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A B S T R A C T 

X-ray quasi-periodic oscillations (QPOs) are a characteristic feature of low-mass X-ray binaries (LMXBs). These oscillations 
have been studied for decades and revealed a rich and complex phenomenology that is still not fully understood. RXTE 

archival studies have shown that the amplitude of these oscillations differs significantly between black holes (BH) with 

high or low inclination. Yet, the actual dependence on inclination has never been adequately estimated. Thanks to the 
improvement of inclination measurements through radio observations and the recent observations by the HXMT satellite, 
we quantified for the first time the dependence of Type-C QPO amplitudes on the jet inclination of individual BH LMXBs. 
Our analysis reveals the presence of a significant linear correlation up to 8 Hz, strengthening the case for a ‘geometrical’ 
origin of the QPOs. In addition, for a given QPO frequency, we observe systematically lower amplitudes during the decay 
of outbursts compared to the rise. This data collection represents a key benchmark for any QPO model. Our comparison 

with the predictions from a precessing hot flow shows that the amplitude of the QPOs can be reproduced by this scenario 
if the spin-orbit misalignment is at least ≈10–15◦. 

Key words: accretion, accretion discs – stars: black holes – stars: jets –X-rays: binaries. 
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 INTRODUCTION  

lack hole low mass X-ray binaries (BH LMXBs) are galactic 
ecur-rent transients which contain a stellar-mass BH accreting 
atter froma donor star with a mass of ≤1 M � . During their
ctive phase, these systems show a complex evolution in the 
-rays, characterized by two alternating main physical compo- 
ents (Fender, Belloni & Gallo 2004 ; Done, Gierliński & Kub- 
ta 2007 ). In the initial phases of the outburst, referred to as
he hard state, the X-ray spectrum displays a strong non-thermal 
omponent, showing a power law spectrum with an index which 
an vary between ≈1.5-2 (see e.g. Zdziarski & Gierliński 2004 
 Sobolewska et al. 2011 ). Thisis typically associated with an 
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ptically-thin, geometrically-thick accretion flow, sometimes re- 
erred to as ‘corona’. As the outburst continues, the spectrum 

ecomes softer, and a thermal black body component appears. 
his is generally associated with an optically thick, geometrically 
hin accretion disc (see e.g. Shakura & Sunyaev 1973 ; Kubota
 Makishima 2004 ). This latter regime is referred to as the soft
tate. During the decay of the outburst, the spectrum remains 
oft and goes back to a harder spectrum at a luminosity lower
han the hard-to-soft transition. The alternation between disc and 
orona dominated spectra gives rise to a typical Q-shaped track 
hen analysingthe evolution of X-ray hardness versus intensity 
Belloni et al. 2005 ). The origin of this behaviour and the exact ac-
retion/ejection geome-try evolution during the outburts are still 
oorly understood, and still a matter of debate (see e.g. Marcel et
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l. 2020 ; De Marco et al. 2021 ; Wang et al. 2022 ; Kawamura et
l. 2023 ; Uttley & Malzac 2025 ). 
BH LMXBs are also known to show strong emission at lower

nergies, from radio to optical-infrared (O-IR) wavelength (Cor-
el & Fender 2002 ; Gandhi et al. 2011 ). Especially during the
ard state, a flat spectral component is observed across this wave-
ength regime. While the radio emission is typically explained
n terms of synchrotron emission from a compact jet (Blandford
 Königl 1979 ; Pe’er 2014 ), it has been shown that the O-IR
and can also have a contribution from the hot flow via syn-
hrotron emission (Veledina, Poutanen & Vurm 2013a ; Veledina
t al. 2017 ) or irradiation (e.g. Hynes et al. 2009 ). Intensive mon-
toring of these objects showed that while the jet is quenched
n the soft state, strong discrete ejecta are observed during the
ard-to-soft transition (Fender, Belloni & Gallo 2004 ; Bright et
l. 2020 ). Tracking of the proper motion of these blobs has al-
owed us to estimate key quantities of the jet, such as inclination,
nergetics and properties of the surrounding medium (Mirabel &
odríguez 1994 ; Bright et al. 2020 ; Carotenuto et al. 2022 ; 2024 ).
One of the most remarkable properties of BH LMXBs is the
resence of strong, stochastic fast variability in their X-ray emis-
ion (Van der Klis 1989 ; Belloni et al. 2000 ). Such fluctuations
re mainly observed in the hard state and are associated with
he presence of the hot Comptonizing medium. In the Fourier
omain, this variability shows a very broad, band-limited power
ensity spectrum (PDS) that spans over a wide range of frequen-
ies (i.e. between ≈ mHz and ≈100 Hz). Characterization of this
ariability led to the identification of characteristic breaks in the
DS, which evolve during the outburst, showing a consistent shift
owards higher frequencies as the system moves towards the soft
tate (Belloni et al. 2005 ). 
Since the early X-ray timing studies, it has also been known that
MXBs show narrow quasi-periodic oscillations (QPOs; see e.g.
elloni, Psaltis & van der Klis 2002 ; Casella et al. 2004 ) between
.01 and 100 Hz. In BH LMXBs, QPOs can be classified as High
requency, if found above ≈60 Hz, or low frequency, if found
elow ≈30 Hz (Ingram & Motta 2019 ). Low frequency QPOs
ave been divided in three categories (Casella et al. 2004 ): Type
 are weak signals, which are observed during the soft state at
8 Hz and have been rarely detected; Type B have been almost
xclusively observed in the latest stages of the transition between
he hard and soft state. They are distinguishable by the absence of 
roadband noise and are typically observed in the 4–8 Hz range
Motta et al. 2015 ); finally, Type C are typically seen across the
ard and hard-intermediate state in the 0.01–10 Hz range, and
an be identified by the presence of broad-band noise. Type C
POs also evolve during the outburst, and as the characteristic
requencies of the noise, they also shift towards higher frequen-
ies as the system moves towards the soft state. Given the large
ange in frequency and their presence across the most luminous
tages of the hard/hard-intermediate state, historically, most of 
he efforts on explaining low-frequency QPOs have focused on
ype C. In this paper, we will focus only on this QPO class. 
Despite decades of studies, the physical origin of Type C QPOs

emains uncertain. Since the early 90s, the coherence of these os-
illations has led to associating this phenomenon with some kind
f Keplerian motion close to the central object (Alpar et al. 1992 ;
iller, Lamb & Psaltis 1998 ; Stella & Vietri 1998 ). This link was
trongly supported by the presence of a significant correlation be-
ween the frequencies of the QPOs and the breaks in broad-band
oise (Psaltis, Belloni & van der Klis 1999 ). Such a correlation
as successfully modelled with the relativistic precession of rings
NRAS 549, 1–11 (2026)
f matter, allowing to put tight constraints on the fundamental
arameters of the central BH: i.e. mass and spin (Stella, Vietri &
orsink 1999 ; Motta et al. 2014a , b ). 
Although some models also attempted to reproduce the QPOs

hrough some kind of accretion instability (see e.g. Tagger &
ellat 1999 ; Varnière & Tagger 2002 ; Ingram & Motta 2019 ), fur-
her observational studies consolidated the geometrical origin.
ne of the most constraining results has been the discovery of 
 dichotomy in the QPO amplitude between high inclination
nd low inclination sources, with the first showing systemati-
ally higher amplitude than the second (Schnittman, Homan &
iller 2006 ; Motta et al. 2015 ). Later works also showed that
ther QPO properties also depend on inclination: the phase
ag of the fundamental (van den Eijnden et al. 2017 ) and the
aveform (Ruiter et al. 2019 ). These results strongly supported
odels based on the precession of the inner hot flow (Ingram,
one & Fragile 2009 ; Ingram & Done 2012 ; Zycki, Done & In-
ram 2016 ). In particular, follow-up studies showed that a trun-
ated geometrically thick disc undergoing Lense-Thirring preces-
ion could explain the frequency evolution of the power spec-
rum through the outburst, as well as its spectral modulation
Ingram & Done 2010 ; Ingram et al. 2016 , 2017 ; You, Bursa &
˙ ycki 2018 ). 
Despite the success of this interpretation, new studies showed
n inconsistency between the hot flow’s external radius inferred
rom Lense–Thirring precession and the one obtained with other
pectral-timing observations (see e.g. Marcel & Neilsen 2021 ;
athan et al. 2022 ). More recently, alternative approaches have
ttempted to model QPOs also by fitting their X-ray rms and
ag spectrum with a Comptonization model from a spherical
loud, without any assumption on the origin of the oscillations
Bellavita et al. 2022 ; Méndez et al. 2022 ). Although this approach
s still partly phenomenological, it did successfully reproduce the
volution of several BH LMXBs with one or two Comptoniz-
ng clouds of variable size (see also Ma et al. 2023 ; Alabarta et
l. 2025 ). 
Given the uncertainty regarding the origin of the QPOs, it is

mportant to build a general test for any model that wants to
eproduce this phenomenon. For instance, the spectral-timing
ifferences between the rising and decaying phases of the out-
ursts offer a strong opportunity to shed light on the origin of 
POs (Kalemci et al. 2006 ; Muñoz-Darias, Motta & Belloni 2011 ;
ahdat Motlagh, Kalemci & Maccarone 2019 ). It has been shown
hat the overall broad-band absolute variability is lower during
he decay compared to the rise (Muñoz-Darias et al. 2011 ). More-
ver, recently it has been shown that, at the same frequency, the
PO rms of H 1743 −322 during the decay is significantly lower
han during the rise (Shui et al. 2023 ). Despite this, a detailed
omparison of the QPO properties between these two states is still
issing. 
Also, as shown by past studies, the inclination dependence of 
POs is clearly a very powerful diagnostic (Schnittman et al.
006 ; Motta et al. 2015 ). Yet, the actual trend has never been
dequately quantified so far. Schnittman et al. ( 2006 ) did attempt
o quantify it with direct inclination measurements, but their
ample was too small to reach strong conclusions. Given this,
ater works divided sources into only broad categories (i.e. ‘high’
nd ‘low’ inclination systems; see also van den Eijnden et al.
017 ). 
This paper aims to address the current gap and to re-perform a
ystematic study to determine the actual dependence of the am-
litude on inclination. It is important to highlight that different
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inds of inclination can be measured in LMXBs: one associated 
ith the orbital plane, one with the accretion flow, and another
ith the direction of the jet. While it is usually assumed that the
et is perpendicular to the disc, both theory and observations do 
ndicate that these two components are not necessarily orthogo- 
al (Fragos et al. 2010 ; Liska et al. 2018 ; Miller-Jones et al. 2019 ;
outanen et al. 2022 ; Zdziarski et al. 2023 ). This suggests caution
hen selecting the inclination of the system. Given this, we de- 
ided to study only objects that have well-defined jet inclinations. 

 THE  SAMPLE  

ith this work, we want to connect three quantities: jet incli- 
ation, QPO amplitude, and QPO frequency . For the jet inclina-
ion, we considered the measurements obtained from the ballis- 
ic motion of the discrete ejecta during the hard-to-soft spectral 
ransition. A recent study by Fender & Motta 2025 has shown
hat LMXBs have two different kinds of jets: fast ones ( vjet /c =
> 0 . 9 ), which have a fixed direction and slow ( β < 0 . 9 ) ones,
hich can change orientation. Our selection focuses only on the 
ast ones. Regarding QPOs, given their typically hard spectrum ( 
asella et al. 2004 ; Casella, Belloni & Stella 2005 ), we focused our
earch on the sources detected by instruments with an effective 
rea between 2 and 25 keV: RXTE and HXMT . 
After a literature search, we found six BH LMXBs which 
et our criteria in the RXTE archive: 4U 1543 −47, XTE
1550 −564, GRO J1655 −40, H 1743 −322, XTE J1752 −223, 
nd GRS 1915 + 105. Within the HXMT archive, we considered
hree very bright recent transients: MAXI J1348–630, MAXI 
1820 + 070 and Swift J1727.8–1614. While only the first two 
ave well-defined jet-inclination measurements, we decided to 
lso include the third object due to the exceptional wealth of 
PO detections. A summary of the objects used for this work,
ncluding mass and inclination of each system, is shown in Table 
 . Not all systems contain a dynamically confirmed BH. Among 
he ones with actual measurements, the masses span a range 
rom ≈5 to ≈12 M� (Corral-Santana et al. 2016 ). 

 ANALYSIS  

.1 Quantifying the QPO amplitude 

XTE: Systematic studies of the QPO of the RXTE archive have 
een performed by Motta et al. ( 2015 ) and Zhang et al. ( 2020 ).
o be consistent with previous studies, we estimated QPO prop- 
rties using the same methodology and energy range used by 
otta et al. ( 2015 ) (2–25 keV). Power spectra were computed
sing 128-s-long segments up to a Nyquist frequency of 1024 Hz. 
bservations were fitted using a multi-Lorentzian model. We 
sed observations which had low-frequency ( < 30 Hz), relatively 
arrow features (quality factor Q > 2) on top of the broadband
oise. Only QPOs detected at a significance greater than 3 σ were 
onsidered. Unlike Motta et al. ( 2015 ), however, we focused only
n the amplitude of the fundamental peak (i.e. the strongest peak 
n the power spectrum). The rms was computed as the area of the
orentzian associated with the QPO. 
HXMT: None of the three instruments of HXMT (LE, ME, 
nd HE) entirely share the same energy range of the PCA on
XTE . Thus, to compare the results with RXTE , we combined the
PO amplitudes measured in the 2–10 keV ( LE ) and 10–25 keV

 ME) bands to obtain an equivalent 2–25 keV rms. The fractional
quared rms can be obtained using the following weighted aver- 
ge (see appendix for the formal derivation): 

r ms2 equiv. = r ms2 LE ·W 2 
LE + rms2 ME ·W 2 

ME 

+2
√ 

rms2 LE ·W 2 
LE · rms2 ME ·W 2 

ME 

(1) 

here the weights for each instrument WXX are defined as: 

2 
XX =

< CRXX >2 

< C RLE + C RME >2 (2) 

nd CRXX represents the count rate in a given instrument ( LE or
E). 
We proceeded by extracting the background-subtracted 
nd deadtime-corrected light curve files ( lcnet ) using the 
pipeline command of HXMTDAS v2.06 for LE and ME in the
–10 and 10–25 keV energy range. Using those light curve files,
e computed the PDS in fractional units following Vaughan et 
l. ( 2003 ). We used a 1/512 s time resolution and estimated the
oisson noise level, which can be affected by deadtime, by fitting
 constant to the power spectrum in the 200–256 Hz range, where
he intrinsic source variability is negligible. We then obtained 
he rms by fitting the PDS with a multiple Lorentzian fit (Belloni
t al. 2002 ). The resulting rms versus frequency plots of the LE
nd ME are shown in Fig. 1 . At low frequencies, the QPO rms
s similar in both energy bands, although for MAXI J1820 + 070,
he rms is slightly higher between 2–10 keV and vice versa for
wift J1727.8 −1613. At higher QPO frequencies, the LE QPO 

ms decreases while the ME rms remains high for both Swift
1727.8 −1613 and MAXI J1348 −630. As also shown in the plot,
ome of MAXI J1348 −630 observations showed a significant 
PO only in the ME band: these points were excluded from the
nalysis. 

.2 QPOs during the outburst decay 

s noted in Motta et al. ( 2015 ), even when considering a single
bject, the rms–frequency relation can show a very large scatter. 
his represents an obstacle to quantifying the actual dependence 
n inclination. Interestingly, Shui et al. ( 2023 ) recently showed
hat the rms of the high-inclination source H 1743–322 is signif-
cantly lower in the decay than in the rise of the outburst. Thus,
s a first step, we decided to investigate further this effect and
nspected the individual relation of the objects with high number 
f observations and a clear transition back to the hard state: XTE
1550 −564, GRO J1655–40 and H 1743 −322. 
We divided the observations into two categories: those taken 
uring the rising phase of the outburst (i.e. before the transition
o the soft state) and those taken during the decay (i.e. after the
everse transition). The results for the three objects are shown in
ig. 2 . All objects show that the decaying phase has a lower QPO
mplitude than the rise, especially in the range between ≈0.5 and
2–3 Hz. Ignoring for the moment the physical reasons behind 
uch a behaviour, this clearly shows that the QPOs from these
wo states have to be analysed separately. Thus, from this point
nwards, only the QPOs from the rising part of the outburst will
e considered. 

.3 QPO evolution versus frequency and inclination 

n Fig. 3 , we show the resulting rms–frequency diagram using the
ources from both our RXTE and HXMT samples. By checking 
MNRAS 549, 1–11 (2026)
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M

Table 1. Average rms in the 2–25 keV band for all the sources in our sample during their rising phase. QPOs were divided into four different frequency 
bins. For each source, we also list the satellite used for the rms measurement, the jet inclination angle ( ijet ), the BH mass (when known) and the references 
from which these measurements were taken. The number in parentheses indicates the number of QPOs used to compute the average rms for that 
frequency bin. 

Satellite Source ijet (◦) BH Mass ( M�) < 1 Hz 1–4 Hz 
rms 
(%) 4–8 Hz 8–10 Hz Ref. 

RXTE 
4U 1543 −47 < 30 8–10 – – 2.1 ±0.3 (3) – [1,2] 
XTE J1550 −564 74 ±9 8-14 14.5 ±0.2 (20) 13.1 ± 0.2 (20) 9.5 ± 0.6 (25) – [3,4] 
GRO J1655 −40 85 ±2 6 ±0.4 11.3 ±1 (10) 21 ±0.3 (4) – – [5,6] 
H 1743 −322 75 ±5 – 14.5 ±0.4 (14) 13.8 ±0.4 (23) 8.4 ±0.6 (13) 4.6 ±0.1 (1) [7] 
XTE J1752 −223 18 ±6 – – 3.5 ±0.01(1) 4.1 ±0.2 (1) – [8] 
GRS 1915 + 105 60 ±3 10-12 10.4 ±0.9 (52) 12.7 ±1.3 (464) 7.5 ±1.8 (104) – [9,10] 

HXMT 
MAXI J1348 −630 30+20 

−10 – 6.5 ±0.1 (7) 5.5 ±0.3 (1) 4.2 ±0.1 (2) – [11] 
MAXI J1820 + 070 60 ±1 8 ±1 10.7 ±0.4 (8) – – – [12,13] 
Swift J1727.8 −1613 < 67 > 3 14.4 ±0.2 (28) 12.5 ±0.1 (128) 6.4 ±0.2 (62) 2.9 ±0.1 (3) [14,15] 

Note. References: [1] Zhang et al. ( 2025 ) [2] Orosz et al. ( 1998 ) [3] Steiner & McClintock ( 2012 ) [4] Orosz et al. ( 2011 ) [5] Hjellming & Rupen ( 1995 ) 
[6] Shahbaz ( 2003 ) [7] Steiner, McClintock & Reid ( 2012 ) [8] Carotenuto et al. ( 2024 ) [9] Reid & Miller-Jones ( 2023 ) [10] Vincentelli et al. ( 2023 ) [11] 
Carotenuto et al. ( 2022 ) [12] Cooper et al. ( 2025 ) [13] Torres et al. ( 2020 ) [14] Wood et al. ( 2025 ) [15] Mata Sánchez et al. ( 2025 ) 

Figure 1. The individual fractional rms measurements of the QPO for 
three sources with the HXMT LE and ME instruments in the 2 −10 and 
10 −25 keV range. At low QPO frequencies, the measured rms values are 
similar, while above ∼2 Hz, the QPO is much stronger in the harder 
energy band. 
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1 https://docs.scipy.org/doc/scipy/reference/odr.html 
he evolution of each object individually, it is clear that differ-
nt sources draw specific tracks, defining a somewhat specific
plateau’for νQPO < 4 Hz, before showing a significant drop in rms
or νQPO > 4 Hz. Given this, similarly to Schnittman et al. ( 2006 ),
e estimated the average rms for 4 different QPO frequency
anges: 0–1, 1–4, 4–8 and 8–10 Hz. If more than 3 data points
er bin were found, we computed the errors in each bin as the
tandard deviation, otherwise standard propagation was used. 
We then tested whether there was any trend between the QPO
mplitude and jet inclinations (see Table 1 ). Given that the 8–
0 Hz band had only two sources, we discarded those points from
he rest of the analysis. The resulting rms–inclination diagrams
re shown in Fig. 4 . Not all objects have a detection in all fre-
uency ranges; thus, not all diagrams have the same number of 
ata points. Our results suggest the existence of a linear correla-
ion between the two quantities, but, due to the limited number
f sources, other trends are still allowed (see also Section 4.3 ). In
eneral, the correlation appears to become shallower above 4 Hz.
NRAS 549, 1–11 (2026)
Given the low number of datapoints we quantified the cor-
elation between rms and inclination using both Pearson and
pearman coefficient (performed excluding points with only up-
er limits on the inclination). In both cases, the tests revealed
 high correlation coefficient across all bands (see Table 2 ). The
ightest correlation was observed between 1 and 4 Hz, while the
owest was below 1 Hz. We also performed a linear fit on the
ata to quantify the actual trend. Given the large errors in the
nclination, we used the scipy implementation of the Orthogonal
istance regression 1 , which accounts for errors in both the x- and
 -axes (Boggs & Donaldson 1989 ; Virtanen et al. 2020 ). Also in
his case, upper limits were excluded from the fit. The results are
eported in Table 2 , and the resulting curves are shown in Fig. 4 .
s reflected in the correlation coefficient, the tightest relation is
etween 1 and 4 Hz. 

 DISCUSSION  

e performed a systematic analysis of the dependence of Type
 QPO amplitude on jet inclination, dividing RXTE and HXMT
ata into various frequency bands. Our analysis showed two main
esults: 
1) For sources with an inclination higher than ≈ 70◦, the am-
litude of the QPOs during the decay is significantly lower than
uring the rise. 
2) The amplitude of Type C QPOs is tightly correlated with the

et inclination. 
QPOs are fundamental features of accreting BH LMXBs, and
et they are still very poorly understood. Both these results have
mplications on our understanding of this key phenomenon. In
he next sections, we will go through these points individually. 

.1 On the different rms between rise and decay 

ur analysis reveals that, at comparable QPO frequencies, the
ractional rms during the decay phase is systematically lower
han during the rise, particularly in high inclination systems.

https://docs.scipy.org/doc/scipy/reference/odr.html
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Figure 2. RMS versus frequency diagram for the 3 sources with the highest inclination and the highest number of detections. The filled red points 
represent the data in the rising phase of the outburst, empty blue points were observed during the decay. 

Figure 3. 2–25 keV average RMS versus frequency diagram of our sam- 
ple using data only from the rise of the outburst. Different sources, each 
with a different jet inclination, have clear individual tracks. 
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o  
his could explain why no QPOs are observed during the decay
f most BH LMXBs. Given that low-inclination systems already 
xhibit intrinsically lower amplitudes, the additional attenuation 
bserved during the decay makes the detection during this phase 
ery challenging. In this regard, it is also interesting to notice
hat there has been growing evidence of weaker QPOs during 
he decay also in lower inclination systems. On one hand, evolv-
ng optical-infrared QPOs have been detected during this state, 
ithout a significant X-ray counterpart (Gandhi et al. 2010 ; Vin-
entelli et al. 2019 ). On the other hand, recent analyses of nicer
ata are revealing the presence of so-called ‘hidden’ components, 
hich are visible only in the cross-spectrum and not in the power
pectrum (Alabarta et al. 2025 ; Bellavita et al. 2025 ). Although the
nterpretation of these ‘imaginary’ QPOs is still under discussion 
see also Veledina, Poutanen & Ingram 2013b ; Veledina 2018 ;
önig et al. 2024 ; Fogantini et al. 2025 ), their lower amplitude
POs are in line with our findings. 
In this regard, it is interesting to notice that during the outburst
f MAXI J1820 + 070, the source luminosity decreased by a factor
MNRAS 549, 1–11 (2026)
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Figure 4. 2–25 keV QPO RMS versus jet inclination in three frequency ranges: < 1 Hz (Left panel), 1–4 Hz (Central panel) and 4–8 Hz (Right panel). 
Black-filled points are obtained from the RXTE archive, while empty blue points are obtained from HXMT . All frequency bands exhibit significant 
correlations. The dashed lines represent the best linear fits using an orthogonal distance regression, and the grey areas represent the 1 σ confidence 
intervals. 

Table 2. Correlation analysis. We report the number of data points used, the Pearson and 
Spearman correlation coefficient ρ, its associated p-value and the results of the linear fit 
(rms = m ijet + q ) of the rms versus inclination data in the different frequency bands. The 
last column also shows the sum of the squared residuals (on both the x -and y -axes) divided 
by the number of degrees of freedom. 

Band Npoints ρP ( p-value) ρS ( p-value) m q S/d.o.f. 

< 1 Hz 6 0.81 (0.04) 0.77 (0.05) 0.14 ±0.03 1.9 ±1.7 4.2 
1–4 Hz 6 0.96 (0.003) 1 (0.001) 0.25 ±0.03 −1.8 ± 1.8 2.2 
4–8 Hz 5 0.86 (0.06) 0.79 (0.05) 0.08 ±0.02 2.7 ± 1.3 2.1 
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f a few during the bright hard state, called the ‘bright decline’
y De Marco et al. ( 2021 ). During the bright decline, the QPO
mplitude decreases, as is visible in Figs 1 and 3 as the track
etween ∼0.2 and 0.4 Hz, where the QPO amplitude decreases
or lower frequencies (and luminosities). This may indicate that
he discrepancy in QPO amplitude between the rise and decay is
aused by their different accretion rates and not by the phase (ris-
ng/decaying) of the source (see also Bollemeijer & Uttley 2025 ). 
From a physical point of view, the presence of weaker QPOs
nd broad-band noise in the lower branch of the hardness in-
ensity diagram indicates that the accretion flow has properties
ifferent from those of the rising phase. Different kinds of obser-
ations are supporting this scenario. For the case of H 1743–322,
hui et al. ( 2023 ) showed that the different rms can be explained
ith a different aspect ratio of the hot flow. Interestingly, different
adiative properties between the rise and decay of the outburst
ere also found by Barnier et al. ( 2022 ) using X-ray and radio
easurements of GX 339 −4. More recently, IXPE observations
f Swift J1727.8 −1613 showed that the same polarization degree
nd angle of the rise are recovered back in the hard state decay,
uggesting a similar geometry (Veledina et al. 2023 ; Ingram et
l. 2024 ; Podgorný et al. 2024 ) This was well modelled by using
 medium that, compared to the rising phase, has a higher cut-off
emperature and a lower optical depth (Podgorný et al. 2024 ). 

.2 On the rms versus jet inclination correlation 

he inclination of the system is expected to play a key role in
haping the phenomenology of BH LMXBs (Schnittman et al.
006 ; Muñoz-Darias et al. 2013 ; Heil, Uttley & Klein-Wolt 2015 ;
otta et al. 2015 ; Motta, Casella & Fender 2018 ; Reig & Kylafis
019 ). Due to the difficulty in measuring the inclination, most
NRAS 549, 1–11 (2026)
f the studies have focused on dividing the sources into two
roadly identified high and low inclination groups. Thanks to
he recent advancement in radio facilities and the significant
ncrease of QPO detections with HMXT , in this work, we used
easurements from individual sources, allowing us to quantify
he actual rms versus jet inclination dependence. Our results
how that a significant correlation is clearly present across a wide
ange in frequency, confirming that inclination is a key factor
or the detectability of QPOs. This result strongly favours a non-
xisymmetric, geometrical modulation mechanism. Any model
nvoking purely isotropic luminosity oscillations in a spherical
onfiguration is naturally disfavoured by the observed inclination
ependence. 
We also notice that above 4 Hz, this correlation is weaker than
t lower frequencies. This is most probably due to a strong disc-
omponent contamination during the hard-to-soft spectral tran-
ition. This might also explain why the rms–frequency evolution
f the sources shows a hard cutoff around 4–8 Hz. This can be
learly seen in the rms evolution of Swift J1727.8 −1613, which
hows a drop only below 10 keV (Fig. 3 ). A detailed analysis
beyond the scope of this paper) of the absolute rms spectrum of 
hese QPOs is necessary to adequately disentangle the intrinsic
ariability of this component (see e.g. You et al. 2018 ). On this
egards, it is also interesting to note that the the cut-off frequency
f the rms seems to have a spread around 5–10 Hz. A possible ori-
in of this behaviour might be due to the different masses of the
ources. We can expect a scaling law with mass for the QPO prop-
rties from both observational (Motta et al. 2014a , b ) and theoreti-
al arguments (Ingram & Motta 2019 ). The systems of our sample
hat have a well defined mass and high frequency cut-off are only
RS 1915 + 105 ( ≈ 10- 12 M�; Steeghs et al. 2013 ; Reid et al. 2014 ;
eid & Miller-Jones 2023 ), XTE J1550 −65O; ( MBH ≈ 8- 14 M�
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rosz et al. 2011 ) and (if we consider also data from the decay)
RO 1655–40; ( ≈ 6 M�; Shahbaz 2003 ). This limitation does not
llow us to adequately investigate the dependence of this effect on
ass. In the future, a larger sample of sources could allow us to
nderstand how the QPO properties in general depend on mass 
and/or other parameters). 
As mentioned above, several models have been developed to 
xplain QPOs. Our new rms–inclination data set therefore can 
lace strong constraints on the different proposed scenarios (for 
eviews and discussion about these models, we refer the reader to
ngram & Motta 2019 ; Ferreira et al. 2022 ; Buisson et al. 2025 ) 
One of the earliest models proposed to explain low-frequency 
POs is the accretion–ejection instability, in which a global spiral 
ensity wave forms in the inner regions of a magnetized accre- 
ion disc and can modulate the X-ray emission (see e.g. Tagger 
. Pellat 1999 ). While it has been shown by Motta et al. ( 2015 )
hat these kinds of models cannot explain all the different types
f QPOs, the non-axisymmetric structure which arises in this 
nstability is such that an inclination dependence of the QPO 

s expected (see e.g. Varniere & Vincent 2016 , 2017 ). However,
ccording to the presented calculations, the intrinsic amplitude 
f the oscillation should increase with frequency. This does not 
eem to be the case for a large fraction of sources, even above
0 keV, where the disc contribution is negligible (see e.g. Fig. 1
r also Li et al. 2013 ; Zhang et al. 2020 ). Further tests of this
cenario are therefore needed to assess whether different model 
arameters could reproduce the observed rms–inclination QPO 

elation. 
A model that has recently become popular relates how the 
ot Comptonizing medium would respond to an external per- 
urbation (see e.g. Karpouzas et al. 2020 ; García et al. 2021 ;
astichiadis, Petropoulou & Kylafis 2022 ; Méndez et al. 2022 ; 
a et al. 2023 ; Alabarta et al. 2025 ; Zhang et al. 2026 ). By
ssuming a spherical geometry (see e.g. Bellavita et al. 2022 ; 
astichiadis, 2026 ), this approach successfully reproduced the 
bserved energy, rms and lag spectrum, constraining the size of 
he Comptonizing medium. Similar radiative models have been 
roposed in the past: for example, Cabanac et al. 2010 have also
hown that magneto-acoustic perturbations traveling from the 
isc to a slab corona could reproduce the QPOs. In such radia-
ive models, based on small perturbations, the projected emitting 
rea remains independent of viewing angle. As a consequence, 
he observed modulation amplitude should not depend on incli- 
ation. Reconciling such models with the observed inclination 
ependence of the QPO properties would therefore require in- 
roducing additional structural modulations or geometric asym- 
etries. A possible example of how to reconcile such models 
ith the data could be considering vertical oscillating modes in 
 slab corona. This would produce stronger oscillations when 
iewed at high inclinations 2 . We notice that a similar scenario
as been envisioned by Ferreira et al. 2022 , who discussed the
ossibility of an instability in the jet travelling to the hot flow.
owever, further modelling is still required to test whether these 
odes can actually exist and if they can reproduce the observed 
mplitude. 
A third kind of scenario is based on the orbital motion of a
ortion of the inner disc. One of the most successful models,
sually referred to as the ‘relativistic precession model’ (RPM), 
as able to explain the evolution in frequency of the QPO and
 Radial oscillation modes, instead, will be stronger when viewed face on. 

m  

i  

n

he other variable components by linking them to the Keplerian, 
odal and epicyclic frequencies of a test mass orbiting around 
he central star (Stella & Vietri 1998 ; Stella et al. 1999 ; Motta et
l. 2014a , b ). Yet, we note that the model, as it currently stands,
ssumes small perturbations only and does not provide quantita- 
ive predictions for the amplitude. Thus, it cannot be tested with
he rms–inclination QPO relation. 
The success of the RPM in reproducing the observed QPO 

ehaviour rapidly led to the development of models based on 
ense–Thirring (L T) precession of the inner hot flow (Fragile et
l. 2007 ; Ingram et al. 2009 ). The finding that QPOs are stronger
n higher-inclination systems (Schnittman et al. 2006 ; Motta et 
l. 2015 ) naturally supported this framework (Veledina et al. 
013b ) and led to detailed modelling of the spectral modulations
n these systems (Ingram et al. 2016 , 2017 ), including their incli-
ation dependence (You et al. 2018 ; 2020 ). A key element that
merged from this approach is the strong dependence of the rms
pectrum on the azimuthal angle between the black hole spin 
nd the normal to the orbital plane (Veledina et al. 2013b ; You
t al. 2018 ; 2020 ). Given that such an angle has been measured
nly in one source (Poutanen et al. 2022 ), this made these models
ifficult to test. By using the jet inclination, our compilation of 
ata represents a key step forward in testing this scenario. While
 detailed, source-by-source modelling of this data set is beyond 
he scope of this work, in the next section, we show how comput-
ng basic predictions from precession provides valuable physical 
nsights into QPOs. 

.3 Precession of a Comptonizing slab 

he hard-state X-ray emission of BH binaries is thought to be
roduced by Comptonization in a hot medium (see e.g. the review
y Done, Gierliński & Kubota 2007 ), that was recently found to be
xtended in the direction orthogonal to the jet axis (Krawczynski 
t al. 2022 ; Veledina et al. 2023 ; Ingram et al. 2024 ; Mastroserio et
l. 2025 ). The angular distribution of emission and polarimetric 
roperties originating from such a medium (slab geometry) are 
nisotropic, hence a precessing slab is expected to produce vari- 
tions of flux and polarization with the QPO phase (see detailed
redictions of this model in Veledina et al. 2013b ; Ingram et al.
015 ). 
The essence of the precessing Comptonization slab model is 

he following. Locally, the emission is assumed to be produced 
y the Comptonization processes, with spectral properties being 
ependent on the angle between the slab normal and the observer
irection, ζ ′ , in the local co-moving frame. The slab normal is
ssumed to be rotating (precessing) around a fixed axis, leading 
o periodic variations of ζ ′ as a function of precession phase. 
he angular dependence of the emission in the local frame can
e approximated with a simple analytical function: f ′ (ζ ′ ) = 1 −
 . 7 cos ζ ′ (relevant to the Comptonization processes in a slab, 
eledina et al. 2013b ). This dependence is modified by general
nd special relativistic effects, leading to the altered angular de- 
endence of the emission, which becomes dependent on the po- 
ition and distance of the emitting element with respect to the
H. This leads to the dependence of the predicted amplitude and
hape of the QPO profiles on the size (outer radius) of the hot
ow, i.e. the slab. 
The original model of Veledina et al. ( 2013b ) predicts the flux
odulation of the precessing flow as a function of both the orbital
nclination and the azimuthal angle of the BH spin ( � in their
otations). 
MNRAS 549, 1–11 (2026)
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Figure 5. Schematic illustration of the coordinate system with z-axis 
aligned with the BH spin ( JBH ). ˆ n represents the instantaneous normal 
to the hot flow (which precesses around the BH spin axis, as the phase ωt 
unwinds). The observer direction ˆ o lies in the xz-plane and makes an ijet 
angle with respect to z-axis. The angle θ represents the viewing angle of 
the hot flow at phase ωt. 
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Since in our new coordinate system the jet is aligned with the
 -axis, the dependence on � vanishes. Below we show an explicit
xpression for the modulation of the viewing angle of the hot flow
, as a function of the QPO phase ωt = 2 πνt, in this frame. We
onsider the coordinates where the z -axis is aligned with the BH
pin and the observer direction (ˆ o ) lies in the xz -plane (see Fig. 5 ):

ˆ  = (sin ijet , 0 , cos ijet ) . (3) 

he instantaneous normal to the hot flow is given by 

ˆ  = (sin β cos ω t, sin β sin ω t, cos β ) . (4) 

The cosine of the hot flow viewing angle θ is then given by the
calar product of these two vectors, 

cos θ = ˆ n · ˆ o = sin ijet sin β cos ωt + cos ijet cos β. (5) 

herefore, the modulation of the viewing angle in this formalism
epends only on two parameters: the inclination of the observer
ith respect to the jet ijet and the misalignment β. The QPO
rofiles additionally depend on the connection between the local
ngular distribution of emission ( ζ ′ ) and the viewing angle ( θ),
hich in turn depends on the proximity of the emitting region to
he BH and its extent (hot flow radius). 
Determining how the radius of the hot flow is related to the
PO frequency is not straightforward. A mismatch between the
runcation radius inferred from LT precession and spectral mod-
lling is a well-known problem (Marcel & Neilsen 2021 ; Vincen-
elli et al. 2021 ; Nathan et al. 2022 ). In this regard, it is important
o note that while the original model by Veledina et al. 2013b was
onsidered in the framework of LT precession, the predictions of 
he QPO profiles apply to a generic precessing slab. The model
ffectively describes LT precession only when linking the trunca-
ion radius with the QPO frequency (see e.g. Ingram et al. 2009 ).
iven this, we compare our results with only two cases: the QPO
ignal from (i) a narrow disc annulus located at 5 RS ( RS is the
NRAS 549, 1–11 (2026)
chwarzschild radius) and (ii) a flow extended between inner and
uter radii of 3 and 30 RS . Fig. 6 shows the data overlaid on top
f the model predictions for four different misalignment angles:
= 5◦ (grey), 10◦ (blue), 15◦ (green) and 20◦ (yellow). 
We can visualize the predicted curves in 2 regimes: at low incli-
ations, the rms as a function of inclination reaches a maximum
efore falling to zero, while for high inclinations, the amplitude
ncreases steeply. Beyond the critical jet inclination of ijet , c =
0◦- β, the assumption of a razor-thin slab leads to self-eclipses
nd the model predictions become unphysical (as acknowledged
n Veledina et al. 2013b ); however, these cases are beyond the
imits shown in Fig. 6 . The drop of the rms at inclinations ijet ∼
0- 60◦ is caused by the proximity of these inclinations to the
eak angle of the Comptonizing slab emission (see fig. 3 and
ection 2.4 of Veledina et al. 2013b ), which leads to an effective
leakage’ of the QPO rms to the second harmonic, resulting in the
armonic-dominated QPOs (HD–QPOs). As the flow precesses
round the jet axis (assumed to be the black hole spin axis), the
bserver crosses the emission peak twice per orbit, leading to the
ominance of the second harmonic in the X-ray light curve. 
The common practice of associating the highest-rms QPO with

he fundamental, rather than its harmonic, can lead to a system-
tic misidentification and complicate testing the model predic-
ions. Indications of such HD - QPOs may arise from the detection
f ‘sub-harmonic’ peaks, which in fact represent the true pre-
ession frequency. Additional constraints may be obtained from
ultiwavelength data, as the optical and infrared QPOs originat-
ng from the hot accretion flow are expected to be dominated by
he true fundamental (Veledina et al. 2013b ). A clear candidate
or these HD–QPOs can be found in the prototypical system GX
39–4, which shows optical and infrared QPOs in harmonic re-
ation with the X-rays (Motch et al. 1983 ; Kalamkar et al. 2016 )
ence, below we assume the identified rms of the QPOs are
ssociated with the fundamental precession frequency. 
Fig. 6 shows an overall good agreement of the model predic-

ions with the data for misalignment angles β � 20◦. However,
onsidering that the uncertainties on the disc emission lead to
he systematic reduction of the QPO fractional rms, along with
he aforementioned simplifications of the model, the inferred
isalignment for any particular system can be considered as a
ower limit. The current model cannot predict higher rms for
he given misalignment, but many factors can lead to its sub-
tantial reduction. It is interesting to note the specific case of 
AXI J1820 + 070, where a misalignment β > 40◦ was measured
Poutanen et al. 2022 ). In Fig. 6 , the rms of its QPOs at < 1 Hz is
onsistent with the yellow solid line, i.e. an extended flow with
isalignment β = 20◦. This case shows that the reduction of the
redicted rms in this simplified model can be severe. 
Finally, our findings can also be compared to the predictions of 

he binary evolution computations of Fragos et al. ( 2010 ), which
nd over 67 per cent of binaries to have misalignment β � 10◦.
e find that 5 out of 10 systems in our sample lie above the lines
f β = 10◦ (blue), hence our results are marginally consistent
ith the predictions of the Fragos et al. ( 2010 ) binary evolution
odel. 

 CONCLUSIONS  

e performed a systematic analysis of the QPO rms evolution
cross the RXTE and HXMT archives to quantify the dependence
f Type C QPOs on inclination for different frequency ranges up
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Figure 6. QPO fractional rms versus inclination diagram for three different frequency ranges: νQPO < 1 Hz (squares), 1 Hz < νQPO < 4 Hz (circles) and 
4 Hz < νQPO < 8 Hz (diamonds). Solid lines show the predicted rms from a precessing, Comptonizing slab model for an extended hot flow spanning 
3 − 30 RS , while dashed lines correspond to a narrow ring at 5 RS . Line colours indicate four different misalignment angles β = 5◦ (grey), 10◦ (blue), 15◦
(green) and 20◦ (yellow). The predicted rms for models with different inner and outer radii lie within the shaded region.( ) 
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o 8 Hz. Our analysis significantly improves previous studies for 
hree main reasons. First, we used radio measurements to infer 
he jet inclination. Secondly, to our knowledge, this is the first
tudy comparing QPOs using both satellites. Last, we used only 
he fundamental component, allowing a direct comparison with 
PO models. Interestingly, our analysis revealed a systematic 
ifference between the amplitude of QPOs during the rise and 
ecay phases of the outbursts. This suggests that the hot flow (or
orona) has different properties during the rising and decaying 
hases of the outburst (as argued in, e.g. Barnier et al. 2022 ),
lthough this difference does not seem to impact the polarization 
Podgorný et al. 2024 ). 
This data base provides a simple yet powerful benchmark 
gainst which viable QPO models must be tested. The observed 
ms–inclination relation is difficult to reconcile with models in 
hich the QPO arises solely from an intrinsically isotropic lumi- 
osity oscillation. Instead, it favours scenarios in which the mod- 
lation is associated with a structural, geometry-dependent vari- 
tion of the X-ray emitting region (e.g. a precessing inner hot flow
r corona, possibly combined with relativistic and anisotropic 
mission effects), which naturally produce stronger modulations 
t high inclinations. By modelling the expected rms–inclination 
ependence within a simplified precessing-slab framework, we 
ould constrain for the first time the minimum spin-orbit mis- 
lignment required to reproduce the observations. Under the as- 
umptions of this model, the observed rms–inclination relation 
s consistent with a spin-orbit misalignment of at least ≈10–15◦

or most sources. Given the simplifying assumptions of the model 
nd the possible dilution from disc emission, this value should be 
egarded as a lower limit rather than a precise measurement. In
he future, detailed modelling of the absolute rms spectrum evo- 
ution of individual sources will enable much tighter constraints 
n the spin–orbit misalignment. In combination with measure- 
ents of systemic peculiar velocities—an independent tracer of 
e
atal kicks – such constraints may provide a promising avenue 
o discriminating between different binary-evolution pathways 
Zhao et al. 2023 ). 
Finally, we highlight how the robustness of this study would 
reatly benefit from the inclusion of systems with jet inclinations 
round ijet ≈ 40- 60◦. To our knowledge, no confirmed black hole 
ystems currently populate this inclination range (see also Table 1 
n Parra et al. 2024 ). In the precessing Comptonizing slab scenario
onsidered here, in such an inclination range, these systems are 
xpected to exhibit a lower amplitude of the first harmonic, with
 QPO dominated by the second harmonic. This may be the case
or GX 339–4, where optical and infrared QPOs appear to coincide
ith the X-ray sub-harmonic (Motch et al. 1983 ; Kalamkar et
l. 2016 ). If so, we would expect a jet inclination of ijet ≈ 40 –60◦.
xpanding the sample in the future will allow firmer constraints
n the inner geometry of the accretion flow and provide a decisive
est of the trend reported in the present study. 
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PPENDIX  A:  FORMULA  FOR  THE  HXMT  RMS  

stimating the power P of the QPO by combining to adjacent
nergy bands is equivalent to computing the variance of the sum
f two random variables X and Y . This is 
2 (X + Y ) = σ 2 

X + σ 2 
Y + 2 · σX,Y (A1) 

Where σ 2 
i represents the variance of a random variabile i and 

X,Y the covariance between the two variables X and Y . The
ovariance in the Fourier domain is equivalent to the amplitude 
f the cross-spectrum CXY . This can be easily computed from the
ntrinsic coherence γ 2 , which is (B. A. Vaughan & M. A. Nowak
997 ; P. Uttley et al. 2014 ): 

γ 2 = | CXY |2 /PX PY (A2) 

Where PX and PY are the power spectra in the two bands (i.e.
2 ). As demonstrated by several studies, the coherence of the 
PO in the energy bands between 2–25 keV can be safely consid-
red as unity (N. Bollemeijer, P. Uttley & B. You 2025 ). This means
hat the previous equation can be arranged in the following way:

CXY =
√ 

PX PY (A3) 

Thus, by substituting equation ( A3 ) in equation ( A1 ), we ob-
ain: 

σ 2 (X + Y ) = σ 2 
X + σ 2 

Y + 2 ·
√ 

σ 2 
X σ

2 
Y (A4) 

These equations represent the new variance in absolute units. 
e can now express it in relative units (i.e. fractional rms units)
s σ 2 

X = C R2 X · rms2 X , where C R is the count rate and rms2 is the
ractional squared rms in the band X . By using this relation, we
an rearrange equation ( A4 ) and obtain 

rms2 (X + Y ) · (CRX + CRY )2 = rms2 X ·CR2 X + rms2 Y ·CR2 Y 
+2 ·

√ 

rms2 X ·CR2 X · rms2 Y ·CR2 Y 
(A5) 

hich corresponds to equation ( 1 ) 

his paper has been typeset from a TE X/LA TE X file prepared by the author.
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