-01, 30703-01-24-00, 70702-01-09-00, 40703-01-01-00, 
50703-01-59-01, 60405-01-04-00, 50703-01-59-00, 70702-01-10-00, 60405-01-04-03, 50703-01-64-00 

#03 20402-01-12-00, 20402-01-24-00, 20402-01-16-00, 30402-01-16-00, 40403-01-01-00, 20402-01-11-00, 20402-01-10-00, 20402-01-09-00, 
30402-01-18-00, 92702-01-05-00, 30703-01-24-02, 30703-01-24-01, 90701-01-26-00, 92702-01-03-00, 70702-01-12-01, 20402-01-05-00, 
50405-01-03-00, 30703-01-36-00, 70702-01-14-00, 40703-01-09-00, 70702-01-12-00, 60405-01-03-00, 60405-01-04-05 

#04 20402-01-20-00, 20402-01-18-00, 20402-01-07-00, 70702-01-18-01, 70702-01-18-00, 20402-01-21-00, 20402-01-21-01, 20402-01-14-00, 
20402-01-13-00, 92702-01-01-01, 92702-01-01-00, 20402-01-08-01, 60405-01-04-06, 70702-01-21-01, 50703-01-25-01, 30703-01-33-00, 
92702-01-09-00, 80701-01-12-00, 50703-01-08-00, 92702-01-08-03, 50703-01-28-02, 30402-01-17-00, 70702-01-21-00, 40703-01-02-00, 
70702-01-23-00, 90701-01-18-00, 50703-01-28-01 

#05 92702-01-08-00, 20402-01-08-00, 30703-01-31-00, 92082-03-01-00, 90105-02-04-00, 50703-01-28-00, 20402-01-27-01, 92702-01-08-02, 
92702-01-08-01, 40703-01-05-00, 70702-01-20-01, 70702-01-20-00, 60100-01-02-00, 60702-01-01-02, 40403-01-11-00, 50703-01-62-03, 
60702-01-01-00, 50703-01-62-01, 50703-01-62-00, 20402-01-04-00, 60701-01-06-01, 60701-01-04-00, 50703-01-62-02, 70702-01-22-00 

#06 60702-01-01-10, 40403-01-10-00, 10408-01-42-00, 50703-01-48-00, 50703-01-40-01 ∗, 40703-01-20-01, 50703-01-41-00 ∗

#07 70702-01-07-00, 70702-01-06-01, 50703-01-50-00, 70702-01-06-00, 50703-01-50-01, 50703-01-43-01, 50703-01-43-00, 50703-01-50-02, 
50703-01-43-02, 40116-01-01-05, 40116-01-01-06, 91701-01-49-00, 40116-01-01-04 

#08 50703-01-54-01, 50703-01-54-02, 50703-01-54-00, 50703-01-52-02, 50703-01-67-02, 50703-01-67-00, 50703-01-52-01, 60100-01-01-00, 
50703-01-67-01, 50703-01-52-00, 90701-01-19-00, 60100-01-01-01, 40116-01-01-07, 60701-01-01-01, 60405-01-01-01, 50703-01-51-01, 
50703-01-51-00, 30182-01-01-01, 40703-01-50-02, 40703-01-16-03, 40403-01-09-00, 40116-01-01-00 

#09 60405-01-04-04, 60405-01-04-02, 60100-01-03-01, 50703-01-53-00, 60701-01-01-00, 60405-01-04-08, 60405-01-04-01, 91701-01-22-00, 
50703-01-25-02, 50703-01-25-00, 40703-01-50-00, 91701-01-50-00, 60405-01-04-07, 50703-01-53-01, 40703-01-50-01, 50703-01-53-02, 
30703-01-23-01, 50703-01-55-00, 40703-01-51-03, 40703-01-51-01, 40703-01-49-02, 40703-01-49-01, 30182-01-01-00, 40116-01-02-01, 
40116-01-01-03, 80701-01-11-01, 40703-01-21-00, 40116-01-02-03, 40116-01-02-02, 40703-01-15-01, 70702-01-24-00, 50703-01-46-00, 
40703-01-49-00, 40703-01-21-02, 40703-01-21-01, 40116-01-01-02, 50703-01-49-00, 50703-01-44-01, 40116-01-02-00, 40703-01-15-02, 
40116-01-01-01, 30182-01-02-01 

#10 50703-01-55-01, 80701-01-11-00, 40703-01-51-02, 80701-01-11-02, 60405-01-01-00, 40703-01-51-00, 60701-01-05-01, 50703-01-56-00, 
60701-01-05-00, 30703-01-23-00, 50703-01-46-01, 30182-01-04-02, 40116-01-02-07, 40116-01-02-06, 10408-01-45-00, 40703-01-17-00, 40116-01-02-05 

#11 50703-01-27-03, 50703-01-46-02, 60702-01-01-01, 50703-01-24-01, 60701-01-06-02, 60701-01-06-00, 40116-01-02-04, 91701-01-30-01, 
91701-01-30-00, 70702-01-25-00, 20402-01-02-01, 50703-01-45-00, 70702-01-25-01, 60701-01-04-02, 50703-01-45-01, 50703-01-41-03, 50703-01-41-02 

#12 20402-01-01-00, 50703-01-40-02 ∗, 70702-01-04-00 ∗, 50703-01-41-01 ∗, 50703-01-40-03, 40703-01-20-00 ∗, 70702-01-04-01, 70702-01-04-02 ∗, 
90105-01-03-01, 90105-02-03-00, 90105-02-01-00 ∗, 90105-02-01-01 ∗

#13 90701-01-03-00, 90701-01-05-00, 30703-01-20-00, 70702-01-01-00, 20402-01-50-00, 90701-01-04-00, 80188-03-01-01, 90108-01-06-00, 
80701-01-01-00, 60701-01-29-00, 20402-01-50-01, 90701-01-02-03, 90701-01-02-00, 80188-02-01-00, 60701-01-33-01, 10258-01-02-00, 
90701-01-02-02, 90701-01-02-01, 80701-01-01-01, 70702-01-08-00, 60701-01-33-00, 70702-01-08-01, 90701-01-01-00, 80188-01-01-03, 
80188-01-01-04, 80188-01-01-00 

#14 40703-01-16-02, 90108-01-04-00, 40703-01-16-01, 80701-01-01-02, 40703-01-44-03, 20402-01-51-00, 90108-01-05-00, 40703-01-45-00, 
40703-01-16-00, 30703-01-19-00, 91701-01-44-00, 40703-01-45-01, 40703-01-42-03, 40703-01-42-01, 80701-01-02-00, 40703-01-42-02, 
91701-01-45-00, 90108-01-03-00, 40703-01-42-00 

#15 40703-01-47-00, 50703-01-42-01, 50703-01-42-02, 50703-01-42-00, 91701-01-44-01, 91701-01-14-01, 70702-01-05-03, 30703-01-22-01, 
30703-01-22-00, 30703-01-21-00, 80701-01-02-01, 70702-01-05-01, 70702-01-05-02, 40703-01-41-05, 80701-01-02-02, 90701-01-07-01, 
90701-01-07-00, 40703-01-43-00, 40703-01-41-04, 91701-01-43-01 

#16 70702-01-03-01, 70702-01-03-00, 40703-01-17-01, 70702-01-05-00, 90701-01-06-00, 90108-01-02-00, 90412-01-01-00, 40703-01-44-02, 
40703-01-44-01, 91701-01-43-00, 91701-01-42-01, 40703-01-44-00 

#17 30703-01-18-00, 90701-01-08-00, 80127-05-05-01, 80127-05-05-02, 80127-05-05-00 
#18 90105-01-03-00, 90105-02-02-00, 90105-02-01-02, 20186-03-02-05, 60701-01-31-01, 20402-01-47-01 
#19 60701-01-28-00, 90701-01-01-02, 80188-01-01-01, 70702-01-51-00, 60701-01-24-02, 60701-01-24-01, 30703-01-17-00, 80188-01-01-02, 

60701-01-25-01, 60701-01-25-00, 60701-01-24-00, 70702-01-50-01, 70702-01-50-00, 60701-01-26-00, 60701-01-26-01, 91701-01-03-01, 
60701-01-26-02, 91701-01-03-00 

#20 70702-01-54-01, 80127-02-02-01, 80127-02-03-00, 60701-01-26-03, 70702-01-54-00, 70702-01-52-00, 80127-02-01-01, 80127-02-02-02, 
40703-01-41-01, 30703-01-16-00, 40703-01-41-00, 91701-01-04-00, 70702-01-47-01, 91701-01-02-02, 91701-01-02-00, 90105-05-03-05, 70702-01-47-00 

#21 40703-01-41-02, 30402-01-12-02, 30402-01-12-03, 30402-01-12-01, 40703-01-41-03, 60701-01-30-01, 60701-01-30-02, 90105-05-03-04, 
30703-01-15-00, 30402-01-12-00, 91701-01-02-01, 60701-01-30-00, 30703-01-14-00, 30402-01-10-00, 91701-01-32-01, 91701-01-32-00, 
91701-01-07-00, 70702-01-48-01, 90701-01-50-00, 90701-01-48-00, 70702-01-48-00, 90701-01-50-01, 80127-02-02-00 

#22 30402-01-09-00, 70702-01-32-02, 30402-01-09-01, 70702-01-32-01, 91701-01-42-00, 20402-01-49-01, 70702-01-32-00, 60701-01-23-01, 
60701-01-23-00, 70703-01-01-14, 70703-01-01-08 

#23 70703-01-01-10, 70703-01-01-13, 70703-01-01-12, 91701-01-34-00, 91701-01-34-01, 70703-01-01-07, 70703-01-01-11, 70703-01-01-05, 
91701-01-06-00, 91701-01-31-00, 70702-01-44-00, 80701-01-40-01, 70703-01-01-04 

#24 90105-07-02-00, 90105-07-01-00, 90105-07-03-00, 70703-01-01-03, 70702-01-44-01, 70702-01-46-00, 20402-01-48-00, 70703-01-01-02, 
60701-01-20-00, 70702-01-45-00, 91701-01-33-01 

1 The observation IDs marked with ∗ in groups #01–#06 are the insignificant measurements for the bump. Thus these observations are excluded in the combined fitting. 
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