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ABSTRACT

Quasi-periodic eruptions (QPEs) are repeated X-ray flares from galactic nuclei that recur every few hours to days, depending on
the source. Despite some diversity in the recurrence and amplitude of eruptions, their striking regularity has motivated theorists
to associate QPEs with orbital systems. Among the known QPE sources, eRO-QPE2 has shown the most regular flare timing and
luminosity since its discovery. We report here on its long-term evolution over 3.3 yr from discovery and find that: i) the average QPE
recurrence time per epoch has decreased over time, albeit not at a uniform rate; ii) the distinct alternation between consecutive long
and short recurrence times found at discovery has not been significant since; iii) the spectral properties, namely flux and temperature of
both eruptions and quiescence components, have remained remarkably consistent within uncertainties. We attempted to interpret these
results as orbital period and eccentricity decay coupled with orbital and disk precession. However, since gaps between observations
are too long, we are not able to distinguish between an evolution dominated by just a decreasing trend, or by large modulations
(e.g. due to the precession frequencies at play). In the former case, the observed period decrease is roughly consistent with that of a
star losing orbital energy due to hydrodynamic gas drag from disk collisions, although the related eccentricity decay is too fast and
additional modulations have to contribute too. In the latter case, no conclusive remarks are possible on the orbital evolution and the
nature of the orbiter due to the many effects at play. However, these two cases come with distinctive predictions for future X-ray data:
in the former, we expect all future observations to show a shorter recurrence time than the latest epoch, while in the latter we expect

some future observations to be found with a larger recurrence, hence an apparent temporary period increase.

. Introduction

1
Quasi-periodic eruptions (QPEs) are repeating soft X-ray bursts
originating from galactic nuclei which last and recur on the
timescale of hours (Miniutti et al. 2019; Giustini et al. 2020;
Chakraborty et al. 2021; Arcodia et al. 2021, 2024a). Their
unique characteristic is the soft X-ray spectrum during the erup-
tions, and its evolution with a harder rise than decay (Arcodia
et al. 2022; Miniutti et al. 2023; Arcodia et al. 2024a). This
peculiar behavior helps distinguishing their physical emission
mechanism from that of other repeated nuclear transients, which
are growing in numbers and flavors. To date, most models for
the origin of QPEs relate to galactic nuclei stellar dynamics,
although this is not the sole interpretation (e.g., Arcodia et al.
2024a, for a recent overview of the models). In particular, a pop-
ular scenario (e.g., Linial & Metzger 2023; Franchini et al. 2023;
Tagawa & Haiman 2023; Zhou et al. 2024a,b) that we aim to test
in this work involves a primary massive black hole with its com-
pact and short-lived accretion flow (e.g., Patra et al. 2024), which

* NASA Einstein fellow

in some cases may be fed by a tidal disruption event (Linial &
Metzger 2023; Franchini et al. 2023, and references therein);
this recent accretion event reveals a separate, pre-existing, much
smaller object (e.g., a star or a black hole) on a low-eccentricity
orbit, repeatedly ploughing through the disk twice per orbit and
producing the observed quasi-periodic eruptions. This interpre-
tation has drawn particular interest since these systems involve
the so-called extreme mass ratio inspirals (EMRIs; e.g., Amaro-
Seoane 2018) which (depending on the nature of the orbiter),
would be detectable by future-generation gravitational-wave de-
tectors such as the Laser Interferometer Space Antenna (LISA)
and pAres (Sesana et al. 2021; Colpi et al. 2024). If this were
to be the correct model, QPE volumetric rates would be the first
ever observational constraint for EMRIs (Arcodia et al. 2024b).

In current datasets, the sparse light curve epochs of a given
QPE source have gaps that are too long to maintain knowledge
of both short-term and long-term evolution and, in particular,
the number of eruptions occurred within the gaps, but some at-
tempts have been made (e.g., Xian et al. 2021; Franchini et al.
2023; Chakraborty et al. 2024; Pasham et al. 2024; Zhou et al.
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Fig. 1. XMM-Newton 0.2—2.0keV light curves of the four epochs, scaled by the arrival time of the first eruption in each observation. Time intervals
contaminated by the flaring background are shown in grey. In the top panel, we additionally show the rise, peak and decay phases selected for the
Aug. 2020, as an example. In the second panel from the top, the first eruption is only partially resolved in EPIC-pn data and re-normalized MOS1
data are shown with empty symbols. As the x-axis range is shared, we note the shortening of recurrence times over the ~ 3.3 yr baseline, with
vertical dashed lines showing the average arrival time interval of the previous epoch to guide the eye.

2024a,b). In this work, we focus on the long-term (~ 3.3yr) Our suggested scenario has clear predictions that future data will
evolution of eRO-QPE2, which has thus far demonstrated reg- be able to verify.

ular flaring patterns and overall stable emission properties. We
find that the QPE recurrence time decreases over time, albeit in
a non-uniform way, while the long/short alternation seen in the
first epoch (Arcodia et al. 2021) has not been significantly ob-
served since. At the same time, the flux of both the eruptions Here, we discuss the main results. We report the timing and spec-
and the quiescence emission has remained constant within un-  tral analysis in detail in Appendix A, using four XMM-Newton
certainties. We discuss possible mechanisms through which an  datasets taken in Aug. 2020, Feb. 2022, Jun. 2022, and Dec.
EMRI system can reproduce these observations and the pitfalls. 2023, respectively. These are shown in Fig. 1.

2. Observations and analysis
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Fig. 2. Evolution of the recurrence time between eruptions over the ~ 3.3 yr baseline. The start time #, represents the start of the Aug. 2020
observation. Data points with an orange contour contain an additional systematic uncertainty, as described in the text. The mean value in each
epoch, with associated standard error of the mean, is shown with a dashed line and shaded contours.

80 . .
1”71 Quiesc. disk [ Quiesc. disk
1.01 ...t Quiesc. harder excess o 601 QPE o
QPE peak N 8
z N N Z 401 ~
0.5 _e-, g} g
: : : : < 20+
. I 1
....... : . I
0.0 : : prees e : L 0
0.6 401
~ ~
0.4 N 301 )
= ~N = N
N . S 201 S
0.2 . == i Q P
el I I 10
: HA 1 1
RALLEE LR . : ] 1
0.0 u : —— T L 0
08 40/
0.6 N | o~
o 30 §
=2 o~ =2
0.4 c 20+ c
= 3 2
0.2 IS I W 10
Creen . e
0.0 e L ! 0—= ‘ ‘
0.6 404
4 307 ~
0.4 g 8
=2 =2
s 8 29 8
1
0.2 LiL X N [a)
............. | I ' ! 10 o
. . L
0.0 y . —l ' ! | 0
39 40 41 42 43 44 0.05 0.10 0.15 0.20
log (Lo —8.0kev) kT [keV]

Fig. 3. Left panels: evolution of the 0.2 — 8.0keV luminosity of individual spectral components (as labeled in the top panel for the first epoch).
Histograms represent the fitted flux chains, converted to luminosity and corrected for absorption. Vertical lines and shaded area (following the
same coding) highlight the median and 16th-84th interquintile range. There is no significant evolution of the accretion disk (dashed) nor the
eruptions (dot-dashed), while the additional spectral component required for the quiescence spectrum in the first epoch becomes less significant
and ultimately undetected at later epochs. Right panels: as the left panels, but showing posterior chains of the fitted temperature values. There is
no significant evolution of the accretion disk temperature (solid) over the ~ 3.3 yr baseline. For the eruptions temperature (dot-dashed), despite the
median increases over time and the first at last epochs are not compatible at 1o, all values are consistent within 2c-.

2.1. Decrease of the QPE recurrence time with constant flux ~ longer and shorter recurrences with difference at few percent
level (Arcodia et al. 2021, 2022). Similar alternating patterns
were noted in GSN 069 and RXJ 1301.9+2747 (Miniutti et al.
2023; Giustini et al. 2020). We show this in the leftmost panel
in Fig. 2, which reports the evolution of f.c,. This alternating

The recurrence time (f.cy), defined as the peak-to-peak separa-
tion from light curve fits, was remarkable in the discovery epoch
of Aug. 2020 in its alternating pattern between consecutively

Article number, page 3 of 11



A&A proofs: manuscript no. main_aa

behavior has disappeared, within the uncertainties, over the rest
of ~ 3.3 yr baseline probed by the data in this work (Fig. 2). At
the same time, the mean recurrence time during a given epoch
has decreased. The mean value (with associated standard error
of the mean) decreased from 8721.0s (116.4s) in Aug. 2020, to
8468.4 s (149.3 s) in Feb. 2022, to 8180.8 s (54.7 s) in Jun. 2022.
After then, it only slightly decreased further to 8128.6s (59.5s)
in Dec. 2023, still compatible within uncertainties with the pre-
vious epoch. Using the first and last epoch, we infer an apparent
Atrecur/ At = =6 X 1070 s/s, or a ~ 7% decrease compared to the
Aug. 2020 recurrence time. However, this decay was not uni-
form across all epochs and does not reproduce all of them. For
instance, this recurrence decrease rate would overpredict the re-
currence during Jun. 2022 by ~ 207 s, which is ~ 4 times larger
a difference than the Jun. 2022 uncertainty. As a matter of fact,
there was a ~ 6% decrease already between Aug. 2020 and Jun.
2022 (~ 1.8 yr) and < 1% (compatible with no decrease within
uncertainties) in the following ~ 1.5 yr (see, e.g., Fig. 5).
Remarkably, all other properties of both flares and quiescent
emission have remained constant within uncertainties and the
available observations. In particular, the eruptions’ duration re-
mained consistent within the standard deviation of the values of
each epoch: the mean and standard deviations are 1666 + 143 s,
1603 + 365, 1741 + 1455, and 1736 + 151 s, for the different
epochs, respectively. Here, we defined the rise-to-decay duration
of eruptions from the difference between the times at which the
Gaussian model adopted for the fit (Appendix A) reaches a value
of 1/ compared to the peak. Similarly, the flux and tempera-
ture of both the eruptions and the quiescent components have
remained constant within 30~ uncertainties. We show detailed fit
values in Table A.1 and the fit posteriors of all components in
Fig. 3, for flux and temperature in the left and right panels, re-
spectively. It is perhaps noteworthy that the QPE peak temper-
ature marginally (within 107) increases from the first to the last
epoch, although we stress the consistency of the measurements
at 20 Future data on much longer baselines will perhaps confirm
or rule out this tentative trend. We computed the energy emitted
by the eruptions (e.g., as in Giustini et al., subm.) as the inte-
gral of the Gaussian model used for the light curve fit, namely
@Lbnl,QpE oqpE, Where o gpg is the best-fit Gaussian standard
deviation (i.e., the characteristic timescale of the QPE duration).
The resulting median (and related 16th-84th percentile) QPE en-
ergy is I.ng% x 10% erg, 1.0f8§ x 10 erg, 1.1fg% x 10 erg,
and 1.2*03 x 10% erg, respectively from Aug. 2020 to Dec. 2023.
Thus, it is consistent across the epochs of our ~ 3.3 yr baseline.
Intriguingly, in the Aug. 2020 epoch an additional compo-
nent, harder than the accretion disk, but still rather soft, is re-
quired to account for residuals (Appendix A). This component
is only marginally constrained, albeit still statistically required,
in Feb. 2020, but it is not statistically required after then (Fig. 3).
The nature of this component, occasionally seen in the quies-
cence of QPE sources (e.g., Giustini et al. 2020; Chakraborty
et al. 2021; Arcodia et al. 20244), is still unclear. Here, we mod-
eled it as Comptonization of accretion disk photons, but this in-
terpretation is assumed and not driven by data. For this work,
given the low signal-to-noise, we do not attempt further inter-
pretation and defer to future work on all the QPE sources.

2.2. The energy dependence of the eruptions

Arcodia et al. (2022) reported the evolution of the spectral shape
of eruptions in eRO-QPE1, which shows a harder spectrum dur-
ing the rise than during the decay. Since then, this behavior has
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Fig. 4. Spectral evolution of QPEs. Darker to lighter colors represent the
evolution from start to end of the eruptions, color-coded as in the legend
as a function of the epoch. The top-right (medium-right) panel shows
the QPE bolometric luminosity (temperature) evolution with respect to
the eruptions phase. The top-left panel shows their co-evolution. The
bottom-right panel shows the evolution of the emitting radius, assuming
a thermal spectrum and spherical geometry.

been found in the other QPE sources (Miniutti et al. 2023; Gius-
tini et al., subm.; Arcodia et al. 2024a), which is particularly use-
ful to identify a common emission process among the growing
number of repeating nuclear transients. Here, we test the same
energy dependence in eRO-QPE2. Due to the lower signal-to-
noise of eRO-QPE2 compared to other sources, we extracted a
single rise and decay phase in addition to quiescence and peak,
and we combine all eruptions within a single epoch. Fig. 1 shows
how the different phases were selected during the Aug. 2020
epoch, as an example, and Fig. A.2 shows the related spectra of
the different phases. An analogous methodology was followed
for the other epochs. After spectral analysis (Appendix A) we
could isolate the eruption component and investigate the spec-
tral evolution of the thermal component during the eruptions.
Here, we confirm that the same spectral evolution is observed
in eRO-QPE2 as well, consistently during each epoch (Fig. 4).
In the top-right (medium-right) panel of Fig. 4 we show the QPE
bolometric luminosity Ly qpe (the temperature kT gpg) evolution
with respect to the eruptions phase. We note that, comparably to
the other known QPE sources, peak temperature is reached be-
fore peak luminosity, after which the spectrum cools down and it
is the coolest during decay. The top-left panel of Fig. 4 shows the
luminosity-temperature co-evolution during the various epochs.
Darker to lighter colors represent the evolution from start to end
of the eruptions, color-coded as in the legend as a function of the
epoch. Indeed, the rise is always harder than the decay and, albeit



R. Arcodia et al.: temp title

with less data points, the hystheresis cycle is confirmed for eRO-
QPE2 as well. Effectively, a thermal spectrum transiting from a
hotter to a colder state at roughly comparable brightness could
be attributed to an expansion of the associated black-body radius
(Miniutti et al. 2023; Chakraborty et al. 2024). In eRO-QPE2,
we show this trend with time — Rem o (LbolQpE/ TéPE)” 2 _in the
bottom-right panel of Fig. 4. Intriguingly, despite the increase
in R.p, from rise to decay is seen consistently at all epochs, the
rate of increase is larger at later epochs. In particular, the median
rise-to-decay expansion of R, is a factor ~ 2.4, ~ 3.3, ~ 4.3,
and ~ 7.0, going from Aug. 2020 to Dec. 2023. Since the phase-
folded light curve profiles appear consistent between Aug. 2020
and Dec. 2023 (Appendix A and Fig. A.1), this is unlikely to be
due to an evolution in the rise and decay phases over time, or
biases due to how these phases are defined.

3. Astrophysical interpretation

The two main results from the long-term timing analysis of eRO-
QPE2 are (1) the detection of a non-constant decrease in the
QPE recurrence time t..,r and (2) an apparent disappearance of
the long/short alternation pattern over the ~ 3.3 yr observational
baseline (Fig. 2).

Here, we attempt to put these results into the context of
orbital models. We note that orbital models have already been
tested on eRO-QPE2. For instance, Franchini et al. (2023) anal-
ysed the Aug. 2020 epoch of eRO-QPE2 as a test case for their
model and Zhou et al. (2024b) tested the 2020 and 2022 epochs
independently, and, similarly to Linial & Metzger (2023), sug-
gested gas drag as the energy loss mechanism driving the ap-
parent period decrease. However, the Dec. 2023 epoch (which
highlights that a constant period decrease cannot reproduce the
data, Fig. 2) was not included in their work, thus their conclu-
sions do not grasp the full behavior shown by eRO-QPE2. A
further complication is that without model-dependent assump-
tions timing fits are only possible for individual epochs of cur-
rent datasets, the main obstacle being the lack on knowledge of
the number of eruptions that occurred within the gaps. This is
why we are unable to distinguish whether Fig. 2 represents an
overall continuous decreasing trend or whether the recurrence
time and long/short alternation appearance/disappearance have
also significantly oscillated over time. Thus, we discuss both op-
tions in Sect. 3.2 and 3.3. First, we outline in Sect. 3.1 the main
model assumptions and equations used in this work.

3.1. Orbital model assumptions and main equations

The interpretation we aim to test is that QPEs are triggered by a
secondary orbiter of much smaller mass with respect to the pri-
mary black hole, which has M, ~ 10° Mgy (Wevers et al. 2022),
thus we take M,5s = M,/10°M,, as reference. The secondary
is on a low-eccentricity orbit and is considered to be a either a
solar-mass star, a la Linial & Metzger (2023), or a ~ 40—100 Mg
black hole, a la Franchini et al. (2023). For simplicity, we will re-
fer to the orbital periodicity Puy and its possible decrease Py,
to explain the behavior shown by the observed quantity fecy;.
Even assuming two collisions per orbit, we note that P, is not
exactly trecurn + frecurn+1. 1t Would require, for instance, an ideal-
ized system with a fixed disk, the absence of precession and that
flares are produced promptly at disk passage. Moreover, we will
refer to orbital eccentricity e, and its possible decrease é,
to explain the presence first (Aug. 2020), and subsequent disap-
pearance (Jun. 2022 and Dec. 2023), of the long/short alterna-

tion. However, the observed alternation actually probes a quan-
tity which is an approximation of ey, namely e = 0trecur/ (frecur)s
the difference between two consecutive recurrence times with re-
spect to the average. For the scope of this work, we do approx-
imate that trends in #.c,, reflect trends in ~ 1/2P,, and that e
traces eq. Hence, with this in mind Fig. 2 unveils an apparent
decrease for both P, and eqy,.

3.1.1. The relevant timescales

The relevant timescales at play are the apsidal precession time of
the secondary:

Porb ro <trecur> o3
~r — | —|~22d M
Trap & 73 (Rg) (2.5 hr)

-2/3
5

ey

and, for non-zero spin of the primary black hole, the nodal pre-
cession timescale due to the Lense-Thirring (Lense & Thirring
1918) effect of the spinning black hole on a misaligned orbit:

1 1o 32 (trecur) : 1 -1
—P, — ~ 1.6 M :a, ,
2a, °® (Rg) '\ 25hr oS5

@)

Tx LT *

where a, is the SMBH’s dimensionless spin, Py = 2 {frecur) 1S an
approximation of the orbital period; ry is the orbit’s semi-major
axis,

-2/3
5

3)

and R, = GM./c* is the gravitational radius. An additional
timescale could arise due to disk precession, although its effect
depends on the exact model assumptions about its radial extent
and mass distribution. Franchini et al. (2016) have shown that a
compact, radiation pressure dominated accretion disk can rigidly
precess around a spinning black hole on timescales as short as
days, thus shorter than the apsidal precession of the companion.
For instance, in Franchini et al. (2023) the compact disk (e.g. as
a result of a TDE) around a primary with spin a, = 0.5 is mis-
aligned by ¢4 = 10° with respect to the x — y plane and precesses
rigidly on a period of ~ 5.7 days. However, other more complex
geometries may exist (e.g., Raj & Nixon 2021; Ivanov & Zhu-
ravlev 2024), for instance with warps or tilts around the collision
radii, which would complicate the dynamics even further. Moti-
vated by the relative regularity of QPEs in eRO-QPE2, we adopt
a simple scaling between the nodal precession of the secondary
(tw.1> Eq. 2) and that of the disk as Tq11 = arr74 T, Where apr
is a proportionality constant.

2/3
<trecur>) /

ro ~ 4.8x10"% cm Urecur) . M3 ~323R
.5 ¢\ 2.5n0r

2.5hr

3.1.2. Mechanisms for orbital energy loss

For a black hole, neglecting the interaction with the disk, a low-
eccentricity orbit inspiralling due to emission of gravitational
waves (GWs) would yield a period derivative of order

, 96783 m,
Pape gy » -2

— <trecur> _5/3
_ 1078
3x10 ( 25 hr)

(GM,/ (trecur>)5/3075 ~

M 2/3
M2, 4
100M@ ) *5 ( )

For a fixed period (or semi—major axis), an eccentric orbit would
undergo more rapid inspiral (Pgw o (1 — e)~"/?)). However, the
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relatively mild eccentricity inferred, e ~ 0.06 at most during
Aug. 2020, would only increase P by less than a factor of 2 rel-
ative to a circular orbit. For the case of a star, PQPE is linearly
lower with the mass.

For a star, energy losses due to hydrodynamic gas drag are
more relevant (e.g., Linial & Metzger 2023; Linial & Quataert
2024). A star of mass m, and radius R,, impacting a disk of
surface density X twice per orbit on a highly inclined, nearly cir-
cular orbit, would experience an orbital decay at an approximate
rate

. 37REY RN )
(P) ~ TR o108 (2} (22} (—2— . 5)
My M, Ry / \10° gcm™2

Naturally, the prediction from Eq. 5 is sensitive to the largely
unknown disk structure and surface density. Since the observed
decrease in recurrence time was not uniform over the observed
baseline (Fig. 2), disfavoring a constant P throughout the sys-
tem’s evolution, we further discuss the effect of inclination
changes. As a toy model, we consider a star on a nearly circular
orbit around a SMBH in the presence of a rigidly precessing ac-
cretion disk, both inclined with respect to the SMBH spin, with
inclination angles ¢, and ¢4, respectively. The relative inclination
between the star and the disk thus varies periodically over the
beat cycle, Trr«/|1 — arrl, in the range ¢ € (Jtx — tglstx + tg)- At
a given time, when the relative inclination between the star and
the disk is ¢, the orbital period decays at a rate

6ZR2 sin® (tre1/2)

P(Lrel) X = sint
rel

(6)

My

Here we assumed that the collision cross section is set by the
star’s physical size, and neglected any enhancement due to grav-
itational focusing of the impacted disk material (e.g., Rein 2012;
Arzamasskiy et al. 2018)!. In the limit of small inclinations
(1072 < 1) < 1), P o< 1. We further note that the orbital decay
scales linearly with the dimensionless combination = £R2 /m,,
which we normalize to 7 = 1076 77_¢.

3.1.3. Light travel time effects

Since the Aug. 2020 epoch showed significant long/short alter-
nation, but following epochs did not, here we discuss the effect of
light travel time delays. For instance, in Franchini et al. (2023)
these effects were included and considered small and negligi-
ble for most inclinations. However, the magnitude of this effect
is maximal when the line connecting the two star-disk collision
sites is near alignment with the observer’s line of sight (requir-
ing that both the disk and orbital plane are viewed near edge-on).
Variations in recurrence time in this configuration for a circular
stellar orbit, are of approximate magnitude

o= Otrecur N 2rg/c ~ 0.044 ((trecur>)_l/3 M1/3 7

<trecur> trecur 2.5hr *57

similar to the observed e ~ 0.05 — 0.06 in August 2020.

! This assumption is justified as long as i = V(m.r0)/(M.R,) =~
1072, such that Gm, /v2, S R., where vyl ~ 2vy sin (¢/2) is the relative
velocity between the star and the disk material upon impact. Eq. 6 is
also invalid for ¢ < h/rg, where £ is the disk’s scale height, as the star
is then entrained within the disk throughout most of its orbit, t,e; < h/70,

rendering the impulse approximation used here inappropriate.
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3.2. On whether the behaviour shown in Fig. 2 is dominated
by random sampling of the orbital phase

Here, we discuss the scenario in which the evolution shown in
Fig. 2 for both Py, (decrease in frecyr) and éq, (decrease of al-
ternation, or its disappearance) is dominated by modulations and
random sampling of different orbital phases. These could be im-
printed by changes in the relative inclinations between the orbit,
the disk and the observer due to the precession frequencies at
play, and light travel time effects, as shown in Sect. 3.1.

We remind that this cannot be inferred by data in a model-
independent fashion due to the gaps between observations. Thus,
we discuss here all the possible impacts of these effects on the
observations (Fig. 2). Even in case of a non-spinning primary,
at least apsidal precession of the companion object would mod-
ulate the periodicity. That is, naturally, if the orbit is not cir-
cular to start with. For now, we assume that Aug. 2020 yields
an apparent eccentricity close to the orbital one, thus of order of
~ 0.05-0.06, and the following epochs show a much lower vari-
ation (5 0.01) due to sampling effects. Considering the apsidal
precession timescale on the order of ~ 20d (Eq. 1), alternation
of < 0.01 are expected to occur for roughly 0.5 d, twice per pre-
cession cycle, corresponding to ~ 5% probability if the source
is randomly sampled (given by 2 x (0.01/0.06)/(27) ~ 0.05,
the fraction of time where the orbital eccentricity vector is near
alignment with plane of the disc). To have both Jun. 2022 and
Dec. 2022 as a relatively rare aligned disk-orbit phase is even
rarer (~ 0.25%), but formally possible. In this case, a strong
modulation would not change the average P,y from epoch to
epoch, thus orbital decay has to be invoked (see Sect. 3.3).

If the primary black hole is spinning and the orbit and the
disk are misaligned, both would evolve through nodal preces-
sion. As shown in detail in Sect. 3.1, we estimate the former as
Torr ~ 1.6yr and the latter as Tqrr = @rrT«rr, Where apr is
a proportionality constant smaller than one. The effect of 7,1,
since it is much longer and comparable to the baseline, is dis-
cussed in Sect. 3.3. Here, we discuss the possible sampling effect
due to the shorter 741 1. We first investigate whether disk align-
ment over the probed baseline of ~ 3.3 yr could induce the ob-
served decrease or disappearance of long/short alternation. Us-
ing the framework from Franchini et al. (2023), we find that the
alignment process does not lead to a significant change in the
recurrence pattern?. We point out that the interplay between ap-
sidal precession of the secondary and disk precession may give
rise to more prolonged phases of low apparent eccentricity (com-
pared to what we estimated above for when disk precession is
absent), enhancing the probability of observing those phases by
chance due to random sampling (Miniutti et al. in prep.). For in-
stance, we evolve the solution for eRO-QPE2 from Franchini
et al. (2023) for ~ 3 months, in order to get enough cycles,
with the goal to estimate the likelihood of catching phases with
low apparent eccentricity. Adopting 7., ~ 20d, 7a17 ~ 6d,
Pow ~ 5h, and ey ~ 0.05 (Franchini et al. 2023), we obtain
that ~ 12% of the time the system is found at an apparent eccen-
tricity < 0.02 and = 6% of the time lower than < 0.01. Similarly,
but following opposite reasoning, the Aug. 2020 epoch could be
the one when we caught the system in a rare phase of the orbit
with high apparent eccentricity, which is otherwise low. Follow-
ing the same calculation, we estimate that ~ 18% of the time
the system is found at an apparent eccentricity > 0.10. Thus,

2 We caution that we did not explore the disk alignment process self-
consistently as we did not evolve the disk precession period with time.
Therefore, the effect of possible changes in the disk structure (i.e. pro-
gressive alignment, differential precession) remains unexplored.
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one can imagine that an intermediate eq, between the values
estimated for eRO-QPE2 could serendipitously give rise to sam-
ples with both higher and lower apparent eccentricity, such as
the ones observed. In the same way, we estimate the impact of
sampling this evolved model (Franchini et al. 2023) on the ob-
served quantity trecurn + frecurn+1, Which only seemingly traces
the real Poy. Assuming Poy, = Sh, we note that the model pre-
dicts that ~ 25% of the time the frecurn + frecurn+1 1S found in
the range of 5.0 — 5.4 h, and ~ 25% of the time in the range of
4.9 — 5.0 h. Therefore, in principle sampling effect of a system
such that in Franchini et al. (2023) would be found at appar-
ent periods significantly different than the true Py. However,
at least in the phases with a higher apparent period, consecutive
recurrence times would appear to monotonically increase or de-
crease within a typical XMM-Newton observation, which is in-
stead not observed here. Furthermore, we note that if the disk
is rigidly precessing (e.g., Franchini et al. 2023), we should see
modulation in the flux of the quiescence component, which is
assumed to come from the innermost radii of the disk. However,
we do not, as the quiescence flux remained remarkably constant
over the probed ~ 3.3 yr (Fig. 3). On the other hand, no signifi-
cant flux change would be expected if the inner disk (where the
quiescence comes from) is aligned and the outer (where the col-
lisions happen) is not, or if there are large differences in how the
inner and outer disk precess.

Finally, as the relative inclination between orbit, disk, and
observer changes due to the precession of both disk and orbit,
light travel effects would change. As we show in Sect. 3.1, the
effect is in general small, although for edge-on inclinations and
short observed periods like in eRO-QPE2 the effect could be non
negligible (~ 4% of the QPE recurrence). Therefore, during the
Aug. 2020 epoch we could have found the system in temporary
edge-on alignment (i.e., light travel effects at few percent) and
the following ones at higher inclinations (i.e., negligible light
travel effects). As this evolution is expected to occur over ~ years
timescale (comparable to 7, rr), the observed trends from Au-
gust 2020 to December 2023 appear in overall agreement with
this proposed interpretation.

We conclude that any of these sampling effects are reason-
able, but hard to estimate with the available data, thus any ex-
planation would inherently be fine tuned at this stage. However,
we note that these sampling effects are required to a larger ex-
tent if the orbiter is a black hole, compared to a star. As dis-
cussed in Sect. 3.1 a star may lose more orbital energy than a
black hole due to interactions with the disk, while for a BH the
leading energy loss mechanism would be GW emission, much
lower than the former and unable to explain current data alone.
Quite crucially, this scenario in which sampling dominates the
observed long-term evolution inherently predicts that we will
likely have observations with a larger inferred recurrence time
compared to Dec. 2023 (i.e. positive apparent Py,) and/or with
large long/short alternation again (i.e. positive apparent ¢). This
can be tested indirectly with future observations.

3.3. On whether the behaviour shown in Fig. 2 reflects a
long-term trend

Here, we discuss the alternative scenario in which the evolution
shown in Fig. 2 for both Py, (decrease in tey) and éqp (de-
crease or disappearance of alternation) is dominated by a long-
term trend. As much as some sampling effects due to preces-
sions and inclination are expected (see Sect. 3.2) they would be
second-order effects in this scenario. We observed a decrease in
Pop from ~ 4.85h to ~ 4.53h from Aug. 2020 to Dec. 2023

(summing two consecutive t..,, and averaging per epoch), cor-
responding to 7o = 320R, and ry = 307 R, respectively (e.g.,
Franchini et al. 2023), and ey, decreased from ~ 0.05 — 0.06 to
< 0.01. It is easy to picture these two separate solutions sepa-
rately, although ideally their evolution from one to the other can
be modeled within the same framework. Taking the apparent pe-
riod decrease from Aug. 2020 to Dec. 2023 at face value, we
need a mechanism that induces Py, ~ —6 X 107°. As shown in
detail in Sect. 3.1, a BH orbiter would be disfavored since there
is no mechanism to reproduce the observed decrease. Instead,
for a star a modest orbital decay has been predicted to occur due
to hydrodynamical drag, for instance as proposed in Linial &
Metzger (2023) and Zhou et al. (2024b). Predictions do not ex-
actly reproduce the observed value, but they are sensitive to the
largely unknown disk structure and surface density (Sect. 3.1).

What is instead harder to reproduce with this interpretation
is the fact that the period decrease was non-constant. As a mat-
ter of fact, there was a ~ 6% decrease between Aug. 2020
and Jun. 2022 and < 1% in the following ~ 1.5yr (Sect. 2,
Fig. 2). In Sect. 3.1, we extended the hydro-drag interpretation
with the effect of changing the relative inclination between the
orbit and the disk due to 7,11 and 7qrr. In this framework,
less orbital energy is lost when collisions are more face on, and
viceversa. Now, we take Eq. 5 and for a given set of parame-
ters {tg, Po,n, M., a., L4, Ly, a1}, We calculate the orbital period
P(t) = Py + ft: P(t)dr . Fig. 5 shows possible recurrence time
evolution trends for a few different sets of parameters, as de-
scribed in the legend, alongside the mean recurrence times at
the four observed epochs. We fixed M, = 10°Mo, tq4 = 0.8
and ¢, = 0.78 (both approximately 45°) and manually adjusted
the precession phase and Py to roughly align with the observa-
tions. Variations in the (negative) slope of the calculated curves
correspond to variations in the relative inclination, such that the
plateaus (low P) correspond to when the star and disk are near
alignment. The duration of these plateaus (i.e., the time spent
around the minimal ¢.;) is proportional to the beat cycle of the
star and disk nodal precession, which scales oc a;'|l — apr|™".
All sets of parameters lead to a monotonic decay in orbital pe-
riod, and predict shorter recurrence times in the future. The tran-
sition between phases of rapid and slow decline could thus be
attributed to the combined nodal precession of the star and the
disc, coupled with hydrodynamical drag acting upon the star as
it crosses the disk. We highlight that we do not show a fit to the
data in Fig. 5, but that we do qualitatively reproduce the pres-
ence of non-constant P within reasonable ranges of the param-
eters above. We also note that other effects are in place when
inclination changes (Sect. 3.2).

Even if this inclination effect is significant to explain the non-
uniform P evolution, the related putative rate of eccentricity evo-
lution is inconsistent with the relatively modest period evolution,
if both orbital decay and circularization are due to the same hy-
drodynamical drag. As a matter of fact, we would expect in the
low e limit that é/e ~ P/P (e.g., Appendix B of Linial & Metzger
2023). Hence, unless we are missing on a fundamental efficient
circularization process, some sampling effects such as temporary
alignment of (only) the major axis with the disk orbital plane are
required to increase the apparent eccentricity in Aug. 2020 com-
pared to a true low e, as discussed in Sect. 3.2.

Finally, we note that a concrete prediction in case the ap-
parent evolution of Fig. 2 is mostly an intrinsic period decrease
trend, is that the mean QPE recurrence time should continue to
decrease. If this is due to the above-mentioned drag picture, the
recurrence time will decrease following alternating steeper and
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Fig. 5. The observed recurrence time evolution, over-plotting some pre-
dicted evolution tracks due to gas drag and slowly evolving disk pre-
cession. Different lines are shown for differnet set of parameters (as
shown in the legend), such as the spin (a.), the proportionality con-
stant between disk and star nodal precessions (arr) and the parameter
1 = ZR2 /m,. Variations in the slope of the calculated curves correspond
to variations in the relative star-disk inclination, such that the plateaus
(low P) correspond to when the star and disk are near alignment.

flatter epochs, following the trend with the relative star-disk in-
clination as shown in Fig. 5. Moreover, if the orbit has indeed cir-
cularized (regardless, for now, of the mechanism through which
this has happened), no alternation will ever reappear. Conversely,
if the orbit has not circularized and it is only an apparent tran-
sient alignment effect, long/short alternation phases may con-
tinue to reappear (and disappear) in future observations.

3.4. On the constant flux of quiescence and eruptions

Another key finding of this study is the striking consistency be-
tween the flux of both the quiescence and eruptions components
across different epochs (Fig. 3). The lack of significant disk
evolution over this period is seemingly puzzling, if the origin
of the disk is the accretion flow that follows the TDE of an-
other star in the same galactic nucleus (e.g., Linial & Metzger
2023; Franchini et al. 2023), as the late time X-ray emission
from TDEs typically falls off on years timescale (e.g., Mum-
mery & Balbus 2020). However, as was recently demonstrated
by Linial & Metzger (2024), mass (and thermal energy) added
to the disk through ablation of the star’s outer layers could re-
sult in a steady-state, equilibrium evolution of the disc, with its
accretion rate matching the star’s stripping rate, even if the ini-
tial disk was seeded by a TDE. Considering a low-mass star of
my = 0.5Mo, (trecur) = 2.5hr, M, = 10°> M,, and applying results
from Section 3.2 of Linial & Metzger (2024), we find that the
self-sustained disk should settle to a steady-state accretion rate of
roughly ~ 0.1 Mgyq, a surface density of about Z4 ~ 10* gcm™2,
with an expected lifetime of order 10? yr. Hence, the lack of flux
evolution in eRO-QPE2 over only ~ 3.3 yr is not a concern for
this interpretation.

Next, we address the lack of substantial evolution in the flare
temperature and luminosity over the observed baseline. If in-
deed the stability of the quiescent emission implies that the disk
conditions remained nearly constant, an emission model that in-
vokes collisions with the disk as the origin of the flares (e.g.,
Linial & Metzger 2023; Franchini et al. 2023) would indeed con-
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form with stable flare properties (i.e., the star encounters similar
disk conditions at the different epochs). However, as variations
in the relative star-disk inclination may unavoidably be invoked
to explain the system’s non-trivial timing behavior (Sect. 3.3 and
Sect. 3.1), the flare emission properties should be fairly insensi-
tive to relative inclination, providing an important constraint on
QPE emission models. Specifically, collisions of both low and
high inclinations should produce flares of similar properties.

Finally, in Sect. 2 we obtained that the rate of increase in
the black body radius from rise to decay of the eruptions is ap-
parently larger going from Aug. 2020 to Dec. 2023 (i.e. from
a factor ~ 2.4 to ~ 7.0; Fig. 4). This might be expected if the
ejecta are not spherical like the black body R, calculation as-
sumes, if the system has evolved through changes in the incli-
nation between the orbit and disk (hence collision and ejecta
vector) and the observer. However, testing this effect quantita-
tively is beyond the scope of this work and the capabilities of
the current emission models. We also stress that R.,, does not
necessarily represent the physical size of the X-ray emitting gas
producing the flares. Specifically, in the context of the emission
model discussed in Linial & Metzger (2023), where the flares
are generated by an expanding optically thick, shock-heated disk
material, R, does not trace the actual size of the emitting ejecta
cloud (Vurm, Linial & Metzger, in prep.).

3.5. On the detectability of QPEs with GW detectors

QPEs have been so far identified only in the electromagnetic do-
main through strong X-ray flares. The conjecture of QPEs being
caused by EMRI systems however opens the possibility of mul-
timessenger observations of these sources. Indeed, EMRI sys-
tems are primary targets of low frequency gravitational wave
interferometers, like the recently adopted LISA mission (Colpi
et al. 2024), planned to come online in the mid-thirties and cov-
ering the mHz band, as well as other mission concepts target-
ing even lower frequencies, e.g. uAres surveying the yHz band
(Sesana et al. 2021). EMRI systems that could explain the de-
tected QPEs are systems that generally are from hundreds to
several thousands of years away from the coalescence. EMRI
sources producing QPEs with period ~ 2 — 20 hours emit GWs
at frequencies between 107> and 10~* Hz. This frequency range
represents the lower end of LISA window, where the sensitivity
of the detector has undergone significant degradation. Neverthe-
less, the proximity of QPE sources, yielding a strain that can
reach the level of ~ 107'% —107!7 in the case of a BH companion
(~ 40 — 100 Mg), can compensate the LISA sensitivity loss. We
can therefore expect signal-to-noise ratios (SNR) of order unity
in the most optimistic cases. The situation can firmly improve
with a detector targeting Hz frequencies, like pAres. There, the
SNR of QPE sources is expected to be much higher and of the
order ~ 10—100, which would make them potentially detectable
even in the case a stellar companion, depending on the exact
mass of the central black hole and distance to the source.

4. Summary

In this work, we reported the long-term evolution of the QPE
source eRO-QPE2 using four epochs over the 3.3 yr baseline
since its discovery (Arcodia et al. 2021). The main observational
results are:

— The average QPE recurrence time per epoch has decreased
over time, albeit not uniformly: there was a ~ 6% decrease
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during the first ~ 1.8 yr and < 1% (compatible with no de-
crease within uncertainties) in the following ~ 1.5 yr (Fig. 2
and Sect. 2.1).

— The long/short alternating behavior found at discovery has
not been observed since. In particular, it was only minor ~
0.8 yr after discovery (although only inferred with three con-
secutive eruptions) and consistent with being absent since
then (Fig. 2 and Sect. 2.1).

— The QPE duration has remained constant within uncertain-
ties across all epochs (Sect. 2.1).

— The spectral properties, namely flux and temperature of both
eruptions and quiescence components, have remained sur-
prisingly consistent within 30~ uncertainties throughout all
epochs (Fig. 3 and Sect. 2.1). The peak QPE temperature
might have slightly increased going from the first to last
epoch, although only at 1o

— The energy dependence during eruptions follows the known
QPE trend (Arcodia et al. 2022; Miniutti et al. 2023; Arcodia
et al. 2024a; Giustini et al., subm.), which shows a harder rise
than decay. Modeling eruptions with a thermal spectrum, this
leads to an increase in the fitted black body radius from rise
to decay (Fig. 4). The rate of this increase appears to have
changed over time, towards larger increases at later epochs
(Sect. 2.2).

We attempted to interpret these results within orbital model
prescriptions (Sect. 3.1), in particular the scenario of a secondary
object (e.g., a star or a black hole with much smaller mass than
the primary) on a low-eccentricity orbit which repeatedly pierces
through the disk twice per orbit and produces the observed QPEs
(e.g., Linial & Metzger 2023; Franchini et al. 2023). In this
framework, the QPE recurrence decrease is interpreted as (real
or apparent) period decrease P and the decrease or disappear-
ance of long/short alternation as (real or apparent) eccentricity
decrease e. However, since gaps between observations are too
long we are not able to distinguish between an evolution domi-
nated by just a decreasing trend, or by modulations (e.g. due to
the orbit and disk precession frequencies at play). We therefore
discuss these two scenarios separately (Sect. 3.2 and 3.3). If the
current observations are dominated by unconstrained modula-
tions no conclusive remarks are possible on the orbital evolution
and the nature of the orbiter (Sect. 3.2). If instead the observed
evolution (Fig. 2) is dominated by an intrinsic decreasing trend
in P and ¢ (Sect. 3.3), observations can be qualitatively repro-
duced by a star losing orbital energy due to hydrodynamic gas
drag from disk collisions. The time-dependent apparent P would
be induced by a change in relative inclination between the or-
bit and the disk due to the orbiter’s nodal precession, which for
eRO-QPE?2 is in the ballpark probed by our baseline (Fig. 5).
However, the eccentricity decrease would be too fast to be only
due to the same hydrodynamic gas drag regardless of the nature
of the companion, thus some sampling effects (Sect. 3.2) would
need to be invoked. If the behaviour shown in Fig. 2 is indeed
dominated by a trend, a black hole would not be able to lose
enough orbital energy (through either GW emission or gas drag)
to explain the observed decrease. A black hole orbiter interpre-
tation does require the presence of modulations in both apparent
period and eccentricity due to precession frequencies, which are
however possible and remain untested with current data.

Fundamentally, these two cases (i.e., observation dominated
by an intrinsic trend versus the effect of sampling different or-
bital phases, Sect. 3.2 and 3.3) come with very distinctive pre-
dictions for future X-ray data. In particular, in the case of a domi-
nating decreasing trend we expect all future observations to show

a shorter recurrence time than the latest epoch. Conversely, in the
case of strong modulations dominating the observed evolution,
we would expect at least some future observations to be found
with a longer recurrence time, hence an apparent temporary pe-
riod increase compared to the last epoch shown in this work.
Future X-ray observations over the next months and years will
be able to indirectly discern between these two scenarios.
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Appendix A: Data processing and analysis

Four proprietary or publicly available observations taken with
XMM-Newton were analyzed in this paper. The observations IDs
are 0872390101, 0893810501, 0883770201, and 0931791301,
and are referred to as ‘Aug. 2020°, ‘Feb. 2022, ‘Jun. 2022’, and
‘Dec. 2023’, respectively, throughout this work. Data were re-
duced using SAS v. 20.0.0 and HEAsoft v. 6.31. Products were
extracted from source (background) regions selecting a circle of
~ 30 — 40" centered on eRO-QPE2 (in a nearby source-free re-
gion). For all epochs, we extracted and fitted light curves in the
~ 0.2 — 2.0keV range (see Fig. 1). Timing analysis was per-
formed using UltraNest (Buchner 2019, 2021) and assuming a
Gaussian profile for the eruptions, which works generally well
for eRO-QPE2 (Arcodia et al. 2021, 2022). Asymmetric mod-
els (e.g., Arcodia et al. 2022) will be systematically tested in
future work, to account for the occasional residuals found dur-
ing the decay in some eruptions. Here, we simply account for
possible systematic uncertainties on the peak eruptions times by
adding in quadrature the median difference between peak times
obtained with the Gaussian and asymmetric models (which is
~ 57s). For the Aug. 2020 dataset (top panel of Fig. 1), an ad-
ditional eruption (with respect to the light curve shown in the
original discovery paper; Arcodia et al. 2021) was included in
the EPIC-pn data by not performing background flaring screen-
ing. This is why the first data point of the Aug. 2020 dataset in
Fig. 2 is highlighted with an orange contour, and why it is shown
in gray in the top panel of Fig. 1. For the Feb. 2022 dataset (sec-
ond panel from the top in Fig. 1), the first eruption is only partial
in the EPIC-pn dataset, therefore we used EPIC-MOSI data to
estimate the first recurrence time. Thus, we added in quadrature
to the uncertainties on Feb. 2022 arrival times the average dif-
ference between EPIC-MOS1 and EPIC-pn arrival times from
the full light curve fit (~ 58s). For the Jun. 2022 dataset (third
panel form the top in Fig. 1), we extract the first three erup-
tions from background-contaminated intervals. For Dec. 2023,
the same applies to the fourth and sixth eruption (bottom panel
of Fig. 1). Thus, for these eruptions and recurrence times we pro-
ceeded in the same way as for the first eruption of Aug. 2020.
All peak times shown with orange contours in Fig. 2 (i.e., esti-
mated in epochs contaminated by background flaring) have an
additional error added in quadrature, estimated by the difference
between arrival times or eruptions in light curves with or without
background flaring filtering (~ 110 ). Similarly to Arcodia et al.
(2021), we phase-fold light curve profiles at the eruption peaks
for each epoch. In Fig. A.1 we show the median profile (with
related 16th and 84th percentile contours) for the Aug. 2020 and
Dec. 2023 epochs, in comparison. Despite a slight difference in
the median profile towards longer or wider decays, the profiles
are consistent at 1o level.

Event files from EPIC cameras were screened for flaring
particle background for the purpose of X-ray spectral analy-
sis. This was performed with the Bayesian X-ray Analysis soft-
ware (BXA) version 4.0.7 (Buchner et al. 2014), which connects
the nested sampling algorithm UltraNest (Buchner 2019, 2021)
with the fitting environment XSPEC version 12.13.0c (Arnaud
1996), in its Python version PyXspec®. XMM-Newton EPIC pn
spectra were fit in the 0.2 — 8.0 keV band using wstat, namely
XSPEC implementation of the Cash statistic (Cash 1979). We
adopted a Galactic column density of Ny = 1.66 x 10 cm™
from HI4PI (HI4PI Collaboration et al. 2016) and redshifted the
source model to rest-frame using the spectroscopic redshift of
z = 0.018 (Arcodia et al. 2021), corresponding to a luminosity

3 Link to PyXspec
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Fig. A.1. Median light curve profile (with the associated 16th and
84th percentile contours) for the Aug. 2020 (blue) and Dec. 2023 (red,
dashed) epochs, folded at the eruption peaks.
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Fig. A.2. XMM-Newton spectra for different phases, namely quiescence
(circles), rise (up triangles), peak (stars), and decay (down triangles),
extracted following the same colors and symbols as in the top panel of
Fig. 1. The median models from the best-fit posterior are shown with a
dashed (disk component, here diskbb), dotted (additional component,
here nthComp) and dot-dashed (eruption component, here zbbody) line.

distance of ~ 77 Mpc. Uncertainties are quoted using 16th and
84th percentiles (~ 10) vlues from fit posteriors, unless other-
wise stated. The bolometric luminosity (labeled with “bol”, e.g.,
Lyoi,ope in Fig. 4 or F Z{’flk in Table A.1) is obtained integrating
the adopted source model between 0.001 and 100 keV. For non-
detections, we may quote ~ lo (~ 30) upper limits using the
84th (99th) percentiles of the fit posteriors.

We extracted phase-folded spectra for quiescence, rise, peak,
and decay selecting the related time intervals. We show this for
the Aug. 2020 epoch in the top panel of Fig. 1, as an exam-
ple, and follow a similar procedure for all epochs. We show
the related spectra in Fig. A.2 for the Aug. 2020 epoch, with
circles, up triangles, stars and down triangles for quiescence,
rise, peak, and decay, respectively. Following the recent QPE
literature, we model the quiescence as accretion disk emission
(here diskbb) and possible residuals with an additional spec-
tral component (here Comptonization with nthComp). Given
the obvious presence of additional absorption (Arcodia et al.
2021), we included in the fit a component at the redshift of the


https://heasarc.gsfc.nasa.gov/docs/xanadu/xspec/python/html/index.html

R. Arcodia et al.: temp title
Table A.1. Spectral fit results for all epochs.
Epoch Spectrum  Model kT isk F g.igliZ,OkeV F g.i;li’;i)[?iv kT qpe F (()2.21)1—52.0ke\/ Fot F Sol:E
[eV] [ergs'cm™] [ergs'em™] [eV] [ergs™! cm™?] [ergs™! cm™?] [ergs™! cm™?]
Aug.2020 Quiescence D+C  63+5 1.172x 107" 7.5736x 107 - - 4573 x 107" -
QPErise D+C+BB ~63 ~1L1x107"! ~75x107% 17610 73714 x 1073 - -
QPE peak D+C+BB ~63 ~1.Ix107"" ~75x107"* 186+6 (1.9+0.2)x 1072 - (2.0+0.2)x 1072
QPE decay D+C+BB ~63 ~11x107"" ~75x10™* 127+8  1.073x 107" - -
Feb.2022 Quiescence D+C 58710 1.128x1071 <43x107¢ - - 557199 x 10711 -
QPErise D+C+BB ~58 ~1.1x107'"" <43x107* 20020 S.Zf%:g x 10713 - -
QPEpeak D+C+BB ~58 ~1I1x107" <43x107 19611 19798 x 10 - 2.070¢ x 10712
QPE decay D+C+BB ~58 ~1.1x 100" <43x107% 13111 1.6f8:§ x 10712 — —
Jun.2022 Quiescence D+C 6573 3725x 1077 <37x1070 - 1.87122 5 1071 -
QPErise D+C+BB ~65 ~37x1072 <37x107® 212+13  6.6%3x 1073 - -
QPEpeak D+C+BB ~65 ~37x1072 <37x1076 200£9  1.6%03x 102 - 17103 5 10712
QPE decay D+C+BB ~65 ~3.7x1072 <37x107'% 128+9 l.5fg:1 x 10712 — —
Dec. 2023 Quiescence D+C 61710 1.09¢x 107! <3.1x107" - - 6.17266 x 10711 -
QPErise D+C+BB ~61 ~10x107"" <3.1x1075 205+16 5074 x 1073 - -
QPEpeak D+C+BB ~61 ~10x107" <31x1075 2028  1.8%03x 10712 - 18103 x 10712
QPE decay D+C+BB ~61 ~10x10711 <3.1x1075 108+8 1708 x 10712 - -

Fit values show the median and related 16th-84th percentiles of the fit posteriors, using the disk (D), Comptonization (C) and black body QPE
model (BB). Fluxes are reported in the rest-frame band and after correcting for Galactic and host absorption (see text for values). For the
bolometric fluxes, the chosen energy range is 0.001 — 100 keV. For the ‘Aug. 2020’ epoch, the different phases are shown in Fig. 4 and in the
top panel of Fig. 1. Here, the quiescence spectrum, including the additional host galaxy absorption, is held fixed during the QPE epochs by
letting its parameters free to vary only within the 10th-90th percentiles of the posteriors of the quiescence fit alone (hence the "~"). Given the
spectroscopic redshift of 0.0175 (Arcodia et al. 2021) and the cosmology adopted (Hinshaw et al. 2013) the conversion for related luminosity

values for eRO-QPE2 is 7.04 x 10° cm?.

host galaxy (ztbabs): the median (and related 16th-84th per-
centiles) is (0.47 £0.07) x 10> cm™2, (0.44 +0.12) x 1022 cm™2,
0.43*01% x 102 cm™2, and (0.51 + 0.14) x 10** cm™2, for epochs
in chronological order, respectively. Thus, there is no apparent
variability in absorption column across the epochs. We modeled
the eruptions component with a thermal model (here zbbody).
The quiescence spectrum, including the additional host galaxy
absorption, is held fixed during the QPE epochs by letting its pa-
rameters free to vary only within the 10th-90th percentiles of the
posteriors of the quiescence fit alone. We show the median mod-
els from the best-fit posterior of the Aug. 2020 epoch in Fig. A.2
with a dashed (disk component, here diskbb), dotted (additional
component, here nthComp) and dot-dashed (eruption compo-
nent, here zbbody) line. The unabsorbed luminosity posteriors
for all epochs are shown in Fig. 3, and the line style follows
the same coding. We show in Table A.1 the fit results and pa-
rameters for all epochs. We note that the additional harder com-
ponent in quiescence is only statistically required for the Aug.
2020 at high significance, with an improvement in logarithmic
Bayesian evidence of a factor AlogZ ~ 1100. However, while
the flux chain of this additional component is only marginally
constrained in Feb. 2022 (Fig. 3), the fit significantly improves
(AlogZ ~ 64). Thus, even if this component is not required in
Jun. 2022 and Dec. 2023, we keep it in the best-fit model so that
uncertainties on all parameters are marginalized over this po-
tential spectral component. Finally, we note that we model this
residuals as Comptonization given its ubiquity in accreting sys-
tems, although its nature in QPE sources is still up to debate.
As further discussed in Sect. 2, the time evolution of eRO-QPE2
is remarkable because there is no significant evolution: the ac-

cretion disk and eruption component remain remarkably stable
in flux and temperature over the course of the ~ 3.3 yr baseline
(Table A.1 and Fig. 3).
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