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X-ray quasi-periodic eruptions (QPEs) are a novel mode of variability in nearby galactic nuclei
whose origin remains unknown. Their multi-wavelength properties are poorly constrained, as
studies have focused almost entirely on the X-ray band. Here we report on time-resolved,
coordinated Hubble Space Telescope far ultraviolet and XMM-Newton X-ray observations of the
shortest period X-ray QPE source currently known, eRO-QPE2. We detect a bright UV point source (
Lryy ~ few x 10*! erg s™') that does not show statistically significant variability between the X-ray
eruption and quiescent phases. This emission is unlikely to be powered by a young stellar population
in a nuclear stellar cluster. The X-ray-to-UV spectral energy distribution can be described by a
compact accretion disk (R,,: = 343ffg§ R,). Such compact disks are incompatible with typical disks
in active galactic nuclei, but form naturally following the tidal disruption of a star. Our results rule
out models (for eRO-QPE2) invoking i) a classic AGN accretion disk and ii) no accretion disk at all.
For orbiter models, the expected radius derived from the timing properties would naturally lead to
disk-orbiter interactions for both quasi-spherical and eccentric trajectories. We infer a black hole
mass of log(Mpy) = 5.9 £ 0.3 Mg and Eddington ratio of 0.13_ ¢7; in combination with the compact
outer radius this is inconsistent with existing disk instability models. After accounting for the
quiescent disk emission, we constrain the ratio of X-ray to FUV luminosity of the eruption

component tobe Ly /Lryy > 16 — 85 (depending on the intrinsic extinction).
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1. Introduction

Quasi-periodic X-ray eruptions (QPEs) are a recent addition to the various modes of rapid variability
observed in massive black holes (MBHs) inhabiting galactic nuclei. Their X-ray timing and spectral
properties, including quasi-periodic, high-amplitude outbursts and the emergence of an additional

hot thermal component during the outburst rise, are distinct among the known variability of active

galactic nuclei (AGN;M).

The nature of QPEs remains the subject of debate, but may relate to accretion disk instabilities/41[51[61
or to the interaction between the supermassive black hole (or an accretion disk surrounding it) and a
stellar-mass companion. The latter class of models comes in many flavors, including repeated partial
tidal disruptions of stellar-mass objectsLZ, stable or unstable Roche-lobe overflowl81[2110] anq star-

or BH-disk interactionsL1121[1311141(15]

In addition to their unique properties, QPE sources appear to exhibit some characteristics that can be

linked to tidal disruption events (TDEs). This includes declining long-term—albeit sparsely sampled—
lightcurves for some sourcesmﬂ, QPE-like flares observed in TDE candidatesm, and an
over-representation of host galaxies with post-starburst characteristics2122] a5 well as extended
emission line regions23124] in both QPEs and TDEs. These similarities also extend to the
morphological properties of the host galaxies253l The recent detection of QPEs following a

spectroscopically confirmed TDE26] has provided a direct link between (at least some) TDEs and

QPEs.

Most existing QPE models have been developed based on the observed X-ray properties of QPEs, with
very few constraints available at other wavelengths. Consequently it is challenging to falsify existing
models using X-ray data alone, and very few predictions exist for the expected properties of QPEs at
other wavelengths. Notable examples includel27], who predicted that in the star-disk collision model
active X-ray QPE sources should not exhibit UV QPEs, as the parameter space for these to be
observable is distinct (in terms of black hole mass and accretion rate).@1 quantified the emission of
this model further by performing radiation transport calculations, providing detailed predictions for
the QPE flare spectral energy distribution (SED). These model predictions are consistent with the lack
of UV variability in existing datasets obtained by the Optical Monitor (OM) telescope on XMM-Newton

(e.g.Bl). However, due to the very large point spread function (PSF) and modest telescope size, these
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measurements encompass most of the host galaxy light and therefore do not have much constraining

power to transient QPE emission.

In this work we report on deep, time-resolved observations at far ultraviolet (FUV) wavelengths
obtained with the Hubble Space Telescope (HST). Together with coordinated XMM-Newton X-ray
observations, these provide the deepest FUV constraints of an X-ray QPE source to date. A detailed
analysis of the (time-resolved) X-ray properties of eRO-QPE2 has been reported inl22l and{39l and we
focus on novel information that the UV data provides in combination with the X-ray observations in
this work. We present the observations and analysis in §2. The results are presented in §3, where we
discuss their implications in detail for a number of QPE model scenarios. We summarize the main

results in §4.
2. Observations and Analysis

2.1. Observations

We obtained coordinated observations of the QPE source with the shortest recurrence time (the time
between the peaks of consecutive eruptions) that is currently known, eRO-QPE2, with sky coordinates
in decimal degrees (ra, dec) = (38.70300, —44.32569) [3). The host galaxy redshift is z = 0.0175 (3],
corresponding to an approximate physical scale of 360 pc arcsec™’. X-ray observations were taken
with XMM-Newton, while UV observations were performed with the Space Telescope Imaging
Spectrograph (STIS) onboard HST. We used the STIS Far-Ultraviolet Multi-Anode Microchannel Array
(FUV-MAMA) detector in combination with the F25QTZ longpass filter (with a pivot wavelength of
1596 A), which provides a native time resolution of 125 microseconds and a spatial resolution of

0.0246 arcsec per pixel over a ~25x 25 arcsec field of view.

Each visit consists of a 30 ks XMM-Newton observation and 5 contiguous HST orbits. The observations
were taken in two visits separated by 45 days, on 2023 December 20 (visit 1) and 2024 February 4 (visit
2). The first orbit of visit 1 was lost due to a failure to acquire the guide star, so this visit consists of 4

orbits with usable HST data.

A detailed description of the data reduction of both the X-ray and UV data can be found in the
Supplementary Materials. We show an FUV 5-orbit stacked image of the entire host galaxy of eRO-
QPE2 in the top panel of Figure 1. Star-forming regions are seen throughout the galaxy, consistent

with emission line maps obtained with MUSE (241,
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The middle panels of Figure 1 show the XMM-Newton observations (blue) and the on-source periods of
the HST observations (orange shaded regions). During the first visit, roughly half of two eruptions are
covered by HST, while the remaining data covers QPE quiescence. In the second visit, two full

eruptions are covered with HST while the 3 remaining orbits cover the quiescent phase.

Note that due to effects of detector dark glow (described in detail in §A.1 of the Supplementary
Materials), we defer exploring the full time resolution of the observations to the future and use only

the orbit-averaged data in this work.
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Figure 1. Image and lightcurves of eRO-QPE2. The top left panel shows an FUV image of the eRO-QPE2
host galaxy, while the top right panel shows a zoom-in of the white box (0.75 arcsec on a side), indicating
the 0.122 arcsec aperture used to perform the photometry of the nucleus. The middle panels show the X-
ray lightcurves overlaid with the HST on-source periods in orange. Grey datapoints indicate quiescence,
while blue/red/green point indicate eruption rise/peak/decay, respectively. The bottom panels show the
FUV measurements made on the per-orbit stacked images with 1-o uncertainties. No statistically

significant variability is evident, regardless of whether the X-ray QPE is active or not.

2.2. Photometry

We perform photometry centered on the galaxy nucleus with an aperture of 0.122 arcsec, and use the

appropriate aperture correction of 0.659 based on a point source PSF [31 to calculate the object

brightness in each image. The background contribution is measured from an annulus with inner and
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outer radii of 30 and 80 pixels (0.74 — 2 arcsec), chosen to exclude the majority of the encircled energy
area of a point source, but including the diffuse galaxy emission within which the nucleus is

embedded. We use the median value within this annulus as the local background estimate.

Using the stacked images of the two visits, we detect an FUV point source in the galaxy nucleus with a
brightness of Fryy = 4.840.6 1078 erg cm™2 s A1 (m = 24.90+0.13 AB mag) in visit 1 and Fryy = 4.5

2571 k71 (m = 24.964+0.06 AB mag) in visit 2. These measurements are consistent

4+0.31078 erg cm”
within the uncertainties. This point source is also detected in the per-orbit stacked images (see

bottom panels of Figure 1).

No significant change in brightness is found between the orbits that cover the QPE phase relative to
those that cover the quiescent phase. Consequently, we obtain the most stringent constraints on the
UV variability of X-ray QPEs between eruption and quiescence down to a level of 1.8 x10718 (0.9 x10718)

2571 k71 (at the 3 o level for visit 1 and 2, respectively). For reference, this is a factor of ~100

erg cm’
deeper than the constraints provided by the XMM-Newton’s Optical Monitor (OM) observations

reported in [31

2.3. Extinction correction from the Balmer decrement

To estimate the intrinsic brightness of the detected point source, an extinction correction is required.
This is especially important in the FUV regime explored here. In addition to the Galactic extinction
estimated from (321 of E(B-V) = 0.015, two independent measures of the extinction are available,
through optical spectroscopy and X-ray spectroscopy (assuming a gas-to-dust ratio), although we

caution that both are subject to significant uncertainty.

For the former, we use optical integral field spectroscopy with the Multi Unit Spectroscopic Explorer
(MUSE) to constrain the Balmer decrement measured towards the nuclear region of the galaxy. A
detailed analysis of these data is presented in [24] and we follow the same procedures to measure the
emission line fluxes with the Penalized Pixel Fitting routine pPXF, [33), We measure an average Balmer
decrement of H,/Hg = 4.07+0.07 by using a range of apertures radii from 1 pixel to the typical PSF
full width at half maximum (FWHM) of the observations (0.7") in 0.1 arcsec increments. By assuming
the [34] attenuation law and case B recombination, this measurement can be converted into a color

excess E(B-V)

H./H
E(BV)%l.QQlogm( o/ ﬂ)

2.86
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Under these assumptions we infer E(B—V) = 0.31£0.04!, and we derive an FUV luminosity for the
nuclear point source of Lyyy = 1.0f8j§ x 104 erg s”L. Here we have assumed a flat A\-CDM cosmology
with Ho = 73 km s~ Mpc 2133,

We will discuss the X-ray extinction estimate in §2.5, as it is model-dependent and assumes that the

UV and X-ray emission originates in an accretion disk.

2.4. A nuclear stellar cluster origin for the FUV emission is very unlikely

A nuclear starburst can in principle create an UV-bright, centrally concentrated population of (young)
stars. To constrain whether a nuclear stellar cluster (NSC) can explain the observations, we attempt to

reproduce the FUV luminosity using simple stellar population models from [36] e conservatively use
the smallest extinction correction of E(B—V) = 0.31; if the true correction is closer to the full SED

fitting estimate of E(B—V) = 0.5, that would exacerbate the problems of this interpretation.

For a stellar population age of 100 (10) Myrs, reproducing the FUV luminosity (Lpyy = 1x 1041 ergs™t)
would require a stellar mass of young stars of 10g;5(Myoungstars) ~ 6.8 (5.4) M. The mass fraction and
total mass of recently formed stars was estimated using the Bagpipes full spectrum fitting code in [24]
who found a burst fraction of ~10% and a total stellar mass of 108! M, contained within a 250 pc
aperture. An important caveat is that the spatial resolution of the MUSE spectra is ~0.7" (250 pc
physical scale) i.e. much larger than the HST data used here. Assuming this mass fraction would imply
a total NSC mass of log;o(Mysc) ~ 7.8 (6.4) Mg, similar to the total mass formed in a putative recent
starburst. This would suggest that nearly all the mass must be contained in the NSC, but the
bulge/nuclear component is clearly resolved in DESI Legacy Survey continuum imaging [37] The total
NSC mass would also make it a very massive system [38] while the required mass of young stars would

make this a system with one of the highest masses of young stars in NSCs (e.g. 1321),

Moreover, the SFR surface density would have to be extremely high. Assuming that the point source
subtends <0.1 arcsec?, (which corresponds to 36 pc in physical scale), and that the young stellar
population formed on a timescale similar to its age, the SFR surface density (Xsrr) would be of O(10
M, yr'! kpc2). However, the typical Ygrr of star-forming regions in the local universe is

O(10~2 Muyr—kpe2). An analysis of spaxels in the SDSS MaNGA survey!4®l shows that ~ 0.5% of

2

these spaxels have Ygpp > 0.1Moyr 'kpc?, and none exceed ~ 1Mqyyr 'kpc 2. Attributing the

inferred FUV luminosity to a NSC in eRO-QPE2 would require its NSC to have a ¥ grp more than an
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order of magnitude higher than the most extreme star-forming spaxels observed in the MaNGA

survey.

In Figure 2, we present the maximum FUV luminosity predicted by simple stellar population models at
ages of 10 Myr and 100 Myr, corresponding to the highest star formation rate surface density (
YsFR ~ 1M@yr‘1kpc_2) observed in the MaNGA surveyL‘*Ql. These models indicate that even a NSC
with the highest Y grr can account for less than 10% of the FUV luminosity. Consequently, any NSC
contribution would constitute a subdominant fraction to the observed FUV emission. Our modeling

results are hence insensitive to the specific properties of a potential NSC.

2.5. Spectral energy distribution modeling

Given that the nuclear FUV point source is unlikely to be of stellar origin (§2.4), it may be related to
the quiescent (in-between eruption) X-ray emission. The X-ray quiescent emission of QPEs is usually
associated with, and well described by, the inner emission of a standard radiatively efficient accretion
disk(2M2]3) similar to that observed in X-ray bright TDEs (e.g. 41l42]) In this scenario the UV
emission would be associated with the cooler mid-to-outer parts of the disk. The joint fitting of the X-

ray and UV/optical emission can then be used to constrain the extent of the disk e.g.,[431(20]1441(45],

For detailed modeling under the assumption of an accretion disk origin of the emission, we extract
XMM-Newton spectra of various phases of the eruptions. As eruptions were only covered by HST orbits
in visit 2, we restrict all analysis below to data from that observation. Good time intervals are defined
to extract the quiescent emission as well as the rise, peak and decay of each of the six eruptions (see

the color-coding in Figure 1 middle panel).

We quote the median value and parameter range containing 68% of the posterior distribution as the

measured value and its uncertainty, unless indicated otherwise.

2.5.1. Quiescent phase

We simultaneously and self-consistently fit the FUV photometry and the quiescent X-ray spectrum
with the recently developed disk model diskSEDI45). The diskSED implementation is a
standard48] thin disk model with a null-stress boundary condition, that includes the effects of
radiative transfer in the atmosphere of the disk from electron scattering and metal opacity effects via

a temperature-dependent color correction factor f,,!47148] The model is suited for broadband (X-ray

spectra + UV/optical/NIR photometry) SED fitting as, in addition to standard inner disk parameters,
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the outer edge/radius of the disk (R,,:) can also be marginalized over. The three free parameters of the
model are the peak physical temperature of the disk (T,), R}, (= R;,+/cosi) — where R;, is the inner
radius of the disk and ¢ is the inclination of the disk with respect to the observer — and the
dimensionless size of the disk (R,u:/Rin). Allowing for intrinsic extinction introduces an additional

free parameter, the color excess E(B—V). Full details of the fitting methodology are provided in §C.

Our model for the joint fit of FUV photometry and X-ray spectra has 4 free parameters, for which we
assume uniform (or log-uniform) priors. In XSPEC, this model can be generated as phabsx reddenx
zashift(phabsxreddenSFxdiskSED). The fitting described here is performed together with the
procedure described in §2.5.2 for the eruption phases for self-consistency, such that the derived

intrinsic Ny can be tied between the phases.

The results of the nested sampling fit are shown in Figure 2. The bottom panel shows the 1D projection
of the parameter posterior distributions. The full posteriors of all parameters are shown in Figure A1.
In the upper left panel of Figure 2, we show the observed flux model (without extinction/absorption
corrections) overlaid on the observed FUV photometry and the unfolded X-ray spectrum. The right
panel shows the intrinsic luminosities (with both Galactic and intrinsic absorption/attenuation
corrections), with the data points unfolded to the median values of the parameter posteriors. The red
and green triangles show upper limits on the expected emission of young stellar population in a

putative NSC for very high SFRs (see §2.4 for details).
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Figure 2. Quiescent SED modeling results. The observed (top left) and extinction-corrected, rest-frame
(top right) SEDs are shown (black: X-ray data, orange: FUV data). The shaded regions show the best-fit
model with the grey band indicating region containing 68% of the model posteriors. Also shown are upper
limits for young stars (green: 10 Myr, red: 100 Myr) in a NSC, using simple stellar populations models (see
82.4 for details), assuming the maximum star formation rate surface density in SDSS MaNGA survey. In
both panels the data is unfolded to the median of the posterior. Marginalized posterior distributions are
shown for all free parameters in the bottom row, where solid lines indicate the median and dashed lines

the 68% credible interval.

2.5.2. Eruption phase

We also obtain constraints on the SED of the eruptions during rise, peak and decay phases through a
similar modeling approach. To this end we add a thermal component to the model used to describe the
quiescent emission. This additional component describes the hotter/excess emission during the
eruptions well (bbody in XSPEC, e.g. [l

Following a similar fitting procedure, we show the SED of the quiescent (black/gray), rise (blue) and

peak (red) phases in Figure 3. The right hand panel shows the eruption component only, which then
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leads to an upper limit in the FUV. These are the first multi-wavelength constraints on the SED of the

variable spectral component that is responsible for the QPEs.

In addition to a simple single-temperature thermal component, we also include results from a
spherically symmetric Monte Carlo radiation transport simulation which follows the production of
photons behind the radiation-mediated shock, Comptonization by hot electrons, and the eventual
escape of the radiation through the expanding debris in the disk-star interaction modell28] The
resulting SED from the[28] simulations in the wavelength range of interest (X-ray and UV) can be

written to first order as:
Fu(VaTobs) ~ BV(V7Tobs) + 0'1Bu(Vpeak7Tobs)H(Vpeak - V) (2)

where B, (v, Tos) is a Planck function with observed temperature Typs, Vpeai is the peak frequency of
Planck function, and H is the Heaviside function. We implement this analytical form of the SED into a
pyXspec model, and add it instead of bbody to fit the additional emission of the eruptions. The results

are shown bottom panel of Figure 3.
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Figure 3. Constraints on the eruption SED. The top left panel shows the X-ray spectra in the quiescent
(black/gray), rise (blue) and peak (red) phases. The decay phase is omitted for clarity. Shaded regions
illustrate the 68% CI of the posterior distributions. Dashed lines show the median values of the posteriors
for the thermal/bbody component. The top right panel illustrates the 68% confidence contours of the
posteriors of the thermal component only; a 3—o upper limit is shown in the FUV (i.e. this assumes that the
FUV emission is produced entirely by the quiescent emission). The bottom panels are identical to the top

panels but show the more detailed calculations from [28] (see text for details).

Both of these models remain consistent with our FUV constraints. We note that a high extinction
correction is required in this system; for a similar system without extinction our FUV constraints

would have been a factor of ~30 deeper. After accounting for the quiescent disk emission, the peak X-
ray luminosity of the eruption component is 10g;o(Lpeqr, x ) = 42.1540.10 erg s7!, and the upper limit on

the FUV luminosity i Ly,., ppy < 9%104° erg s (3 o, assuming E(B-V) = 0.5; if E(B-V) = 0.3 as

inferred from the Balmer decrement, this upper limit would decrease by a factor of ~5 to
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Lyax,ruv < L7X 1040 erg s71). The ratio of luminosities which any theoretical model predicts for the

eruption component should therefore be Lyear, x / Limax,rov > 16 (85 for E(B—V) = 0.3).

3. Results and Discussion

We have detected a bright FUV point source in the nucleus of the eRO-QPE2 host galaxy, and we
argued that this is very unlikely to originate from a nuclear stellar cluster (§2.4). Instead, a compact
accretion disk can self-consistently explain the UV to X-ray SED. From the SED modeling, we infer a
neutral hydrogen column density of log (Ng) = 21.60f8:ég cm™2, or E(B-V) = 0.50_g19 assuming a
standard gas/dust ratio of 100. The inferred FUV luminosity is then Lzyy = 5+ 3 x 10*! erg s™. Note
that the inferred E(B—V) from the SED modeling (E(B-V) = 0.50"0%) is high compared to the value
obtained from the Balmer decrement (E(B—V) = 0.31 = 0.04). This tension can be resolved if the host
galaxy has a gas/dust ratio that differs from the standard assumption of 100 [49] specifically, if there
is more gas relative to the dust, that would decrease the E(B—V) inference from the SED modeling. The
host galaxy of eRO-QPE2 is known to be gas-rich (based on the presence of extended ionized gas

emission line regions in IFU spectroscopy, [24]y 'which is consistent with our results.

Black hole mass (Mpy) estimates can be obtained from the diskSED R}, parameter — under
assumptions for inclination (i) and dimensionless spin (a) — by associating R;, with the innermost
stable circular orbit (ISCO), using the following expression [45],

R;?‘nc2
Mg =

S 3
Y(a)Gy/cosi ®)

where +(a) is the ISCO location in gravitational radii, which is a function of the spin see e.g., 1321 such
that v(0) = 6 and v(1) = 1.

We assume a flat probability distribution of prograde spins in the 0 < a < 0.99 range as well as the full
range of values (—0.99 < a < 0.99), and a flat probability distribution for cos ¢, with inclinations in the
range 0° < i < 80°3. This results in a Mpy estimate of log(Mpx) = 5.9 &= 0.3 My, (see Supp. Mat. §D
for a comparison to alternative estimates). The resulting probability distribution of Mpy including

the uncertainties driven by the (unknown) a and 7 are shown in Figure 4 (bottom left panel).

The ratio of the outer to inner disk radius is Ry, /Rin = 86752, corresponding to an outer disk radius

of Ryt = 34313% Ry, for the assumed flat probability distribution of spins. This is of the same order of

magnitude as the two other QPE systems for which this estimate is available (AT2019qiz, [26] anqd
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GSN069, Guolo et al. in prep.). The peak physical temperature of the disk is log(T,, )= 5.50 & 0.05 K.

The multi-wavelength modeling provides a more accurate estimate of the bolometric disk luminosity
compared to X-ray-only estimates, yielding Lpy, = 1.3:1]:(; x 10** erg sL. This translates into an
Eddington ratio of the quiescent accretion disk emission Agzg = 0.137) 7. The quoted range includes
statistical uncertainties as well as uncertainties introduced by the derived black hole mass, which
already account for the effects of the assumed spin and inclination distributions. These results are

insensitive to potential systematic uncertainties of (for example) a small (1-10 per cent) contribution

of an underlying NSC to the FUV emission.

We now discuss the implications of these results in the context of theoretical models for QPEs.

3.1. On the origin of a compact accretion disk

Our modeling demonstrates that the bright FUV point source that is detected is consistent with an
extrapolation of the X-ray spectrum in the assumption of a compact accretion disk origin. By
modeling the X-ray and UV SED, we infer that this accretion disk is compact, R,.; = 343"2%2 R, This is
similar to the expected size for viscously spreading disks following the tidal disruption of a star (51)
(43]) put grossly inconsistent with the typical sizes of accretion disks in AGNs, which are persistent
and source their material from large radii (~ 10° Rg). Consequently we can rule out all models
associated with standard AGN accretion disks as the origin of the X-ray QPEs in eRO-QPE2. These
results are consistent with the absence of broad emission lines in optical spectroscopy [221[24] 35 well
as an X-ray corona and an IR bright torus-like structure, indicating that no mature broad line region

is present 11 Models that do not invoke an accretion disk at all are also strongly disfavored to explain

the QPEs in eRO-QPE2.

Both the size and luminosity are typical of accretion disks formed in the aftermath of TDEs (5211531

although the time since any TDE remains unconstrained and the typical cooling observed in TDE disks
at late times is not seen in eRO-QPE2 [34139] The latter finding may indicate that the disk mass is

replenished in some way (e.g. stellar ablation, 1211551) or that the disk has an extremely long ‘viscous’

time-scale, as compared to most known TDE disks.
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Figure 4. Relevant length scales and parameter inferences. The top panel shows probability density
functions of the various length scales in the system, including the black hole ISCO radius (blue), the stellar
tidal radius (orange), the orbiter radius (green) and the disk outer radius (red). Dotted lines show the
posteriors for the full spin range, while the solid lines show the results for positive spin. The bottom left
panel shows the posterior distribution of the inferred black hole mass. The bottom right panel illustrates

that the (MS) stellar mass cannot exceed 1 M, as this would lead to a full tidal disruption (see text for

more details).

3.2. Constraints on UV QPE variability

Our time-resolved observations provide the most stringent constraints to date on the UV variability
during X-ray eruptions. The limiting factor is the presence of a bright FUV point source coincident
with the galaxy nucleus with a luminosity of Lryy = few x 10* erg s™%; we are insensitive to lower

amplitude variability.

Our observations also provide the first multi-wavelength constraints on the SED of the QPE flares (Fig

3). Both a simple blackbody extrapolation of the X-ray spectrum into the UV (top panels) as well as a
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more detailed calculation of the UV emission due to disk-orbiter interactions (bottom panels) are

consistent with our FUV constraints.

To render potential UV counterparts to the X-ray QPEs detectable with HST for an eRO-QPE2-like
system (for disk-orbiter interaction models), the UV luminosity of the accretion disk needs to be

suppressed by a factor of >100. This may be feasible for a low black hole mass, low accretion rate

systems[27] if HST-like sensitivities can be achieved (e.g. by the Ultraviolet Explorer mission, [561),

3.3. Constraints on QPE orbiter models

By assuming the SMBH mass obtained from the SED modeling, we can translate various relevant
length scales of the system to gravitational radii. These are shown as probability density functions in
the top panel of Figure 4. In blue we show the innermost stable circular orbit (ISCO) radius, which is
the distribution of R;sco/R, for the assumed flat spin distribution. In orange, we show the stellar
tidal disruption radius (Ry ~ R,.(M BH/M*)I/ %) for a main sequence star (i.e, R, x M} / %) with
masses distributed assuming a (57] stellar mass function. The orbital radius (green) is derived from the
QPE recurrence time, assuming a quasi-circular orbit and the Mgy distribution. In red we show the
disk outer radius, inferred from the SED modeling. The parameters for positive spin values are shown
as solid lines, while the full spin range is shown as dotted lines. The width of these distributions
reflects the parameter uncertainties, both those measured from the data (e.g., Mpy and Tppg) and

those assumed ad hoc (e.g., a and ).

A fundamental requirement for disk-orbiter interaction models to remain viable is a configuration
where the orbit crosses the accretion disk, i.e. the orbital radius must be smaller than the disk outer
radius. It is immediately evident that in the assumption of quasi-circular configurations, this is the

case for eRO-QPE2 and hence such models remain compatible with our FUV observations.

3.3.1. Nature and size of the orbiter in quasi-spherical configuration

The results of our SED modeling provide quantitative constraints on both the SMBH and the accretion
disk parameters. This allows us to quantitatively consider the range of allowed stellar parameters, and

their implications for various models.

These constraints are visualized in the bottom right panel of Figure 4, where we assume a main-
sequence (MS) star companion and a quasi-circular orbit (i.e. Torp, = 2XTqpg), such that the orbital

radius R, relates to the QPE recurrence time as: Topg = 7r\/ Rirb /GMpy. We plot the stellar tidal
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radius as a function of stellar mass (assuming the mass-radius relation of [38]) and distance from the
black hole (normalized by the orbital radius) in green. Note that this panel is black hole mass
independent. The star cannot cross the tidal radius without being completely destroyed, implying that
the orbiter cannot be more massive than ~1 M. For less massive stars, those that orbit within 1-2 R
will be susceptible to overflowing their Roche lobes, and as can be seen from the top panel of Figure 4,
these orbits are also liable to disk crossings. For low mass stars below ~0.25 M, the only viable model

is the disk-star collision model as such stars will not exhibit Roche-lobe overflow.

An independent estimate of the mass (and nature) of the companion star would therefore allow us to
discriminate between QPE models in the future. Meaningful lower limits may be obtained with
continued monitoring observations. For example, in the ~4 years since its discovery eRO-QPE2 has
completed ~15000 QPE cycles. Assuming that a stellar-like orbiter loses mass through ablation when
crossing the disk(53255) can lead to a lower limit on the object mass.[55) show that for typical
parameters, the expected mass-loss per collision is O(1075— 10"4M,,), although there is a large spread
in plausible values depending on the system parameters. With this baseline assumption, in 10% cycles
the star would have lost 0.1-1 M of material through ablation. The fact that QPEs are on-going then
leads to a lower limit of ~0.1 M, for the original mass of the orbiter, while ablation rates in excess of
104 M, per encounter can be ruled out for eRO-QPE2 (as a star more massive than 1M, would have
entered its full disruption radius at the observed recurrence time). Note, however, that in reality the
star will follow a more complex evolution in response to mass being stripped, potentially changing

this picture considerably.

3.3.2. Accretion disk instabilities

Several flavors of accretion disk instability models have been proposed to reproduce the timing and
spectral properties of QPEsLOQILI5I61[61] 1p this context the Eddington ratio, black hole mass and
disk outer radius of the accretion disk are quantities of interest, as such instabilities typically occur in
relatively narrow ranges of this parameter space. We have constrained the Eddington ratio of the
accretion flow to be Aggq = 0.137)0%. At this Eddington ratio the parameter space for thermal/viscous
instability is very small for a typical thin disk if magnetic fields are present[021l61l Note that more

generally, models invoking accretion rate variations cannot readily explain the temperature hysteresis

observed during the eruptions in eRO-QPE21541,
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Disk tearing may occur in strongly warped diskst®3], although it is unclear which mechanism would

operate to induce strong warps given the relative stability of the X-ray emission over 4 years.

The presence and recurrence time of disk pressure instabilities is set by radiation pressure or magnetic
field strength&‘*l, as well as the accretion rate. As already noted inl3l, reproducing the timescales
involved for eRO-QPE2 would require extreme values of disk viscosity. Using equation 34 froml03l to
interpolate the recurrence time for radiation pressure instabilities, and assuming an eruption
amplitude relative to quiescence of > 10 leads to an expected recurrence time of ~ 1500 days,

inconsistent with the observations.

For magnetic instabilities, we use Eq. 14 froml®4l to estimate the product of the dimensionless
magnetic pressure scaling parameter p, and the o« parametrization of the viscosity
pgﬁ/ 3T030/37 ~ 3.5 x 10? for the observed recurrence time of ~2.4 hrs. For our estimates of the
Eddington ratio and black hole mass, the disk is expected be stable for py; > 30; assuming a ~ 0.1, we
find py ~ 1000 > 30, meaning the disk is expected to be stable. Unstable solutions require
unphysically high values of a > 100, inconsistent with the lack of long-term evolution of the

quiescent emission of the sourcel34],

Furthermore, 661 find that magnetic instabilities require accretion disk sizes truncated to ~10s of Rg
to reproduce the right timescales, which is inconsistent with our estimate of R,,;. Finally, our
estimate of the outer radius of the disk is likely too small for limit-cycle oscillations due to ionization

instabilitiestoZL.

4. Summary

We report on coordinated, time-resolved X-ray (XMM-Newton) and far UV (HST/STIS) observations
of the X-ray QPE source eRO-QPE2. The HST observations constitute the most sensitive UV
observations of a QPE source to date, and cover both the eruption and quiescent phases. We detect a
FUV point source with a mean (extinction-corrected) luminosity of Lgyy = 5+ 3 x 104 erg s'L. No
statistically significant FUV variability is detected between the eruption and quiescent X-ray phases

2 571 R71 (3 o; this corresponds to an extinction-corrected

down to a level of 1.8x107'® erg cm™
luminosity of 1-5x104° erg s™1, depending on the extinction correction used).

Such a luminous FUV source cannot be explained by a compact nuclear stellar cluster with a young

stellar population unless its parameters are extreme compared to known systems. We employ an
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accretion disk model to describe the X-ray to UV SED and find that this can explain the data if the
accretion disk has a compact outer radius (Rout/Rin = 86f§§, or Ryt = 343ff(3’§ Rg for a black hole
mass of Mgy = 5.9£0.3 M, as constrained from the model self-consistently). Such a compact
accretion disk, much smaller than observed in AGNs, is a natural expectation following the tidal
disruption of a star or unstable Roche-lobe overflow from a stellar companion. By accounting for the
quiescent disk emission, we find that the ratio of X-ray to FUV luminosity of the eruption-only
emission for any model is constrained to Lyeqk,x / Lmax,rvv > 16 — 85 (depending on the exact E(B—
V) in the system). With the results of this modeling in hand, we explore the implications for the

various classes of theoretical models that have been proposed to explain QPEs.

Converting the QPE recurrence time to an orbital radius in the assumption of a quasi-circular orbit, we
find that the putative orbiter is located at a distance that inevitably intersects with the compact
accretion disk, making this scenario consistent with the class of object-disk collision models to
explain the eruptions. Our modeling also allows us to constrain the Eddington-normalized accretion
rate of the system, which is a parameter of interest in the class of accretion instability models to
explain QPEs. We find Agzg = 0.137)07, which in combination with the black hole mass and compact
outer radius is inconsistent with the disk instability models that we considered. Finally, we can also
rule out QPE models that have either a classic, large AGN accretion disk, as well as those models where

no accretion disk is present, to explain the QPE phenomenon in eRO-QPE2.

Future high spatial resolution observations at NUV and optical wavelengths can be used to more
accurately constrain the extent of the accretion disk, because of the effect of disk truncation on the
observed break in the UV/optical regime. A sample study using SED modeling including FUV and NUV
wavelengths could be used to determine whether every known QPE source remains compatible with
disk-object collision models while simultaneously constraining the black hole mass and Eddington

ratio parameter space to test accretion disk instability models.
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Facilities: ESO/VLT, HST, XMM-Newton

Software: astropyl81169] HEASoft[70] BxAL71l
Appendix A. Hubble Space Telescope data reduction

A.1. Detector dark background correction

The STIS FUV-MAMA dark background consists of a low background level and a glow region that

varies with temperature and thermal history of the detector (see Sec. 7.5.2 ofl72] for more details#)
We fit both effects simultaneously using dark structure present in our science observations.

As input to our dark model, we identified 777 post-SM4 STIS/FUV-MAMA dark observations with
exposure times >600 s from HST cycles 17-31 in programs 11390, 11857, 12415, 12776, 13146, 13549,
13995, 14430, 14834, 14973, 15562, 15751, 16353, 16560, 16961, and 17390 (PIs: Proffitt, Zheng, Cox,
Lockwood). These range from 2009-06-09 to 2024-07-27 and measure 49M dark counts over 282
hours of total exposure time and over a range of detector temperature conditions. These observations

were scaled to count rates and binned to 2x2 low-resolution pixels.

Following the procedures ofl73] we trained a scikit-learn(74) pipeline with these data, consisting of (1)
a RobustScaler step with centering and scaling using the 25-75th interquartile range, and (2) a
Principal Component Analysis (PCA) step with 6 retained components. These steps were selected for
their applicability in fitting the detector dark behavior over short and long timescales, as well as

fidelity when undergoing an inverse transformation.

Science observations from program 17447 were then fit with this pipeline by binning and applying the
previously determined centering and scaling, and then calculating the dot product with the PCA
eigenvectors. A model super-dark was then generated using the pipeline’s inverse transform. Since
the science observations include foreground counts, the fitted super-dark was subtracted and positive

portions of the residual were identified as source regions in the input data, which were patched with
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data from the fitted super-dark. This process was iterated until most foreground signal was identified

and a super-dark was fit that does not over-subtract.

The resulting super-dark was linearly upsampled (https://scipy-

cookbook.readthedocs.io/items/Rebinning html#Example-3) to the STIS high-res format

(2048x2048) expected by CALSTIS and saved to a FITS file. We modified the DARKFILE keyword in the
RAW science files to use these super-darks and processed them through

stistools.calstis.calstis().

A.2. Further processing

Following our custom detector glow correction, we further pre-process the data to mitigate the effects
of hot pixels and cosmic rays. We stack the observations for each HST orbit, and use an iterative
sigma-clipping scheme to clean detector artefacts such as hot pixels and charge traps. Note that for
visit 1, the galaxy nucleus is located behind the repeller wire and we do not mask pixels flagged by the
calstis pipeline; for visit 2 this is not the case and we implement an additional masking scheme
based on the DQ flags provided by the pipeline. Our results do not change significantly when masking

data-quality flagged pixels for visit 1.

Appendix B. XMM-Newton data reduction

X-ray observations were taken as part of the joint HST and XMM-Newton program, with OBS-IDs
0932590101 and 0932590201 using the European Photon Imaging Camera EPIC;L7-5-1 in full frame mode
with the thin filter. The observation data files (ODFs) are reduced using the XMM-Newton Standard
Analysis Software SAS;L76l The raw data files are processed using the epproc task. Given the higher
sensitivity of the pn instrument, we do not include the MOS1/2 data in our analysis. We follow the
XMM-Newton data analysis guide to check for background activity and generate “good time intervals”
(GTIs), manually inspecting the background lightcurves in the 10—-12 keV band. Using the evselect
task, we only retain patterns that correspond to single and double events (PATTERN<=4). Source
spectra are extracted using a region of rs,. = 35" around the peak of the emission. Background spectra
are extracted from a region of ry;, = 108" located on the same detector. The ARFs and RMF files are

then generated using the arfgen and rmfgen tasks, respectively.
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Appendix C. Fitting methodology

The SED modeling and analysis are performed using the Bayesian X-ray Analysis software (BXA)
version 4.0.7871, which integrates the nested sampling algorithm UltraNestl78] with the fitting
environment PyXspec. In this Bayesian framework, a probability distribution function is obtained for

each parameter. UV photometry is added to PyXspec(without extinction correction) using the
“ftflx2xsp” tool available in HEASoft v6.33.2721, which generates the response file for the fitting
package. While X-ray spectra can be fit using Poisson statistics (a.k.a Cash statistics in XSPEC) in their
native instrumental binning, XSPEC does not support fitting UV/optical/IR data with Poisson statistics.

Therefore, the X-ray spectra are binned using an ‘optimal binning’ schemel82], ensuring that each bin
contains at least 10 counts, and the simultaneous X-ray + UV fit is performed using Gaussian statistics

(a.k.a. x2 -statistics in XSPEC).

To model dust attenuation intrinsic to the host galaxy, we use the reddenSF XSPEC modell45l which
employs the34] attenuation law from 2.20 pum to 0.15 wm and its extension down to 0.09 um as

described in8Ll. The free parameter of the reddenSF model is the color excess E(B—V).

In XSPEC, the model we employ is phabsxreddenxzashift(phabsxreddenSFxdiskSED). The
Galactic X-ray neutral gas absorption is fixed to the Galactic hydrogen equivalent column density,
Npgg=1.6x 1020 cm'zfﬁl, and the Galactic extinction is given by E(B—V)g = 0.015B11. The three
parameters of diskSED (R},, T,, and R, /R;,) are free to vary. The intrinsic host galaxy column
density (Ng) is a free parameter, but the intrinsic dust extinction E(B—V) can not be free as we only

have one UV band. Therefore, we assume a Galactic-like gas-to-dust ratio of 100, leading to the

conversion Ny (cm™2) = 2.21 x 102! x Ay (mag)42.

The marginalized posterior distributions of the fitting are shown in Figure A1, and the best-fit values

for the model parameters can be found in Table 1.
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Figure A1. Full marginalized posteriors for the diskSED fits. The left panel shows the quiescent
component fit, while the right panel shows the eruption component phase-resolved fits. The color coding

is the same as Figure 3). In the 2D histograms, the contours shows 68% and 99% of the probability

distributions.
logyo(Ng) log;0(T) logo(R}) Tgp log,o(L53)
Phase Counts Rout/Rin
(cm™2) (K) (km) (eV) (ergs™)
Quiescent 782 21.6310-06 5.52_0.02 6.54 7019 86_5 — —
QPE Rise 223 193+ 15 41.31+0.1
QPE Peak 1151 187+ 6 42.1+0.1
QPE Decay 522 1224+ 7 41.9+0.1

Table 1. Results of the joint fitting of the phase-resolved X-ray and UV SEDs. The eruption phase-resolved

models differ only in the addition of a variable thermal component. Values and uncertainties denote the

median and 68% confidence interval.
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Appendix D. Black hole mass estimates

In addition to the black hole mass estimate based on the disk modeling (Mpy = 5.940.3), two
independent black hole mass estimates are available for eRO-QPE2. [22] measured the central velocity

1 and more recently [24] reported a

dispersion in long-slit spectroscopy to be o, = 364+3 km s~
consistent measurement of o, = 3846 km s™! based on spatially resolved MUSE data. Depending on

the M—-o relation that is used, this translates into Mgy~ 10> Mg, with typical uncertainties of 0.4-0.5

dex. It is worth noting that none of the frequently used relations is anchored at such low velocity

dispersions, and there may be significant systematic but unquantified uncertainties.

Alternatively, (53] yreported a scaling relation between the late-time/plateau luminosity of a TDE and
the mass of the disrupting black hole. In the assumption that the bright FUV point source is indeed a
compact accretion disk produced by a TDE, we can use this scaling relation to obtain an independent
estimate of Mpy. We extrapolate our FUV measurement to an NUV luminosity by assuming these
bands are located on the Rayleigh-Jeans tail of disk emission, that is, vL, « v3. Accounting for the
difference in frequency (1.9 x10'> Hz compared to the nominal NUV frequency of 1x10'> Hz), we infer
Lyuv =1.3x 104 erg s™1, which translates into Mgy = 105-6¥05 M, (using Eq. 56 in [33]),

These independent estimates consistently indicate the presence of a low mass black hole. For self-
consistency, and given the potential of systematics in host galaxy correlations, we adopt a value of

log;o(Mgy) = 5.940.3 obtained from the accretion disk modeling. Finally,the inferred black hole mass
when marginalizing over the full range of black hole spins a = [-0.99, 0.99] is log;,(Mgg) = 5.6f8:§,

remains fully consistent within the uncertainties.

Footnotes

! This value is consistent with an independent estimate of the optical extinction obtained with
Bagpipesu—‘*—l.

2 The 50% encircled energy radius of the F25QTZ filter is 0.073 arcsecl31

3 The reason to limit it to 80°, is that the Newtonian photon propagation approximation of diskSED

likely breaks down in more edge-on cases.
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4 https://hst-docs.stsci.edu/stisihb/chapter-7-feasibility-and-detector-performance/7-5-mama-
operation-and-feasibility-considerations#id-7.5MAMAQperationandFeasibilityConsiderations-

FUV-MAMADarkCurrent
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