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A B S T R A C T 

Quasi-periodic eruptions (QPEs) are a recently identified class of X-ray transient associated with tidal disruption events by 

supermassive black holes, and for which there are multiple possible explanations. In this paper, we present a simple model which 

requires the black hole be spinning, be misaligned with the accretion flow (both conditions of which are almost certainly met), 
and that the accretion rate is a few times the Eddington limit. We speculate that the resulting Lense–Thirring torques force the 
disc and entrained outflows to precess, leading to increased X-ray flux when the wind-cone is oriented at lower inclinations to 

the observer. We test the range of parameters for which this model could explain the period and brightness of the QPE events 
disco v ered thus far, and make qualitative comparisons between the observed X-ray spectra and light curves to those extracted 

from general relativistic radiation magnetohydrodynamic simulations. Overall, we find some areas of promising concordance, 
and identify challenges related to the details of current simulations. 

Key words: accretion, accretion discs – relativistic processes – galaxies: active – X-rays: galaxies – black hole - neutron star 
mergers. 
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 I N T RO D U C T I O N  

uasi-periodic eruptions (QPEs) have been identified in a small (up
o nine at the time of writing) but growing number of accreting
upermassive black holes (SMBHs), from their highly characteristic
-ray light curves. These are exemplified by an almost constant count

ate, showing little variability but with quasi-periodic increases in
rightness (hereafter referred to as ‘events’) by a factor of 10–100
epending on energy band. The recurrence time-scales of the events
re typically ∼ hours–days (e.g. Giustini, Miniutti & Saxton 2020 ;
iniutti et al. 2023a ; Nicholl et al. 2024 ) although the recurrence

imes are observed to vary for some sources (e.g. Miniutti et al.
023a ). 
Spectrally, QPEs are thermal at all phases, with some small

raction of power-law-like emission (similar to some high-accretion
ate narrow line Seyfert 1 AGN; e.g. Middleton & Done 2010 ; Jin
t al. 2012 ). Ov er the course of the ev ent, the thermal emission
ecomes stronger, with an increase in its peak temperature (as far as a
haracteristic temperature can be obtained) with brightness, although
 E-mail: m.j.middleton@soton.ac.uk 
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he temperature and peak luminosity of events can change in a given
ource (see Arcodia et al. 2022 ; Chakraborty et al. 2024 ). The profile
f the events is also asymmetric in some cases (e.g. Miniutti et al.
019 ; Giustini et al. 2020 ; Arcodia et al. 2021 , 2024a ) with the hard
mission rising later and faster than the soft emission, and peaking
arlier. Estimates indicate SMBH masses for QPE sources lie in the
ange of 10 5 − 10 7 M � (Wevers et al. 2022 ; Arcodia et al. 2024a )
nd – at least in one case – bolometric luminosities which are close
o Eddington (Miniutti et al. 2023b ). 

Various models have been proposed to explain the above phe-
omenology including the ‘Swiss cheese’ rotating wind model
Middleton & Ingram 2015 ), self-lensing of binary SMBHs (Ingram
t al. 2021 ), radiative disc instabilities (e.g. Raj & Nixon 2021 ;
aur, Stone & Gilbaum 2023 ; Pan, Li & Cao 2023 ), and interactions

tidal interactions or disc crossings) with a secondary, lower mass
bject, often collectively referred to as extreme mass ratio inspiral
EMRI) models (Dai, Fuerst & Blandford 2010 ; Dai & Blandford
013 ; Xian et al. 2021 ; Krolik & Linial 2022 ; Metzger, Stone &
ilbaum 2022 ; Wang et al. 2022 ; Zhao et al. 2022 ; Franchini et al.
023 ; King 2023 ; Linial & Metzger 2023 , 2024 ; Linial & Sari 2023 ;
u & Quataert 2023 ; Tagawa & Haiman 2023 ; Yao et al. 2025 ;
hou et al. 2024 ). In this paper, we suggest an alternative model
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Figure 1. Schematic of our model for a super-Eddington flow in QPE sources. The flow precesses about the black hole angular momentum vector, ̂  J BH (with 
angles indicated and labelled to match our light-curve analysis (Section 3.3). The arrangement shows the disc (in blue, which inflates within ∼ R sph ) and wind 
(in orange and radiatively supported out to ∼ R ph ) precessing in-phase; should this not be the case, there will be a lag between the viewing angle to the e v acuated 
wind cone and the orientation of the inner disc, which we speculate could lead to complex spectral-timing behaviours. Clearly, at large observer inclinations 
relative to the black hole spin axis ( i), and for a compact disc (as expected in TDEs and suggested for QPE discs: Miniutti et al. 2023a ), the underside, precessing 
wind cone may also be visible and the emission from this will be typically less bright than from the topside. 
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hich can describe some key phenomenology displayed by QPEs: 
ense–Thirring precession (LTP) of a super-Eddington accretion 
isc/wind. 

 T H E  M O D E L  

he model of super-Eddington LTP was first developed for the 
ase of ultraluminous X-ray sources (ULXs; see King, Lasota & 

iddleton 2023 for a re vie w). In ULXs, we can be confident that
he flow is super-Eddington, which leads to an increase in the disc
cale height and the powering of winds which are optically thick 
here the accretion rate is � a few times Eddington (Shakura &
unyaev 1973 ; Poutanen et al. 2007 ). Where the accretion flow is
ertically misaligned from the compact object equatorial axis, the 
isc and winds are proposed to be subject to Lense–Thirring torques 
nd precess as a fluid body at a time-scale set by the spin of the
ompact object and either the position of the spherization radius in 
he disc, or the outer photospheric radius of the radiatively driven 
ind (Middleton et al. 2018 , 2019 ). Such precession has recently
een observed to occur within numerical simulations (Asahina & 

hsuga 2024 ). With regards the spherization radius, we assume 
his to be around where the scale height substantially exceeds the 
imensionless viscosity ( α) within the disc as it inflates due to being
ocally Eddington. In the case of the outer photospheric radius of
he wind, we assume this to coincide with the radial limit at which
adiation pressure dominates the outflow (see Middleton et al. 2019 
or details). 

As the disc/wind cone tilts relative to our line of sight, the spectrum
hanges in a predictable manner (Middleton et al. 2015a ) becoming 
arder and brighter for lower inclination angles (e.g. Poutanen et al.
007 ; Dauser, Middleton & Wilms 2017 ). In the case of ULXs –
pecifically where the compact object is a neutron star – there are
dditional torques one must consider (tidal, magnetic) as well as free
recession of the neutron star. Conversely, in the case of QPEs, the
ompact object is known to be an SMBH and, in the absence of a
econdary object (although see e.g Franchini et al. 2023 ), the only
ik ely competing precession/w arping mechanism w ould be that of a
adiative warp (Pringle 1996 ). 

It is also well-documented that active galactic nuclei (AGN) are 
ikely to be misaligned accretors (e.g. Clarke, Kinney & Pringle 1998 ;
agar & Wilson 1999 ; Kinney et al. 2000 ; Middleton et al. 2016 ).
oreo v er, as tidal disruption events (TDEs) are now firmly asso-

iated with QPEs (explicitly: Chakraborty et al. 2021 ; Sheng et al.
021 ; Quintin et al. 2023 ; Miniutti et al. 2023a ; Bykov et al. 2024 ;
icholl et al. 2024 , or suggested based on a decaying continuum:
rcodia et al. 2024a ), the mass will be provided without any sort of
referred alignment. This makes Lense–Thirring torques somewhat 
nevitable (see also Franchini et al. 2023 where this is a ingredient
n the EMRI models for some – but not all – QPEs). Precession can
hen be sustained and is made increasingly likely where the disc is
ompact (due to short sound crossing times and a lack of viscous
amping at large radius: Bollimpalli et al. 2024 ). Indeed, QPE discs
ave been inferred to be extremely compact, with outer radii � 100
 of gravitational radii (Miniutti et al. 2023b ; Nicholl et al. 2024 ),
hich might explain the lack of features typically associated with 
GNs, for example the lack of broad lines (Wevers et al. 2022 ) and

orus (Miniutti et al. 2019 ). We present the basic schematic of our
odel in Fig. 1 . Interestingly, for TDEs, a viewing-angle-dependent 
MNRAS 537, 1688–1702 (2025) 
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odel has also been proposed based on numerical simulations of
uper-Eddington accretion discs and winds around SMBHs, where
he spectrum becomes X-ray dominated when viewing the discs at
ow inclinations and is otherwise ultraviolet (UV)/optically dominant
t high inclinations (Dai et al. 2018 ; Dai, Lodato & Cheng 2021 ;
homsen et al. 2022 ).Although disc precession has not yet been
xplored in TDE simulations – although has been invoked as an
xplanation for the presence of quasiperiodic oscillations (QPOs)
uring such events (e.g. Pasham et al. 2019 , 2024 ) and has been
onsidered analytically (e.g. Stone and Loeb 2012 ; Franchini, Lodato
 Facchini 2016 ; Zanazzi & Lai 2019 ; Taboul & Metzger 2023 ) –

ne would clearly expect that LTP would lead to more/harder X-ray
uxes as the disc precesses in a periodic fashion. 
In Middleton et al. ( 2019 ), the formula for precession of super-

ddington flows in ULXs was determined based on an analytical
adial surface density profile ( � ∝ r −ζ ) for both the wind and disc
with ζ = −0.5). Given that AGNs are more complex due to the
onization state of the material (which can affect the surface density
rofile due to line-driven winds), we instead revert to the original
nd more general formula from Fragile et al. ( 2007 ): 

 prec = 

GM 

c 3 

π ( 1 + 2 ζ ) r 5 / 2 −ζ
o 

5 − 2 ζ

r 1 / 2 + ζ
i 

[
1 −

(
r i 
r o 

)5 / 2 −ζ
]

a 

[
1 −

(
r i 
r o 

)1 / 2 + ζ
] , (1) 

here a is the spin of the black hole in units of the SMBH mass M , r i 
s the inner radius of the disc, and r o is the outer radius, both in units of
ravitational radius ( R g ≡ GM/c 2 ). In the case of super-Eddington
ows, r o is either the spherization radius in the disc r sph ≈ ṁ r isco 

where ṁ is the accretion rate at large radius in units of Eddington
see Poutanen et al. 2007 for details, and r isco is the radius of the

nnermost Stable Circular Orbit - ISCO), or the outer photopsheric
adius of the wind, r ph ≈ ṁ 

3 / 2 r isco (assuming the additional factor
ssociated with the wind-launching from Poutanen et al. 2007 is
pproximately unity). 

 C O M PA R I S O N  TO  T H E  QPES  

.1 The time-domain 

e take the estimates for the key parameters (SMBH mass and QPE
ecurrence time) for the QPE systems shown in Table 1 , and invert
quation ( 1 ) to infer the dimensionless spin ( a/M) as a function
f Eddington-scaled accretion rate ( ̇m ) for a given ζ . We plot the
esults in Fig. 2 , assuming r o = r sph and restricting ζ to take values
etween 0 and −1. It is apparent that in all cases (noting that the
ecurrence period for RXJ1301 and eRO-QPE4 are highly variable

see Section 4 for how this is accommodated within our model),
˙  lies between 1 and 20 with – as expected from the dependence
n equation ( 1 ) – a lower value of accretion rate requiring a lower
alue of prograde spin to match the recurrence time. We repeat
he analysis assuming r o = r ph and observe that, for the cases of
SN069, eRO-QPE1, and eRO-QPE2, the implied ṁ is abo v e a

actor of a few (Fig. 3 ), implying that, in these QPE systems,
e should be able to most readily detect optically thick outflows.
s we discuss later with reference to the quiescent luminosity,
e would not expect to observe X-ray luminosities that are 1–20

L Edd from QPEs; the intrinsic radiative luminosity generated
ithin the entire flow is at most L Edd (1 + ln ṁ ) which is reduced
y advection, a factor to account for energy lost in driving the wind
see Poutanen et al. 2007 for details), and, observationally, is further
NRAS 537, 1688–1702 (2025) 
eavily affected by collimation and inclination (see e.g. Dauser et al.
017 ). 
To explore whether our model is able to reproduce the observed

uminosities of the QPEs to-date (both within the event and the
uiescent bolometric luminosity reported by e.g. Miniutti et al.
023b ), we require the band-limited luminosities at various incli-
ations to a super-Eddington accretion flow. Thomsen et al. ( 2022 )
arried out three general relativistic radiation magnetohydrodynamic
GR-RMHD) simulations of super-Eddington accretion flows around
MBHs using the HARMRAD code (McKinney et al. 2014 ). The
MBH is assumed to have a mass of 10 6 M � and a dimensionless spin
arameter of a/M = 0 . 8. The simulation box has an outer boundary
t 8500 R g . The three simulations achieved a quasi-steady state
inflo w/outflo w equilibrium) in the inner regions only, with ṁ = 7,
2, and 24, respectively (noting that this accretion rate is measured
t radii much larger than the ISCO). As expected, geometrically
nd optically thick discs form along the equatorial plane. The discs
re magnetically dominated due to the initial simulation set-up. The
arge radiation pressure and magnetic pressure in the discs launch
ide-angle winds which mo v e at relativistic speeds (a few × 0.1 c) at

ow inclinations and slower speeds at high inclinations, respectively.
s expected, the overall disc and wind gas densities increase at

arger mass accretion rates and, in all cases, the density of the wind
ncreases with increasing inclination. In this work, we also carry out
n additional simulation with the same set-up as the runs in Thomsen
t al. ( 2022 ), except with a lower accretion rate of ṁ = 2, achieved
n the quasi-steady state. We obtain the radial radiation flux (via

1 closure) as measured by an observer at a large distance ( F 

r 
rad )

rom the simulations, to infer the equi v alent isotropic, bolometric,
adiative luminosity, 

 iso ( r, i) = 4 πr 2 F 

r 
rad ( r, i) , (2) 

here r is the distance from the black hole and i is the inclination
ngle. Fig. 4 shows the isotropic luminosity L iso of the outflow
t r = 4000 R g , as a function of i. Although we are unable to
btain well-constrained values at inclinations abo v e ∼ 60 ◦ due to
he inflo w/outflo w not having achie ved a steady state at large radius,
e expect the luminosity to eventually reach a fixed value at high

nclinations (perhaps around the scale height of the disc), somewhere
elow 10 per cent of Eddington. 
It is apparent from Fig. 4 that there are two regimes in which we

ould create an increase in flux that might match a QPE; either we
bserve at moderate inclinations and precession allows us to look into
he wind cone (noting that, at the lowest inclinations, the luminosity
n our simulations is heavily increased due to the presence of a jet
hich would be absent in a non-magnetically dominated simulation),
r we observe at high inclinations, and precession takes us to more
oderate ef fecti ve inclinations. The reported luminosities for QPEs

epend on the model being used (e.g. Miniutti et al. 2023b who find a
ynamic range in quiescent/out-of-event luminosity of up to a factor
0 depending on the model) but in quiescence, the luminosity is likely
ub-Eddington. This would tend to fa v our a higher -to-moderate range
f inclinations across a precession phase, and also offers the prospect
f observing the wind cone from the underside of the disc. 
As mentioned in Section 4 , our model would predict aperiodicity

hould the precession period – set by the location of the outer radius
change in response to changes in accretion rate at large radii (e.g.

riven by viscous processes, or global changes due to mass loss;
iddleton et al. 2022 ). In this case, we would require any changes in

ccretion rate at large radius to take place on less than the accretion
ime-scale and not many times longer than the sound crossing time-
cale (otherwise precession will be quasi-stable for long periods).
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Table 1. Estimates for the QPE recurrence times, SMBH masses, and 
distances used in this paper. In the cases of RXJ1301 and eRO-QPE4, we have 
taken an approximate mean recurrence time but highlight that the recurrence 
time can change substantially for these sources (see Giustini et al. 2020 and 
Arcodia et al. 2024a for details and Section 4 for an explanation for this 
within the model). Distances are obtained from the Hubble flow (see the text 
for details). 

Name log Mass (M �) Period (ks) Distance (Mpc) 

GSN069 5.99 ± 0.50 32.4 75 
RXJ1301 6.10 ± 0.42 16.5 99.3 
eRO-QPE1 5.78 ± 0.55 68.4 215.5 
eRO-QPE2 4.96 ± 0.54 8.6 72.9 
eRO-QPE3 6.49 + 0 . 23 

−0 . 54 72 100.4 

eRO-QPE4 7.62 + 0 . 21 
−0 . 40 44 186.8 

2MASJ 5.29 ± 0.55 9 77.5 
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nother possibility for generating aperiodicity would be if the flow 

as relatively less coherent, which is thought to occur where the 
uter radius of the precessing region approaches the maximum set 
y alignment torques; Motta et al. 2018 ). The most extreme example
f this would be the termination of QPEs (e.g. Miniutti et al. 2023b )
hen the accretion rate becomes sufficiently high, although the loss 
f precession could also occur through changes in the accretion or
ound crossing time-scales (see Bollimpalli et al. 2024 ); we return 
o this point in Section 4 . 

We note the observation of long–short QPE recurrences (Miniutti 
t al. 2023b ), when two events occur closer to one another followed
igure 2. Allowed parameter range for the dimensionless spin ( a/M), surface den
eriod is within 1 per cent of the assumed QPE period (Table 1 ). For this search, w
y a longer gap. This can be accommodated within our model due
o the presence of two cones of emission; our ability to view these is
ade possible only when viewed at high inclinations or with large

recession angles. Ho we ver, to match observ ations w ould also lik ely
equire some level of asymmetry above and below the disc to produce
ignals which are not strictly antiphase (dealt with within the EMRI
odels through an elliptical orbit of the compact object through 

he disc). We note that, in cases where the undercone emission
s sufficiently visible, the ‘true’ precession period would be that 
etween brightenings from each cone rather than between events. 

.2 Energy spectra 

t is clear from our analysis thus far that the LTP time-scales could
ie within range of observed QPE recurrence times, and precession 
ould potentially explain the rise and fall seen in the events, as well
s the approximate luminosities observed (see Section 4 for issues 
elated to the asymmetry of the event both in brightness and energy).

e now explore whether QPE energy spectra could also be consistent
ith precession of a super-Eddington flow, specifically when viewed 

t high to moderate inclinations. 
For our observational analysis, we utilize data from observa- 

ions taken by XMM–Newton , corresponding to various phases of 
PE light curves taken from the literature (Giustini et al. 2020 ;
hakraborty et al. 2021 ; Miniutti et al. 2023a ; Arcodia et al. 2024a ).

n all cases, the background is taken from the surrounding chip rather
han the source in quiescence; this makes the explicit assumption that, 
f the quiescent emission is a distinct spectral component, the event
MNRAS 537, 1688–1702 (2025) 

sity profile index ( ζ ), and Eddington-scaled accretion rate, ṁ when the LTP 
e set r o = r sph (Poutanen et al. 2007 ). 

37/2/1688/7951523 by U
niversity of Southam

pton user on 04 July 2025
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M

Figure 3. Allowed parameter range for the dimensionless spin ( a / M ), surface density profile index ( ζ ), and Eddington-scaled accretion rate, ṁ when the LTP 
period is within 1 per cent of the assumed QPE period (Table 1 ). For this search, we set r o = r ph (Poutanen et al. 2007 ). 

Figure 4. Isotropic, bolometric, and radiative luminosity L iso in units of L Edd 

versus inclination angle ( i), emerging from the simulations at large distances 
from the black hole. Blue: ṁ = 2, orange: ṁ = 7, green: ṁ = 12, and red: 
ṁ = 24. The shape is qualitatively similar to that obtained numerically by 
Dauser et al. ( 2017 ) and implemented into ULXLC , although is higher at the 
smallest inclinations due to the presence of a jet. 
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ill dominate the spectrum. In practice, as we are currently only
eeking to broadly characterize the events, this is not an important
ssue and we will return to this topic in a forthcoming study. In brief,
e use the following data sets: 
NRAS 537, 1688–1702 (2025) 
(i) RXJ1301 
ue to the lack of a well-defined period for the QPE events from

his source, we selected phase-resolved EPIC-pn spectra from 15/34
PE events which were deemed to behave in a similar way (based on

imilar temperatures and luminosities from fitting a simple ZBBODY

odel to each individual QPE event). The events were taken from
ll five XMM –Newton observations of RX J1301.9 + 2747 (RXJ1301
ereafter) between 2000 and 2022. We selected five phases (two
o v ering the rise, the peak, and two co v ering the decay) lasting 4 σ /5
 each, where σ is the width of the best-fitting Gaussian to the 0.2–
 keV QPE profile. 
(ii) 2MASJ024916.6-04 

ue to the poorer data quality presently available for
MASJ024916.6-04 (2MASJ hereafter), we extracted only three
hases, the rise (1 ks), peak (500 s), and decay (1 ks) of the event
rom the EPIC-pn data taken in 2006 (Chakraborty et al. 2021 ). 

(iii) GSN069 
e extracted EPIC-pn phase-resolved spectra of GSN069 from the

MM –Newton observation taken in 2019 (see e.g. fig 17 in Miniutti
t al. 2023a ) where we ignored any differences between strong and
eak QPEs, i.e. the QPE profile is extracted from a light curve

olded on the average separation between events. As with RXJ1301,
he high data quality allowed us to resolve the event into five phases,
wo co v ering the rise and decay, and one for the peak. 

(iv) eROSITA QPEs 
e extracted EPIC-pn spectra from observations of the QPE sources

isco v ered by eROSITA (Arcodia et al. 2021 , 2024a ). The data
rocessing is described in the related publications. For eRO-QPE1,
he isolated event in the XMM –Newton observation named ‘eRO-
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PE1 Obs2’ in Arcodia et al. ( 2022 ) was used for phase-resolved
pectroscopy. Spectra corresponding to the rise, peak, and decay 
hases include good-time intervals in time bins of 7, 10, and 24 
s, respectively, and are roughly separated at a count rate of ∼0.6
t s −1 at the brighter end. For eRO-QPE2, given the lower signal to
oise of individual events (Arcodia et al. 2021 ), phase-folded spectra 
ere extracted (Arcodia et al. 2024b ) combining all the events of the
020 XMM–Newton data set. For eRO-QPE3 and eRO-QPE4, phase- 
olded spectra are adopted from fig A9 of Arcodia et al. ( 2024a ),
o we ver, due to limited counts, we are unable to use the first phase
Rise 1, see Tables A1 and A2 ) for either source. 

In order to obtain a crude description of the spectrum (for a
etailed spectral analysis we direct the reader to Giustini et al. 
020 , 2024 ; Arcodia et al. 2021 , 2024a ; Chakraborty et al. 2021 ;
iniutti et al. 2023b ), we fit each QPE data set in XSPEC (Arnaud

996 ) with a thermal continuum model of TBABS ∗DISKBB where we
se the abundances from Wilms, Allen & McCray ( 2000 ) and the
ower limit on the column is set to the Galactic line-of-sight value
HI4PI Collaboration 2016 ). In the cases of GSN069, eRO-QPE1 
nd eRO-QPE2, the data are sufficient to require the inclusion of a
eak power law (PO) which is often poorly constrained; in these 

ases we freeze the power-law index to 2 (i.e. flat in EF E ). The
est-fit parameters and uncertainties are shown in Tables A1 –A3 
nd unfolded spectral data, model and residuals shown in Figs 5 
nd 6 . In a number of sources – especially GSN069, RXJ1301,
nd eRO-QPE1, two of which we have inferred may be higher 
ddington rate systems (see Fig. 2 ) and therefore may have higher
ensity winds – there are structured residuals to the best-fitting 
odel (see also Miniutti et al. 2023a ). In ULXs, such residuals

ave been shown to be well-established indicators of the presence of
adiati vely dri ven outflo ws from a super-Eddington disc (typically 
ith v ≥ 0.2c; Middleton et al. 2014 , 2015b ; Pinto, Middleton &
abian 2016 ; Kosec et al. 2021 ), this has now been confirmed in the
ase of GSN069, with reflection grating spectrometer (RGS) data 
ndicating a mixture of narrow absorption lines with projected 
elocities of ∼0.01 c, and possibly broader lines in the CCD spectrum 

Kosec et al. 2025 ).This detection would appear to be consistent 
ith the o v erall model of super-Eddington accretion, as, given the

nclinations we have predicted based on the observed luminosity, 
e would expect to observe winds which are some what slo wer than

hose seen in ULXs and subtend a large co v ering fraction from our
erspective. 
We proceed to compare the observed spectra to those extracted 

rom the super-Eddington accretion flow simulations described abo v e 
Thomsen et al. 2022 ). To obtain energy spectra from the simulations,
e use the Monte Carlo (MC) radiative transfer code, SEDONA 

Kasen, Thomas & Nugent 2006 ) to post-process the simulated 
ccretion flow and recalculate the SED of the escaping radiation 
t different inclination angles within bins: i bin = [0 ◦– 5 ◦], [5 ◦–
0 ◦], [10 ◦– 15 ◦], [15 ◦– 20 ◦],..., [60 ◦– 65 ◦].Within each inclination
in, we first obtain the time- θ - φ-averaged profile of the simulated
ccretion flow, and then perform the radiative transfer calculations 
t higher frequency resolution to calculate the SED more accurately. 
e follow Thomsen et al. ( 2022 ) and inject an X-ray blackbody

eaking at T = 10 6 K, scaling the escaped bolometric luminosity 
o the isotropic luminosity L iso from the GR-RMHD simulations 
Fig. 4 ). The post-processed spectra (noting the caveats below) are 
hown in Fig. 7 , with a reduced number of inclination bins shown
or clarity. It is apparent that there is an o v erall trend of increasing
emperature and X-ray luminosity with decreasing inclination angle, 
s already invoked for both TDEs (Dai et al. 2018 ) and ULXs
Poutanen et al. 2007 ; Middleton et al. 2015a ). 

We note that there can be a few factors leading to the under-
stimation of the temperature of the emission obtained by the MC
imulations: (1) the starting temperature of T = 10 6 K is derived from
he radiation temperature seen in the GR-RMHD simulations, which 
mploy only simple radiative transfer physics and use grey opacities. 
ore detailed treatment of the radiation physics, for example 

elf-consistent computation of Compton scattering (see Mills et al. 
023 ) are known to result in harder MC spectra; (2) the MC radiative
ransfer calculation conducted is 1D, therefore, it cannot properly 
ddress 2D/3D effects, such as bulk Comptonization in the winds 
as they flo w to wards the SMBH and then get squeezed near the
urning point before flowing out; Kitaki et al. 2017 ) or X-ray photons
cattered first in the wind cone and then leaking out at moderate
nclinations; (3) when performing the MC calculations, we enforce an 
scaped luminosity of L Edd and then scale up the spectrum according
o L iso . One can see from Fig. 4 that L iso can largely exceed L Edd at
ow inclinations, which means the photon temperature and luminosity 
njected are likely lower than the actual values. These factors mostly
f fect the lo w-to-moderate inclination MC spectra; whilst the large
umber of scatterings may tend to erase some of the initial conditions
t higher inclinations (so long as the the wind is highly optically
hick, i.e. at high super-Eddington accretion rates), we still anticipate 
hat the spectrum will become harder, especially at lower super- 
ddington accretion rates. In addition to the abo v e issues regarding

he starting temperature, we also note that the input spectrum is
njected only from the innermost regions rather than being self- 
onsistently distributed radially and vertically – this may lead to a 
urther distortion away from our MC calculations. 

Being aware of the above issues, we compare peak temperatures 
nd luminosities from the GR-RMHD simulations with those derived 
rom the spectral fitting (see Tables A1 , A2 and A3 ) in Fig. 8 . The
eak temperature of the SEDs from the simulations were corrected 
y a factor of 2.82 to obtain kT disc . We note that both of these
emperatures (from the spectral fitting and from the GR-RMHD 

imulations) are not colour corrected. The 0.3–10 keV luminosities 
nd their uncertainties were obtained from the best-fitting models 
o the data by including a CFLUX component in our model (e.g.
BABS ∗CFLUX ∗DISKBB ). For source distances, we assume Hubble 
ow and use values for the redshift from the literature (see Tables A1 –
3 for details), with H 0 = 73 km s −1 Mpc −1 (Riess et al. 2022 ), 
M 

 0.286 and 
vac = 0.714. From Fig. 8 it is clear that, for our model to
ork, the QPE sources would need to be viewed at high inclinations,
o we ver, the temperatures of the predicted MC spectra appear too
ow to describe the majority of observations. As we mention abo v e
and revisit in Section 4 ), this may be a result of the initial conditions
or the MC calculations. 

.3 Direct light-cur v e modelling 

y combining the outputs of the GR-RMHD simulations and a suit-
ble kinematic model, we can attempt to directly (albeit somewhat 
rudely) model the X-ray light curves of QPEs. 

Due to the aperiodicity of many of the QPE sources and an
ssumed periodic precessional clock (i.e. in the absence of any 
hanges in accretion rate which would drive changes in the QPE
ecurrence time), we restrict our analysis to eRO-QPE2 and GSN069, 
s these have shown the most regular and well-defined events. 
e used two of the XMM–Newton observations where the QPEs 

ave been clearly detected for these sources ( OBSIDS 0872 390 101
nd 0831 790 701 for eRO-QPE2 and GSN069, respectively). To 
MNRAS 537, 1688–1702 (2025) 
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Figure 5. Spectral data and best-fitting models for the known QPE sources to-date. Each source and QPE phase is fitted with a simple absorbed disc blackbody 
model ( TBABS ∗DISKBB ) and, in those cases where data permits, with an additional power law (see the text for details). The colour scheme in terms of event 
chronology is black–blue–green or black–blue–green–red–orange where we have greater data quality and phase resolution. Residuals to the fits at soft energies 
are shown in the right-hand panels; in a number of cases (especially in GSN069, RXJ1301, and eRO-QPE1) there are indicators of structure which – in the case 
of GS069 – has been resolved into lines associated with a wind, with the RGS-observed wind-phase outflowing at speeds less than that seen in ULXs (Middleton 
et al. 2015b ; Pinto et al. 2016 ). See Tables A1 and A2 for the best-fitting parameters and associated 1 σ errors. 
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xtract the light curves, we reprocessed the data using epproc
n SAS version 20.0.0. We filtered the light curves for particle
aring by first extracting background 10–12 keV light curves and

hen inspected these visually to set a threshold count rate to reject
imes of high-background flaring. We selected PATTERN ≤4 events
nd used eregionanalyse , with the input source coordinates, to
elect a suitable source region. The circular regions, as determined
y the task, had radii of 24 and 47 arcsec for eRO-QPE2 and
SN069, respectively. A ∼47 arcsec radius circular region on the

ame chip and as close as possible to the source region, was selected
or background light-curve extraction. We also corrected the light
urves for effects including losses due to vignetting, chip gaps, and
ad pixels using epiclccorr . In order to convert the count rates to
pproximate Eddington luminosities for the modelling (see below),
e used the count rates of the quiescent, rise, and peak phases,

nd their derived luminosities (see Tables A1 and A2 ) to obtain a
rude mapping between count rate and luminosity. In order to obtain
he quiescent luminosity for these QPE sources, we fit the out-of-
vent data with the TBABS ∗CFLUX ∗DISKBB model (with an additional
ower law where data requires). In the case of eRO-QPE2, this
odel is a poor description of the quiescent data, indicated by the

nabsorbed luminosity being greater than that in the rising phase.
o a v oid this issue, and in the case of only this source, we tie the
eutral column in quiescence to that of the rising phase to obtain the
alue for the luminosity in this phase only. We subsequently obtain
uiescent luminosities of 2.52 + 0 . 71 

−0 . 54 × 10 41 erg s −1 for eRO-QPE2
NRAS 537, 1688–1702 (2025) 
nd 3.70 + 0 . 49 
−0 . 42 × 10 41 erg s −1 for GSN069, respectively. Whilst these

umbers are somewhat inaccurate due to the modelling uncertainty,
hey are sufficient for the proof-of-principle test we are performing.

e note that, when fitting a precession model to the luminosity values
e use only the rise and not the decay luminosity and so ignore the
nown hysteresis in the count rate and luminosity space (Arcodia
t al. 2022 ; Miniutti et al. 2023a ) which we cannot address with this
implified model. 

In order to create a model to fit the QPE light curves, we have
oupled the band-limited GR-RMHD simulations (Section 3.2) with
he kinematic model from Abell & Margon ( 2023 ), which was
erived to explain the precession of the super-Eddington disc and
ind in the high-mass X-ray binary, SS433. In this model, the

nstantaneous inclination of the system with respect to the line of
ight α( t) at a given time (cf Fig. 1 ), t , can be expressed as: 

cos α( t) = cos �i cos i + sin �i sin i cos { 2 π [( t − t 0 ) /P + φ] } , (3) 

here i is the inclination angle or line-of-sight angle with respect to
he rotational axis, �i is the precessional cone half-opening angle,
 is the QPE period, and φ is the phase of the precession cycle at

he beginning of the light curve (at time t 0 ). Note that the solutions
or cos α( t) are symmetric with respect to i and �i in the sense that
ny solution pair ( i , �i ) has a reciprocal solution where �i and i are
nterchanged. Here, we present only the set of solutions for which
 > �i. We note that we do not presently include emission from the
nderside of the flow (but point out its relevance in Section 4 ). 
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Figure 6. As for Fig. 5 . In the case of ero-QPE3 and 4, the colour scheme in terms of event chronology is black–blue–green–red. See Tables A2 and A3 for the 
best-fitting parameters and associated 1 σ errors. 

Figure 7. Post-processed spectra from GR-RMHD simulations of ṁ = 2, 7, 12, and 24 on to a 10 6 M � SMBH with a / M = 0.8. The colours indicate inclination 
bins o v er which the flux is integrated (not all are shown for the sake of clarity), black: 0–5 ◦, red: 10–15 ◦, blue: 20–25 ◦, green: 30–35 ◦, and cyan: 45–50 ◦. The 
vertical dotted line indicates the lower limit of the XMM–Newton bandpass (0.3 keV) used within our spectral fitting and in Fig. 8 . 

 

X
a
F  

i  

t

f
t  
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F or a giv en set of i , �i , P , and φ, we calculate α( t) and convert it to
-ray luminosity by interpolating the mapping between inclination 

nd X-ray luminosity provided by the GR-RMHD simulations (e.g. 
ig. 4 ) for a given ṁ . We note that ṁ is restricted to the values used

n the GR-RMHD simulations (2, 7, 12, and 24). In practice, we cast
he Markov chain Monte Carlo (MCMC) samples to the closest ṁ 
rom the simulations. 1 The final, best-fitting estimate for ṁ is then 
aken as the average from the posterior samples (see below) and can
MNRAS 537, 1688–1702 (2025) 

https://github.com/dfm/emcee/issues/150


1696 M. Middleton et al. 

M

Figure 8. Left-hand panel: the dotted lines indicate the bolometric, radiative luminosity L bol from the GR-RMHD simulations of ṁ = 2 (blue), 7 (orange), 
12 (green), and 24 (red) across the full inclination range of the simulations (with small inclinations having a higher luminosity). The solid lines indicate the 
0.3–10 keV radiative luminosity ( L 0 . 3 −10 keV ) with the same colour scheme. Right-hand panel: the best-fitting DISKBB temperatures ( kT disc ) versus unabsorbed 
luminosities for the QPE sources considered in this paper. Black: GSN069, red: RXJ1301, blue: eRO-QPE1, green: eR O-QPE2, cyan: eR O-QPE3, orange: 
eRO-QPE4, and purple: 2MASJ. Arrows indicate the direction of evolution through the event. The solid line shows the 0.3–10 keV radiative luminosity from 

the GR-RMHD simulations at ṁ = 2 (blue) for reference. 
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As stated in Section 3.1 , the exact L ( i) dependence at large
nclinations ( i � 67 ◦) is not known from the GR-RMHD simulations
ue to the flow not having reached steady-state at large radius. As a
esult of this uncertainty, we have tested two approaches: one where
he GR-RMHD outputs were extrapolated down to i = 90 ◦ using
 monotonic cubic spline, and another where we assumed L = 0
eyond the last inclination angle computed from the GR-RMHD
imulations. In both instances, an additional constant term ( A ) is
dded to our model to account for the approximately steady emission
etween events (in practice this sets L = A abo v e the cut-off angle).
e speculate that the constant flux level might originate either from

mission at higher inclinations not co v ered by the simulations and
symptoting to a fixed luminosity (similar to the emission between
0 ◦ and 40 ◦ in Fig. 7 ), or alternatively, emission from the non-
recessing disc at somewhat larger radii. The best-fitting results
ere obtained with the latter approach, i.e. assuming L = 0 (in

ffect L = A ), for i � 67 ◦, and so we present only the results of
his analysis as an example of how precession might be a viable
xplanation for such events. 

The model was first e v aluated on a grid 50 times finer than
he temporal resolution of the data, and then an average across
hese bins was taken for the final model-to-data comparison. This

ore accurate treatment of the observational effects on the model
liminated solutions where the flux showed unrealistic variations
n flux (e.g. large spikes) in between data points. We then applied
he model to the 0.3–10 keV, 300 s-binned, background subtracted
PIC-pn light curves of eRO-QPE2 and GSN069 (when showing
PEs), and performed a χ2 -minimization routine using L-BFGS-
 to find a reasonable starting set of parameters for the MCMC
ampler. All parameters were free to vary, except for ṁ , which was
llo wed to v ary between 1 and 26, and the period, P , which was
NRAS 537, 1688–1702 (2025) 
nly allowed to vary in a range 0.95 P 0 < P < 1 . 05 P 0 around the
eported values in Table 1 . The range for ṁ reflects the range from
he numerical simulations, while the range of P was wide enough
o allow room to fit for P and account for its uncertainties, but
arrow enough to reject solutions deviating substantially from the
xpected values. After the initial fit, we distributed 200 w alk ers
round the best-fit parameter space by sampling from a Gaussian
istribution with a spread equal to 30 per cent of each of the best-
tting parameter values. We then used EMCEE (F oreman-Macke y
t al. 2013 ) to run an MCMC sampler for 200 000 steps. In order to
uild the posteriors, we discarded the first 5 τ steps and thinned the
hains by τ /2, where τ was the autocorrelation time of the chains.
he final posteriors are presented in Fig. 9 , and the constraints on the
est-fit parameters are given in Table 2 (noting that the errors are un-
erestimates given the unknown systematic uncertainty in the model
tself). 

As shown in Fig. 9 , the model can roughly reproduce the events.
lthough the best-fits are statistically rejectable (Table 2 ), we can

ee that the residuals are dominated by the model not quite reaching
he required flux level (more clearly an issue for eRO-QPE2 than for
SN069) and the events not being strictly periodic or of the same
eak flux, as noted by many authors. Nevertheless, both QPE light
urves are described under a similar set of parameters; these imply a
ighly inclined system ( i > 70 ◦) with a relatively small precessional
alf-opening angle ( �i � 20 ◦) where, throughout all of the QPE
hase, we view at high inclinations to the disc/wind (i.e. outside
he half-opening angle of the funnel, ∼20 ◦; Fig. 4 ). We note that,
ccording to our modelling, the fast rise is produced by a sharp
hange around ∼67 ◦. Such a sharp change is unlikely to be realistic,
equiring a better understanding of the emission at large inclination
nd how this appears spectrally. 
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Figure 9. Constraints on the GR-RMHD-based precessing model fits to the light curves of eRO-QPE2 (top panels) and GSN069 (bottom panels). (Left) 
Posteriors with the 2D 1 σ and 2 σ contours (39 and 86 per cent confidence le vels, respecti vely). The dashed lines on the histograms indicate the 16, 50, and 84 
per cent percentiles (median ±1 σ ), respectiv ely. P arameters φ, ṁ , and A have been omitted for clarity, as they are less rele v ant physically. (Right) Median model 
from the posteriors (orange solid line); the shaded areas indicate the 3 σ confidence interval. Most of the solutions sampled from the posteriors are numerically 
equi v alent, yielding unrealistically small errors. The lower panels show the residuals from the model whose parameters maximized the likelihood (or minimized 
χ2 ) and which are dominated by the events being somewhat brighter than the model, not being strictly periodic and not being the same flux in each event (as 
our simple model presently assumes). 
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 DISCUSSION  

ur LTP model is able to explain several (although presently not all)
ey aspects of QPE phenomenology: 
b

(i) The lack of substantial variability other than the events them- 
elves can be explained by the large emitting area of the supercritical
isc/wind. In our model, the estimated accretion rate for the QPEs lies 
etween ṁ = 1–20, implying light-crossing times and suppression 
MNRAS 537, 1688–1702 (2025) 
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Table 2. Constraints (median and 1 σ uncertainties) on the model parameters 
from fitting the light curves of eRO-QPE2 and GSN069. The parameters are, 
P : period in seconds, φ: phase, i: inclination to the black hole spin axis, �i: 
precession cone half-angle, A : offset, and ṁ : the Eddington-scaled accretion 
rate (at large radius). 

Parameter Units Value Value 
eRO-QPE2 GSN069 

P s 8731 ±4 32107 ±5 

φ 0.317 ±0 . 003 0.9519 ±0 . 0003 

i ◦ 88.5 + 0 . 8 −1 . 6 80.7 + 0 . 7 −4 . 4 

�i ◦ 21.4 + 0 . 8 −1 . 7 13.2 + 0 . 7 −4 . 5 

ṁ Ṁ Edd 22 ±3 8 + 6 −3 

A 10 −3 L Edd 21.71 ±0 . 04 3.13 ±0.01 

χ2 /d.o.f. 611/230 2229/334 
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f variability on time-scales shorter than ∼100s–1000s of seconds
depending on the details of the wind launching; Poutanen et al.
007 ). 
(ii) The observed spectral evolution is also a reasonable match to
odels of super-Eddington accretion, with thermal spectra becoming

otter and brighter during the events. This behaviour would corre-
pond to decreasing inclinations through the wind (e.g. Middleton
t al. 2015a ; Dai et al. 2018 ). Ho we ver, there is a tension with the
emperatures of the MC spectra extracted from the HARMRAD GR-
MHD simulations we have used (see Section 4.1.2 ). 
(iii) The o v erall light curv e shape can be approximated by a

imple model of precession coupled with emission from a super-
ddington disc/wind. For the roughly periodic sources to which
e have applied the model (GSN069 and eRO-QPE2), we inferred
bserver inclinations near to edge-on (noting that this is not the same
s instantaneous inclination angle which is time dependent in our
odel). 
(iv) At the inclinations implied by our modelling (see Table 2 ),

e would infer a bolometric luminosity in quiescence of less
han 10 per cent of Eddington which is broadly in agreement with
bservations (Miniutti et al. 2023b ). 
(v) The changes in the recurrence time observed in QPEs (es-

ecially those which are strongly aperiodic, e.g. RXJ1301) can
e explained within our model, as the precession period is highly
ensitive to changes in the accretion rate (equation 1 ) via r o which
tself varies as either ṁ (if r sph ) or ṁ 

3 / 2 (if r ph ). As an example,
hould ṁ at large radius change by � ̇m on timescales longer than
he sound crossing time at r sph then a relative change in precession
eriod (i.e. � P/P) of ∼ 3 � ̇m / ̇m is in principle possible (following
he simplified equations of Middleton et al. 2018 , 2019 for ζ = −1 / 2,
nd assuming � ̇m < ṁ ). The observed extreme aperiodic nature of
ome events (e.g. eRO-QPE1 and RXJ1301) may then be due to large
hanges in ṁ (e.g. the disc emptying) or some inherent instability in
he fluid precession mechanism, for example when the outer radius
f the precessing region approaches the limit set by the time-scale
or alignment (Motta et al. 2018 ). 

(vi) Should the disc be sufficiently compact for example if the
nfalling material has low angular momentum (as with a precursor
DE; see also Miniutti et al. 2023a ) and is viewed at high inclinations

as we infer here), we could potentially see the emission from the
ind cone from the underside of the flow (see Fig. 1 ) leading to a
right then faint event. 
aken to an extreme, observing both cones may offer one explanation
or the long–short/bright–faint QPE behaviour seen in both GSN069
NRAS 537, 1688–1702 (2025) 
nd eRO-QPE2 which is almost (although not quite) antiphase
Arcodia et al. 2022 ) or the dual peaks seen in RXJ1301 (Franchini
t al. 2023 ; although in this case, the precessing central regions
ould need to be asymmetric about the disc plane). We note that we
ave assumed a simple model in this first study where the recurrence
ime is from a single cone of emission. Whilst greater complexity is
eyond the scope of this paper, we note that including emission from
he undercone would lead to a longer recurrence time which could be
atched with only a slightly higher accretion rate or a lower black

ole spin value (see equation 1 ). 
(vii) It has been observed that, in the case of GSN069, the QPE

vents appear to disappear when the source appears brighter in terms
f bolometric luminosity (Miniutti et al. 2023b ). This can potentially
e accommodated within our model in a number of ways. The first
ption is that the accretion rate has increased such that the bolometric
uminosity has increased (see Fig. 4 ); the outer radius setting the disc
recession will also increase and may become too large for stable
recession to occur, leading to alignment (Motta et al. 2018 ). The
econd option is that the accretion rate has changed which has led
o changes in the o v erall misalignment angle (requiring a change to
he radial surface density profile; see Fragile et al. 2007 ) such that
he flow is now viewed more face one, leading to higher luminosities
nd very low amplitude QPEs (following Fig. 4 ). Finally, it may be
hat a change in accretion rate leads to a change in the structure of
he disc and the accretion and sound crossing times, with precession
hen simply not able to occur (Bollimpalli et al. 2024 ). All of these
uggestions are speculative and need to be explored via simulations.

.1 Predictions and challenges 

ur model makes a number of testable predictions and here we
ighlight both these as well as challenges to this interpretation of
PEs. 

.1.1 Predictions 

ne of the main predictions of our model is a clear dependence with
ccretion rate. The light-curve modelling of the inferred observed
uminosities (which may underestimate the true luminosity to some
 xtent giv en that adv ectiv e discs hav e a flatter radial temperature
rofile), implies we are viewing the known QPE sources at incli-
ations which never enter the wind cone. In the absence of any
hanges to the mean inclination angle, Fig. 8 would lead us to predict
hat a decrease in accretion rate should be accompanied by brighter
PEs with shorter recurrence times, and the flux ratio between weak

nd bright events (the latter being from the underside of the flow)
ould also increase. The opposite would happen with an increase in
ccretion rate (until the limit of stable precession is reached). 

Given our model requires the presence of optically thick winds,
e would expect the tentative spectral residuals seen at soft energies

Figs 5 and 6 ) be resolved into absorption (and likely some emission)
eatures. As we infer the QPE sources to be seen at higher inclinations
han ULXs, we would expect to detect strong winds with a slower
elocity than seen in the latter, with the additional expectation that
e should start to see higher projected velocities for the partially

onized winds as our line-of-sight inclination decreases during an
vent. We note that, whilst these features appear absent from Fig. 7 ,
his is a resolution issue rather than indicating an absence of lines in
he simulations. It is perhaps promising then that these residuals have
een recently confirmed as indicating the presence of a slow moving,
omewhat optically thick wind in the case of GSN069 (Kosec et al.
025 ). 



QPEs as LT precession of super-Eddington flows 1699 

s  

s  

o
o  

i
i
i  

l  

t
y
b  

Q
p

4

T
t
o
a  

s  

m
p
s
t
F
a
d
R  

o  

r
o  

s
–
m  

a
b  

2
i  

a
e  

E
w  

R
l  

o  

a
p
f

o  

e  

p
s
C  

a  

w  

s
h  

o

v  

m  

r  

w  

f
 

r  

t
r  

M  

f
e
t  

w  

u  

a

5

W  

f  

b  

C  

a  

u  

e
 

i
n  

p  

o  

(  

w
s  

b
h  

o
 

w  

r  

t
w  

w
p
h
t  

t  

a
t
t
w
e  

Q
l  

G  

s  

e  

A
s  

i

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/537/2/1688/7951523 by U
niversity of Southam

pton user on 04 July 2025
Given the opening angle of the wind and X-ray luminosity 
hown in Fig. 4 , it is clear that, to a v oid QPEs appearing strongly
uper-Eddington (even in the absence of a jet, which is a feature
f magnetically dominated simulations), we would need to have 
bserved all QPE sources thus far at > 45 ◦; the probability of which
s ≈70 per cent. This limiting angle may reduce further (thereby 
ncreasing the probability of observing a sub-Eddington QPE source) 
f misaligned discs are more adv ectiv e in nature, which would allow
ower luminosities to be reached at smaller inclinations. It is also clear
hat precession would only yield QPEs where the inclination changes 
ield major changes in luminosity, i.e. changes in inclination lying 
etween 40 ◦ and 90 ◦ (as we have inferred for GSN069 and eRO-
PE2) or ∼0–20 ◦. The probability of observing the latter, brighter 
hase of QPEs is only ∼6 per cent. 

.1.2 Challenges 

here remains an important observational issue our model is yet 
o address. QPE sources are mostly observed to follow a pattern 
f hysteresis (e.g. Arcodia et al. 2024a ), being somewhat harder 
nd fainter on the rise and softer and brighter on the decay. This is
hown for all the QPE sources in Fig. 8 based on our simple spectral
odelling. Whilst it might not seem possible to create hysteresis 

aths from a precessing wind cone – as inclination changes take a 
ource forwards and backwards along the paths shown in Fig. 8 –
here are a number of additional factors which must be considered. 
rom an observational perspective, the spectral model we have 
pplied is too simplistic and does not describe a super-Eddington 
isc/wind – we expect to tabulate a range of post-processed GR- 
MHD spectra in the near future and will re-explore the fits to
btain a more accurate picture. Ho we ver, should the present tension
emain, another explanation would be needed. Whilst the asymmetry 
f some of the events would not naturally be explained by the
implest form of our model, the inclusion of relativistic effects 

as the disc/wind may be precessing at a few per cent of c –
ust lead to Doppler boosting of the emission, leading to o v erall

symmetry in the event and permitting the hard emission to peak 
efore the soft (as observed in some sources; Arcodia et al. 2022 ,
024b ). Obtaining a brighter decay phase seems harder to explain 
n this instance; one possibility to relieve this tension is if the disc
nd wind are precessing independently (as suggested in Middleton 
t al. 2018 in the case of ULXs). For sources at only a few times
ddington, the precession periods are very similar for the disc and 
ind ( r sph ∼ r ph ) but at higher rates these begin to differ substantially.
egardless of accretion rate, we should also expect a dynamical 

ag in the position of the outer photosphere on a time-scale of
rder r ph /v wind . Such a lag or difference in period between the disc
nd wind (or the combination) could certainly introduce complex 
atterns of spectral-timing behaviour; we will explore these effects in 
uture. 

Another clear challenge our model must address is the temperature 
f the soft emission, where the observations are a factor ∼2 (and
ven more so in the case of eRO-QPE2) higher than we would
redict from our post-processing. This may be explained by the 
tarting conditions for our MC calculations, which assume efficient 
ompton cooling with an input SED set to be a blackbody peaking
t 10 6 K (this temperature being set by the GR-RMHD simulations
ith grey opacities); the starting conditions are a known issue for

uch post-processing and a correct energy balance should lead to 
arder spectra (see the discussion in Mills et al. 2023 ). The effect
n the emergent spectrum will be especially pronounced at lower 
alues of ṁ where the wind is less optically thick. A further issue
ay arise from seeding our input SED only within the innermost

adii, whilst in reality, emission must occur throughout the disc. We
ill explore the impact of both of these issues numerically in the

uture. 
It has been noted by Miniutti et al. ( 2023b ) that the intensity

atio of the pairs of QPEs in GSN069 is strongly correlated with
he recurrence time (with the relative strengths inverting below some 
ecurrence time), and poses a significant constraint on any model (see

iniutti et al. 2023b for discussion). In our LTP model, this change
rom leading to trailing event being brighter could potentially be 
xplained by changes in accretion rate (which change the recurrence 
ime) leading to a change in the mean misalignment angle about
hich the disc precesses (changing the relative notion of topside and
nderside). Ho we ver, this remains a point of speculation we hope to
ddress in future with numerical simulations. 

 C O N C L U S I O N S  

e hav e e xtrapolated the model of LTP of super-Eddington discs
rom ULXs (Middleton et al. 2018 , 2019 ) to QPEs. This is moti v ated
y the growing association of QPEs with TDEs (Miniutti et al. 2019 ;
hakraborty et al. 2021 ; Bykov et al. 2024 ; Nicholl et al. 2024 ) which,
s pointed out by Quintin et al. ( 2023 ) in the case of AT2019vcb, is
nlikely to be a coincidence given the low rates of TDEs (van Velzen
t al. 2021 ). 

Our model is simple but can describe several of the key character-
stics of QPEs, both their temporal (their quasi-periodic to aperiodic 
ature, the rough shape, and brightness of the events) and spectral
roperties. In all cases, we predict that these systems are accreting at
ne to a few times Eddington and are seen at high-inclination angles
noting that this is not the same as the instantaneous angle to the
ind cone). Our model makes clear predictions that powerful winds 

hould be present and, should the residuals seen in the X-ray spectra
e resolved into relativistically shifted atomic features (as they now 

ave in GSN069; Kosec et al. 2025 ), this would be consistent with
ur model. 
There remain a number of challenges to this model, namely that,

hilst the asymmetry of the events may be partly explained by
elati vistic ef fects or a lag between disc and outflow precession,
he spectral hysteresis requires further consideration. This future 
ork will benefit from further GR-RMHD simulations (co v ering a
ider range of accretion rate and exploring misalignment), and post- 
rocessing with more physically consistent starting conditions up to 
igher inclinations. Finally, we note that our model would predict 
hat QPEs should not need to arise necessarily from TDEs (though
hese are able to provide mass at super-Eddington rates) but from
ny super-Eddington accreting AGN as long as the Lense–Thirring 
orques can be efficiently communicated through the flow (i.e. when 
he sound crossing time is shorter than the precession time-scale 
hich, in turn, is shorter than the accretion time-scale; Bollimpalli 

t al. 2024 ). If such conditions are met, the predicted numbers of
PE-type events (which, at face-on inclinations might look more 

ike the sinusoidal QPOs seen in Narrow line Seyfert AGN; e.g.
ierli ́nski et al. 2008 ; Lin et al. 2013 ; Ashton & Middleton 2021 ;

ome of which have a strong spectral resemblance to QPE sources;
.g. Terashima et al. 2012 ) would therefore trace the high end of the
GN luminosity function. We note that observing such behaviour is 

ensitive to (at least) the accretion rate, SMBH mass and observer
nclination. 
MNRAS 537, 1688–1702 (2025) 
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Table A1. Best-fitting values and 1 σ errors for the parameters 
of interest, from spectral fitting to the various phases of the 
QPE events. The parameters are shown in chronological order 
through the events which – in Figs 5 and 6 follow the sequence 
black, blue, green, red, orange – and are labelled according to 
the phases described in the corresponding papers (see the text 
for details). nH values are provided in units of 10 22 cm 

−2 , kT disc 

in keV, and L deabs in 10 41 erg s −1 . 

Source/Phase Parameter Value 

RXJ1301 nH 0.01 + 0 . 01 
−0 . 00 

Rise 1 kT disc 0.19 + 0 . 01 
−0 . 01 

L deabs 5.36 + 0 . 16 
−0 . 16 

nH 0.01 + 0 . 01 
−0 . 00 

Rise 2 kT disc 0.19 + 0 . 01 
−0 . 01 

L deabs 13.70 + 0 . 70 
−0 . 25 

nH 0.01 + 0 . 01 
−0 . 00 

Peak kT disc 0.17 + 0 . 01 
−0 . 01 

L deabs 15.33 + 0 . 49 
−0 . 27 

nH 0.01 + 0 . 01 
−0 . 00 

Decay 1 kT disc 0.13 + 0 . 01 
−0 . 01 

L deabs 11.38 + 0 . 94 
−0 . 24 

nH 0.01 + 0 . 02 
−0 . 00 

Decay 2 kT disc 0.10 + 0 . 01 
−0 . 01 

L deabs 5.80 + 1 . 11 
−0 . 20 

χ2 / dof 428.8/368 

GSN069 nH 0.02 + 0 . 01 
−0 . 00 

Rise 1 kT disc 0.08 + 0 . 01 
−0 . 01 

L deabs 4.61 + 0 . 54 
−0 . 18 

nH 0.02 + 0 . 01 
−0 . 00 

Rise 2 kT disc 0.13 + 0 . 01 
−0 . 01 

L deabs 11.52 + 0 . 50 
−0 . 32 

nH 0.04 + 0 . 01 
−0 . 01 

Peak kT disc 0.12 + 0 . 01 
−0 . 01 

L deabs 23.36 + 1 . 68 
−1 . 52 

nH 0.06 + 0 . 01 
−0 . 01 

Decay 1 kT disc 0.09 + 0 . 01 
−0 . 01 

L deabs 20.23 + 2 . 95 
−2 . 46 

nH 0.03 + 0 . 01 
−0 . 01 

Decay 2 kT disc 0.07 + 0 . 01 
−0 . 01 

L deabs 6.51 + 1 . 48 
−0 . 96 

χ2 / dof 390.2/363 

eRO-QPE1 nH 0.12 + 0 . 03 
−0 . 02 

Rise kT disc 0.12 + 0 . 01 
−0 . 01 

L deabs 58.19 + 13 . 14 
−9 . 49 

nH 0.08 + 0 . 01 
−0 . 01 

Peak kT disc 0.12 + 0 . 01 
−0 . 01 

L deabs 89.37 + 8 . 60 
−7 . 54 

nH 0.15 + 0 . 01 
−0 . 01 

Decay kT disc 0.08 + 0 . 01 
−0 . 01 

L deabs 89.20 + 13 . 40 
−11 . 26 

χ2 / dof 276.1/256 

A

Table A2. Best-fitting values and 1 σ errors for the parameters 
of interest, from spectral fitting to the various phases of the 
QPE events. The parameters are shown in chronological order 
through the events which – in Figs 5 and 6 follow the sequence 
black, blue, green, red, orange – and are labelled according to 
the phases described in the corresponding papers (see the text 
for details). nH values are provided in units of 10 22 cm 

−2 , kT disc 

in keV, and L deabs in 10 41 erg s −1 . 

Source/Phase Parameter Value 

eRO-QPE2 nH 0.19 + 0 . 09 
−0 . 08 

Rise kT disc 0.24 + 0 . 04 
−0 . 04 

L deabs 3.08 + 1 . 35 
−0 . 81 

nH 0.25 + 0 . 04 
−0 . 04 

Peak kT disc 0.26 + 0 . 01 
−0 . 01 

L deabs 8.66 + 1 . 32 
−1 . 08 

nH 0.17 + 0 . 04 
−0 . 04 

Decay kT disc 0.17 + 0 . 01 
−0 . 01 

L deabs 3.19 + 0 . 89 
−0 . 63 

χ2 / dof 82.2/80 

eRO-QPE3 nH 0.06 + 0 . 13 
−0 . 04 

Rise 2 kT disc 0.15 + 0 . 03 
−0 . 03 

L deabs 1.75 + 2 . 56 
−0 . 55 

nH 0.2 + 0 . 2 −0 . 1 

Peak kT disc 0.10 + 0 . 04 
−0 . 03 

L deabs 8.27 + 37 . 87 
−5 . 57 

nH 0.02 + 0 . 16 
−0 . 02 

Decay 1 kT disc 0.21 + 0 . 08 
−0 . 08 

L deabs 0.75 + 1 . 38 
−0 . 12 

nH 0.5 + 0 . 8 −0 . 4 

Decay 2 kT disc 0.06 + 0 . 04 
−0 . 03 

L deabs 27.81 + 1182 . 87 
−26 . 58 

χ2 / dof 15.7/12 

eRO-QPE4 nH 0.06 + 0 . 01 
−0 . 00 

Rise 2 kT disc 0.15 + 0 . 01 
−0 . 01 

L deabs 49.48 + 3 . 60 
−2 . 13 

nH 0.08 + 0 . 01 
−0 . 01 

Peak kT disc 0.15 + 0 . 01 
−0 . 01 

L deabs 110.26 + 22 . 27 
−16 . 44 

nH 0.13 + 0 . 03 
−0 . 03 

Decay 1 kT disc 0.09 + 0 . 01 
−0 . 01 

L deabs 111.49 + 73 . 88 
−39 . 52 

nH 0.06 + 0 . 02 
−0 . 00 

Decay 2 kT disc 0.07 + 0 . 01 
−0 . 01 

L deabs 8.73 + 6 . 28 
−1 . 44 

χ2 / dof 165.2/161 
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Table A3. Best-fitting values and 1 σ errors for the parameters 
of interest, from spectral fitting to the various phases of the QPE 

events for 2MASJ. The parameters are shown in chronological 
order through the events which – in Fig 6 for 2MASJ – follow 

the sequence black, blue, green, and are labelled according to 
the phases described in the corresponding papers (see the text 
for details). nH values are provided in units of 10 22 cm 

−2 , kT disc 

in keV, and L deabs in 10 41 erg s −1 . 

Source/Phase Parameter Value 

2MASJ nH 0.17 + 0 . 09 
−0 . 07 

Rise kT disc 0.14 + 0 . 02 
−0 . 02 

L deabs 14.20 + 12 . 61 
−5 . 42 

nH 0.03 + 0 . 06 
−0 . 00 

Peak kT disc 0.24 + 0 . 03 
−0 . 05 

L deabs 6.30 + 2 . 53 
−0 . 50 

nH 0.3 + 0 . 2 −0 . 2 

Decay kT disc 0.08 + 0 . 03 
−0 . 02 

L deabs 59.02 + 339 . 79 
−43 . 21 

χ2 / dof 25.7/20 
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