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ABSTRACT

SwJ023017.0+283603 (SwJ0230) was observed to exhibit soft X-ray (0.3-1.0 keV) eruptions recurring

roughly every 22 days. We present results from an extended monitoring campaign of SwJ0230 using

Swift, NICER, and deep XMM-Newton observations. Our main findings are: 1) SwJ0230 did not

display any eruptions during an 80-day period (June-September 2023) of high-cadence monitoring

with NICER and Swift, suggesting that the eruptions have ceased, implying an eruption lifetime of

less than 536 days; 2) quiescent/non-eruption emission is detected with XMM-Newton, with a 0.3 - 2.0

keV luminosity of 4×1040 erg/s (bolometric luminosity of <0.1% Eddington assuming a black hole mass

of 4×106 M⊙), that is consistent with a thermal disk spectrum peaking at 0.11+0.06
−0.03 keV; 3) SwJ0230

exhibited multiple, rapid eruptions (duration <5 hours, similar to quasi-periodic eruptions; QPEs),

and there is tentative evidence that they recur, on average, on roughly the same timescale of 22 days.

Swift J0230+28 therefore exhibited (when active) both rapid, QPE-like outbursts and longer-duration

outbursts, more akin to those from repeating partial Tidal Disruption Event (rpTDE) candidates.

These findings are difficult to explain with a number of models, including those that invoke an orbiter

through a persistent disk and those involving disk instabilities. We propose that an object of smaller

mass (e.g., a Jupiter-sized planet) being repeatedly partially stripped and subsequently punching

through its own, fallback-induced disk, can explain many of the observed properties, including the

long-duration flares (from accretion), the short-duration outbursts (from the planet-disk interaction),

and the turn-off of the flares (when the planet is totally stripped of gas).

Keywords: Galaxies: Optical – Galaxies: X-ray

1. INTRODUCTION

Two classes of repeating extragalactic nuclear tran-

sients (RENTs) have been uncovered in the X-ray

(0.2–10.0 keV) bandpass: those that repeat on “long”

timescales of a few×(months—years) (e.g., Wevers et al.

2023; Liu et al. 2024, 2023a) and those that have

“short” recurrence timescales of a few×(hours—days)

(e.g., Miniutti et al. 2019; Giustini et al. 2020; Arcodia

et al. 2021; Pasham et al. 2024b,c)1. These discoveries

were facilitated largely by all-sky optical and X-ray sur-

veys, including ASAS-SN (Shappee et al. 2014), Zwicky

Transient Facility (Bellm 2014), and eROSITA (Merloni

et al. 2012), that repeatedly scan large areas of the sky.

While modulations are not seen in the optical (except in

the case of ASASSN-14ko Payne et al. 2021a, 2023 and

1 Within the context of this work the term short-period RENTs in-
cludes Quasi-Periodic Eruptions/QPEs and Quasi-Periodic Out-
flows/QPOuts (Pasham et al. 2024b).

AT2018fyk/ASASSN-18ul Pasham et al. 2024a), optical

surveys have been used to identify outbursts and provide

the impetus for X-ray follow-up in several cases.

A leading hypothesis for the origin of long-period

RENTs is the repeated partial tidal disruption of a star

(rpTDEs) (e.g., Wevers et al. 2023; Liu et al. 2023a;

Pasham et al. 2024a) (but see Wen et al. 2024 for an al-

ternative interpretation). For the short-period RENTs,

two additional categories of models have been proposed:

those that invoke an orbiting secondary object around a

primary massive black hole (mass ≳104 M⊙)(e.g., see

Pasham et al. 2024b; Wu et al. 2024; Ressler et al.

2024; King 2023) or disk instabilities (e.g., Śniegowska

et al. 2023; Kaur et al. 2023; Pan et al. 2022; Raj &

Nixon 2021). In both classes of models, a newly formed

accretion disk is necessary to explain the accompany-

ing overall long-term decay (e.g., Pasham et al. 2024d;

Miniutti et al. 2023; Arcodia et al. 2024; Chakraborty

et al. 2024) or optical/X-ray outburst (e.g. Pasham et al.

2024b; Guolo et al. 2024; Nicholl et al. 2024), which can

http://orcid.org/0000-0003-1386-7861


2 Pasham et al.

plausibly originate from the past tidal disruption of a

star.

Swift J023017.0+283603 (hereafter Swift J0230+28)

was identified as an X-ray transient by the Living Swift-

XRT Point Source catalog (LSXPS; Evans et al. 2023a)

and announced publicly on 22 June 2022 (Evans et al.

2022). The field of view was observed by Swift’s X-

Ray Telescope (XRT) on several occasions between 1

December 2021 (MJD 59549) and 8 January 2022 (MJD

59587) to follow up a nearby supernova (∼ 4′ away from

Swift J0230+28’s position). X-ray emission was not de-

tected from the nucleus of the host in any of these ex-

posures, yielding a combined 0.3-2.0 X-ray upper limit

of 2×10−14 erg s−1 cm−2. Observations taken on 22

June 2022 (MJD 59752) revealed an X-ray source with

a flux of 8×10−13 erg s−1 cm−2, suggesting an enhanced

flux by more than a factor of 40. The X-ray spectrum

was soft and thermal with a temperature of roughly 0.12

keV. Based on the spatial coincidence of the source with

the center of a galaxy at z = 0.036 and the soft/thermal

X-ray spectrum, it was initially reported to be a flare

resulting from the tidal disruption of a star by a mas-

sive black hole (Evans et al. 2022). Daily XRT and

NICER monitoring of Swift J0230+28 between 22 June

2022 (MJD 59752) and 1 February 2023 (MJD 59976)

revealed the presence of intense X-ray eruptions, dur-

ing which the observed 0.3-2 keV flux varied between

<2×10−14 erg s−1 cm−2 and ≈2×10−12 erg s−1 cm−2

(see Fig. 1 of Guolo et al. 2024 and Fig. 3 of Evans et al.

2023b). The optical and UV emission remained roughly

constant during this period (Fig. 1 of Guolo et al. 2024)–

consistent with the host galaxy.

Swift J0230+28 is unique among RENTs because 1)

it shows many properties (Guolo et al. 2024) that are

strikingly similar to those of short-period sources (Ar-

codia et al. 2021) (e.g., temperature and lack of opti-

cal/UV emission), but with a repetition timescale that

is longer by a factor of ∼ 10, making it a plausible candi-

date for a link between short- and long-period RENTs;

2) it has transient radio emission (Guolo et al. 2024),

which no other short-period RENTs have (at least in

the published literature); 3) the amplitude of each of

Swift J0230+28’s eruptions is more than 100 (Guolo

et al. 2024; Evans et al. 2023b)–which is higher than

those of short-period RENTs; and 4) the onset of its

eruptions must have been within a span of ∼160 days

(sometime between 8 January 2022/MJD 59587 and 22

June 2022/MJD 59752) prior to its first detected out-

burst, which is a statistic that is not well known in

all other short-period RENTs, providing additional con-

straints on theoretical models.

In this work, we directly address points #3 and #4

with additional NICER and Swift high-cadence mon-

itoring, and a deeper XMM-Newton exposure to con-

strain the quiescent emission, which was not detectable

with Swift/XRT in prior studies2. We discuss the data

reduction/analysis in the appendix, and in section 2

we describe our main results. One of our main find-

ings is that Swift J0230+28 displayed no outbursts over

a span of >160 days, during which multiple eruptions

should have been detected if the source was still ac-

tive at the same flux level, suggesting that the eruptions

have ceased and the mechanism responsible for power-

ing them is no longer active. In Section E.3 we provide

a model, consisting of the repeated partial disruption of

a low-mass object, that can explain every feature of this

source, and we discuss the (generally disfavoring) im-

plications of our results for various models in Appendix

E.

2. RESULTS

We used data from three X-ray telescopes: Swift’s

X-Ray Telescope (XRT; Burrows et al. 2005), NICER

(Gendreau et al. 2016), and XMM-Newton’s European

Photon Imaging Camera (EPIC). A description of the

data reduction and analysis procedures is given in the

Appendix section 4. Here we discuss the main results.

Swift J0230+28’s long-term 0.3-2.0 keV XRT light

curve is shown in Fig. 1. While eruptions are present

between MJDs 59750 and 60025 (Guolo et al. 2024), no

eruptions are evident in the data taken between MJDs

60123 and 60168.

Next we extracted NICER’s 0.3-1.0 keV background-

subtracted light curve (Fig. 2) which shows: 1) no erup-

tions between MJDs 60140 and 60205 and 2) the pres-

ence of rapid eruptions with typical duration of≲5 hours

(see top and middle panels of Fig. 3).

Combined with XRT data taken around the same time

we conclude that the regular eruptions reported in Guolo

et al. (2024) with a mean duration of a few days are

likely not present in data past MJD 60140, or – if they

are present – they have decreased in amplitude by more

than a factor of 10 (see Fig. 4 and section 2.1 for further

details). A low-activity phase similar to that exhibited

between MJDs 59865 and 59945 (see Fig. 1) is also un-

likely, unless the rapid eruptions are less than a factor

of 4 weaker (see Fig. 4 and section 2.1)

The eruptions began between MJDs 59587 and 59752,

and ceased between MJDs 60023 and 60123. As such,

the phase during which eruptions occurred was shorter

2 While Evans et al. 2023b claim a marginal detection, we show in
this work that it was likely a statistical fluctuation
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Figure 1. Swift J0230+28’s unabsorbed 0.3-2.0 keV long-term light curve with Swift/XRT. The data was binned on
an obsID basis. The vertical dashed lines are uniformly separated by 22 days, the best-fit period estimated from the periodogram
by Guolo et al. (2024).

than 536 days – one of the tightest constrains on the

lifetime of such systems (see Pasham et al. 2024d; Mini-

utti et al. 2023; Chakraborty et al. 2024; Arcodia et al.

2024 for similar constrains on QPE sources).

The NICER light curve exhibits rapid flares whose

times (in MJD) are: 59802.494±0.049, 59825.62±0.064,

59826.359±0.129, 59848.972±0.031, 59879.037±0.061,

59882.233±0.160, 59920.702±0.032, 59948.30±0.040

and 59975.505±0.080 days. The uncertainties (in days)

are half the block sizes from the Bayesian blocks algo-

rithm of Scargle et al. (2013). The block sizes can be

treated as a proxy for the duration of these rapid erup-

tions, whose median and standard deviation values are

3 hours and 2 hours, respectively. For comparison, the

same algorithm gives a median (standard deviation) of

6.1 (1.4) days for six of the best-sampled eruptions with

XRT. These numbers are comparable to Guolo et al.

(2024)’s estimate using asymmetric Gaussian modeling.

Combining with the rapid flare detected in XRT data
around MJD 59909.71, the median time between consec-

utive flares is 23.1 days–consistent with the recurrence

time of the regular eruptions. We assess the statistical

significance of the quasi-periodicity of the rapid flares in

Appendix section D and are summarized in Fig. 5. The

chance probability of clustering at any period is small

(<6%). Based on this, we proceed with the assumption

that the rapid flares are also quasi-periodic.

Next, we extracted the spectra of nine of the best-

sampled rapid flares, and they are consistent with ther-

mal emission at temperatures between 0.05-0.21 keV.

These are similar to the temperatures at the peaks of

the regular broad eruptions (Guolo et al. 2024), and

their best-fit neutral column densities are also compara-

ble (see bottom panels of Fig. 3).

Finally, we analyzed the XMM-Newton data and

clearly detect a point source coincident with the position

of Swift J0230+28 (see Fig. A1). We extract its spec-

trum and measure the logarithm of its unabsorbed 0.3-

2.0 keV flux of -13.9±0.1, from which we calculate the

amplitude of the eruptions to be 191±66 (see also Ap-

pendix section C). A caveat of this measurement is that

the XMM-Newton data was collected when the eruptions

were off, raising the possibility that the quiescent level

may have varied over the intervening months. Never-

theless, the Swift/XRT upper limit of 2×10−14 erg s−1

cm−2 for the quiescent phase during active eruptions is

consistent with the above value.

2.1. Assessing the chance probability of missing

activity due to sampling

The mean duration of the regular and the rapid erup-

tions prior to MJD 60100 was 3 days (see Fig. 5 of Guolo

et al. 2024) and 3 hours, respectively. Given the observ-

ing cadence and the upper limits in the second from bot-

tom panel of Fig. 2, we compute the probability of miss-

ing eruptions with a wide range of duration (3 hours to 5

days) and peak fluxes (Fig. 4). To compute these num-

bers we place a Gaussian eruption of a certain width and

peak flux at 5000 randomly chosen points between MJD

60140 and 60205. We chose this time period as it pro-

vided the densest monitoring of Swift J0230+28 without

a detection. Then we estimate the number of times this

Gaussian intersects the observing windows and is also

above the upper limits. This can then be turned into

the chance probability of missing an eruption of a cer-

tain peak flux and width. Then, this number is cubed

to compute the probability of missing three such erup-

tions expected over a ∼65 day time span. We perform

this exercise for four peak fluxes for the Gaussian: 1)

median of the observed peak fluxes of eruptions of 1.4
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Figure 2. A summary of Swift J0230+28’s long-term X-ray evolution. The top two panels show the NICER X-ray
(0.3-1.0 keV) evolution while the bottom two panels show a period of NICER and Swift with no evidence for eruptions. The
vertical dashed lines are uniformly separated by 22 days with the same reference date as Fig. 1. XRT’s 3σ upper limit is based
on a scaling factor of 44 between 0.3-2.0 keV XRT count rate and 0.3-1.0 keV NICER rate (See Appendix section B for details
on this estimate). Data prior to MJD 59976 was published in Guolo et al. (2024).

cps, 2) 50%, 3) 25% and 4) 10% of the median of the ob-

served peak fluxes. The results are shown in Fig. 4 and

should be considered upper limits, as we do not include

the probability of a non-detection in the more recent

observations between MJDs 60503 and 60587.

During prior monitoring there was a time window

of ∼ 80 days between MJDs 59865 and 59945 where

Swift J0230+28 showed weak eruption activity: a few

rapid eruptions around MJDs 59880, 59910 and 59921

(see Fig. 1 and 2). From the above simulations, it can be

seen that the probability of missing 3 such rapid flares,

assuming the same strength as before, 50% and 25% of

previous strength, is <1.5%, ≈1.5%, and ≈2.5%, respec-

tively. This number increases to 40% if the eruptions

have decreased in strength to 1/10th of the original erup-

tions. We conclude that the eruptions have likely turned

off or decreased in magnitude by more than a factor of

10, with only a few percent likelihood that we may be

missing them due to monitoring gaps.

2.2. Comparison to other RENTs

Three QPE sources (GSN069, eRO-QPE1 and eRO-

QPE3) (Miniutti et al. 2023; Pasham et al. 2024d; Ar-

codia et al. 2024) and two of the best-sampled repeat-

ing TDEs exhibit a declining trend in the peak out-

burst flux with time (Pasham et al. 2024a; Liu et al.

2024). While Swift J0230+28’s eruptions have disap-

peared, it is difficult to definitively say if there was a

gradual decline in eruption strength, especially because

of the lack of data between its last major outburst and

the complete cessation of emission (see Fig. 1). However,

Swift J0230+28’s average amplitude (ratio of peak to the
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Figure 3. A summary of the rapid flares from Swift J0230+28. The top four panels show sample rapid flares. Bottom
panels: We compare the X-ray spectra of Swift J0230+28’s rapid and regular flares. The y-axis of the left panel shows the
best-fit temperatures near the peaks of the five well-sampled regular flares (red) and the nine rapid flares (green). The right
panel shows the best-fit neutral Hydrogen columns for the rapid (green) and regular (red) flares. One of the green data points
is off the scale with a large errorbar (0.56±0.44) and is not shown in this plot. All spectra were fit with a single temperature
blackbody, ztbabs*zashift(bbody) in XSPEC. All errorbars represent the 90% uncertainty.
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Figure 4. Results from simulations to assess the probability of missing three Gaussian shaped eruptions
between MJDs 60140 and 60205. The top-left panel shows the probability as a function of eruption duration assuming
they had a peak flux comparable to the median of the peak fluxes during prior monitoring. The rest of the panels show the
same plot but with different peak fluxes. The probability of missing regular (a few days long) eruptions is <10% even if the
eruptions have decreased in strength (peak flux) by an order of magnitude. The probability of missing rapid (a few hours long)
flares is also low (<a few percent) if their peak fluxes were >1/4th their previous strength.

quiescent flux) is higher than that of QPEs (see Fig. 5

of Guolo et al. 2024) but is below the two X-ray rpTDEs

AT2018fyk/ASASSN-18ul (Pasham et al. 2024a) and

eRASSt J045650.3−203750 (Liu et al. 2023a). Based

on the amplitude alone, it is unclear if Swift J0230+28

can connect QPEs and rpTDEs, though it lies firmly be-

tween the two classes in peak luminosity (as also noted

in Evans et al. 2023b; Guolo et al. 2024 based on the

recurrence timescale of the flares).

On the other hand, Swift J0230+28 exhibits both

QPE-like outbursts that are ≲ few hours in duration,

and longer-duration flares that are ∼ few days in dura-

tion that are reminsicent of those from rpTDEs. There-

fore, instead of being a “bridge” between QPEs and rpT-

DEs, Swift J0230+28 may instead possess physical char-

acteristics that facilitate the emergence of both types of

eruption. The model we propose in Section 3.3 below

does precisely this.

3. DISCUSSION

Our main observational findings are: 1) the absence

of eruptions in new monitoring data, which constrains

Swift J0230+28’s eruption-phase lifetime to less than

536 days, 2) the confirmation of several rapid flares that

last only for a few hours, i.e., shorter than 1/10th of

the regular eruptions reported earlier in (Evans et al.

2023b; Guolo et al. 2024), and are consistent with a

repetition timescale of 22 days and 3) the detection of

quiescent flux, which allows us to measure the eruption

amplitude to 191±66. In addition, there is a time win-
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Figure 5. Summary of quantifying the quasi-periodicity of the rapid flares. The top-left panel shows the distribution
of the phases of the rapid flares. They are normalized to be between -0.5 and 0.5. The top-right panel shows the empirical
distribution function (EDF) of the phases of the rapid flares (histogram) along with the cumulative distribution function (CDF)
of a uniform distribution between -0.5 and 0.5. The bottom-left and the bottom-right panels shows the distributions of the
Kolmogorov–Smirnov and the Anderson-Darling statistics against a uniform distribution, respectively. Only 2.5% and 6% of
the K-S and Anderson-Darling statistics are above the observed values (dashed vertical lines), i.e., the chance probability of
having 9 random rapid eruptions aligned to the level observed in the data is at most 6%.

dow of about 80 days (between MJDs 59865 and 59945)

where Swift J0230+28 only exhibited rapid eruptions

(see Fig. 1, 2 and 3). Any potential model will need

to explain all these properties.

RENT models can be put into three broad categories:

1) inner-disk instabilities, 2) repeated encounters be-

tween a secondary object and an accretion disk, and 3)

repeated mass transfer from a secondary star, either in

the form of a partial TDE or Roche lobe overflow. ERC:

is the distinction we’re making between partial

TDE and Roche lobe overflow the orbit of the

star? we should make that explicit, as otherwise

it sounds a bit silly.

3.1. Implications for disk instability models

We consider four scenarios related to accretion disk

instabilities: 1) radiation pressure instability (e.g.,

Śniegowska et al. 2023), 2) inner disk precession (e.g.,

Stone & Loeb 2012), 3) disk tearing (Nixon et al. 2012),

and 4) shock front oscillations (Suková et al. 2017). The

first two models were already discussed and disfavored

by Guolo et al. (2024) because the underlying disk is

accreting at about 0.1% of the Eddington limit; the ra-

diation pressure instability is thought to arise at high

accretion rates(Śniegowska et al. 2023). Lense-Thirring

precession is disfavored based on the eruption profiles

and the observed irregularity (Guolo et al. 2024). We

discuss disk tearing and shock front oscillations in Ap-

pendix sec. E, and disfavor them owing to their inability

to explain the rapid flares.

3.2. Implications for models invoking repeated disk

collisions
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Models where eruptions arise from shocks produced

by an object punching through a cold/optically thick

accretion disk (Franchini et al. 2023a; Linial & Metzger

2023; Yao et al. 2024) are also unlikely, given the low

bolometric luminosity of ≲ 0.1% of the Eddington limit

where the disk is expected to be Advection Dominated

Accretion Flow (ADAF)-like (geometrically thick and

optically thin) (e.g., Abramowicz et al. 1996). Even if

the disk is thin at this accretion rate, the interactions

of the star with the disk leading to expanding shocks

would yield a luminosity that is too small for typical

parameters (Linial & Metzger 2023),

Lerupt ∼ 1.2× 1040
(

R⋆

1R⊙

)2/3 (
M•

106.6 M⊙

)
×

×
(

ṁ

10−3

)1/3 (
Perupt

22 days

)−2/3

erg s−1 , (1)

where R⋆ is the stellar radius and Perupt is the mean

recurrence timescale.

Additionally, the presence for rapid flares is also chal-

lenging to produce in these models. Suková et al.

(2021)’s orbiting model involves an ADAF–type accre-

tion flow around an SMBH that is repeatedly “pushed”

around by an orbiter. However, it is difficult to envision

rapid flares in this model.

Linial & Sari (2023) calculated a single-EMRI rate of

10−5 − 10−7 yr−1, such that it is difficult (probabilis-

tically) to generate two such objects on near-circular

orbits simultaneously. We nevertheless consider the sce-

nario of two co-orbiting stars around an SMBH (Metzger

et al. 2022; Guolo et al. 2024) and how such a system

could potentially explain both the longer regular flares

(when the two stars meet) and the rapid flares (when

the stars hit the disk during each short orbit). For more

details, see Appendix E.3.

3.3. The repeated partial disruption of a gas giant

Swift J0230+28 displays both long-duration (≳ days)

outbursts that are reminiscent of repeating partial TDEs

(Payne et al. 2021b; Wevers et al. 2023; Liu et al.

2023b; Somalwar et al. 2023) as well as short-duration

(∼ hours) outbursts that are more similar to QPEs. If

we attribute the more extended outbursts to accretion

events onto the black hole, the overall energetics are

consistent with a small amount of mass (≲ 10−5M⊙)

removed from the object (for accretion efficiencies of

∼ 10%). There are also noticeable “gaps” in the fre-

quency of the longer outbursts, where the 23-day repe-

tition cycle would predict an outburst that was actually

absent. Here we consider a physical model that can plau-

sibly explain these features, being the repeated partial

disruption of a low-mass object3 (putatively a gas gi-

ant) that impacts its own accretion disk to produce the

QPE-like outbursts.

The fallback time of debris in a TDE is usually the one

that determines the rate at which material is accreted

onto (or at least supplied to) the black hole, and scales

as the dynamical time of the partially disrupted object,

where the dynamical time is τdyn ≃ 1/
√
Gρ with ρ the

average density. Since gas giants and main sequence

stars have comparable densities, their dynamical times

are also comparable. The proportionality constant is the

square root of the mass ratio, such that if m is the mass

of the partially disrupted object, the fallback time is

Tfb ≃ τdyn

√
M•

m
, (2)

with M• ≃ 106M⊙ the SMBH mass. With τdyn ≃
0.5 hr ≃ 0.02 days, this gives Tfb ≃ 20 days for a sun-

like star, whereas a Jupiter-mass object – with a mass

of ∼ 0.001M⊙ and radius ∼ 0.1R⊙ – yields a fallback

time of ∼ 2 years.

It would appear that this timescale is too long to be

consistent with the ∼ 20-day recurrence time of the

Swift J0230+28. However, the large discrepancy be-

tween the fallback time and the orbital time Torb, pre-

sumed to be on the order of Torb ≃ 20 days, implies

that it is actually the latter, not the former, that sets

the mass supply timescale. In particular, this system is

in the regime where the specific binding energy to the

SMBH significantly outweighs the spread in energy im-

parted to the debris from the tidal field of the SMBH,

where the latter is

∆ϵ =
Gm

R

(
M•

m

)1/3

, (3)

with R the radius of the object. The binding energy

of the orbit ϵ, on the other hand, is simply obtained

from the energy-period relation of a Keplerian orbit.

For numbers appropriate to a Jupiter-like object and

a 106M⊙ black hole, the spread in the specific binding

energy is ∆ϵ ≃ 2 × 10−5c2, while ϵ ≃ 3 × 10−4c2, i.e.,

3 A massive object would require a fine-tuned pericenter distance
to remove a small amount of its mass (see Miniutti et al. 2023 for
an analogous argument that disfavors a white dwarf). One would
then need to invoke a third body (i.e., Kozai-like oscillations) on
an orbit of only marginally greater semimajor axis to stop the
eruptions on short timescales, because the star would be in the
classic tidal dissipation regime (tides would remove orbital energy
at the expense of tidally heating the star; Cufari et al. 2023),
and the gravitational binding energy of the orbit is significantly
greater than the binding energy of the object itself, i.e., one would
completely destroy the object prior to ejecting it (Cufari et al.
2023).
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∆ϵ/ϵ ≃ 0.1. In this limit, the total duration of each

outburst is set by the difference in the orbital times of

the most- and least-bound debris, which is (to leading

order in the ratio ∆ϵ/ϵ)

∆T ≃ Torb
3∆ϵ

ϵ
≃ 6 days. (4)

The period of Torb = 20 days can be obtained via Hills

capture of a sufficiently hardened binary, the hardened

nature required for the binary to survive in the galactic

nucleus (see Cufari et al. 2022 and Evans et al. 2023b in

the context of this specific event).

The expected outburst duration of ∼ 6 days is in good

agreement with the observations of Swift J0230+28. In

this model, each outburst consists of the accretion of

two tails of debris, one more bound and the other less

bound, with the planet returning in between. In other

rpTDE sources the return of the core was interpreted

to correlate with the prompt shutoff of accretion (Wev-

ers et al. 2023), owing to the fact that for very weakly

bound orbits, the region of the debris stream excised of

mass by the gravitational field of the core grows with

time as ∝ t2/3 (Coughlin & Nixon 2019). This approxi-

mation should be upheld until roughly the apocenter is

reached, after which this region grows more rapidly ow-

ing to the difference in acceleration of the least-bound

fluid element within the debris stream and the core it-

self. Therefore, even if the mass ratio is very small,

this region excised of mass (akin to the Hill sphere un-

til apocenter is reached) can grow to an appreciable size

over timescales of many months to years. Here, however,

the mass ratio is even smaller (than for a star and a black

hole) and the orbital time is considerably shorter than

other rpTDEs, and hence it is unlikely that this region

will be large enough to significantly modify the mass

supply rate.

If the radiative efficiency of accretion is 1− 10%, the

accreted mass per large outburst is∼ 1−10% the mass of

a Jupiter-sized object. It therefore seems plausible that

a Jupiter-mass object could lose up to tens of percent of

its total mass per pericenter passage, thus resolving the

fine-tuning problem that would arise if the object were

solar-like, i.e., it would need to be situated at a very

precise radius to lose a miniscule fraction of its mass on

each encounter.

This configuration could also explain the discontin-

uation of eruptions as well as the overall cessation of

emission: recent simulations by Bandopadhyay et al.

(2024) have shown that certain stars are capable of with-

standing many, repeated tidal encounters with a super-

massive black hole, losing only a small fraction of their

mass during each pericenter passage and the amount

of mass stripped (per encounter) declining with time.

The origin of this stellar survivability is that the en-

ergy imparted via tides is deposited primarily in the

outer layers of the star (where the amplitude of the tidal

field is largest), and those outer layers are subsequently

stripped by the black hole, while the high-density core

of the star remains relatively unperturbed and provides

the self-gravitational field needed to withstand the black

hole’s tidal shear. Gas giants are thought to consist of a

gaseous envelope alongside an inner, rocky core, where

the latter could contain up to ten percent of the total

planet mass (e.g., Militzer et al. 2008). This core could

act analogously to that of a star if its tensile strength

is sufficiently high, meaning that as the outer layers of

the gas giant are stripped, the core is effectively un-

altered. Furthermore, if a substantial fraction of the

envelope is stripped during the first few encounters, the

planet’s average density could initially increase as more

gas is concentrated near the rocky core, resulting in a

lower effective β (equal to the tidal radius divided by

the pericenter distance). It would then require a num-

ber of additional encounters, during which little to no

mass would be lost, to tidally heat and inflate the re-

maining envelope until it were susceptible to additional

tidal stripping. The accretion outbursts terminate when

most-to-all of the mass is removed from the planet, leav-

ing the rocky core behind as an orbiter.

The QPE-like outbursts could originate from the in-

teraction between the orbiter and the disk, similar to

the models that employ this interpretation for QPE-

only systems (Linial & Metzger 2023; Franchini et al.

2023b). The long-short cycles exhibited by QPEs have

been suggested to arise from the two interactions of the

(in that case) star per orbit, there being a slight dif-

ference in time from one outburst to the next owing

to the (implied) mild eccentricity of the orbit. Here,

however, the orbit of the perturber is highly eccentric:

with a pericenter distance equal to ∼ the tidal radius

of ∼ 50GM•/c
2 ≃ 7.4 × 1012 cm (for an object with

solar-like density) and a semimajor axis of ∼ 2.3× 1014

cm (implied by an orbital period of 20 days and a black

hole mass of 106M⊙), the orbital eccentricity is e ≃ 0.97.

Instead of two outbursts per orbit, the orbiter could in-

tersect the disc only once near pericenter if the pericen-

ter vector of the planet’s orbit (i.e., the vector pointing

from the black hole to the pericenter of the orbiter) is

nearly within the plane of the accretion disk, with a

correspondingly weak intersection near apocenter (as-

suming the disc has had time to viscously spread that

far). Alternatively, if the pericenter vector is nearly or-

thogonal to the plane of the disc, we would expect two

outbursts in close succession of one another, separated

in time by roughly half the orbital time at pericenter.
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With a pericenter distance on the order of tens of grav-

itational radii and a rapidly spinning black hole, the

accretion flow could rapidly align to the black hole spin,

while the orbiter precesses both nodally and apsidally by

some amount per orbit. It could therefore be the case

that the short-amplitude outbursts are variable in time

throughout the encounter, as the degree of apsidal pre-

cession (which is on the order of tens of degrees for fairly

relativistic pericenters) determines the (mis-)alignment

with the disc plane, but we would expect their recur-

rence time to – on average – reflect the orbital period of

the orbiter and the time between larger outbursts.

The speed of the orbiter near pericenter is ∼ few×0.1

c (note that this is much larger than for near-circular

orbits with the same period), which should be approxi-

mately the same speed as the shock formed as it impacts

the disk. With a radiation-pressure dominated shock

and a temperature of 0.2 keV, this implies a disk den-

sity of 2 × 10−9 g cm−3, which is consistent with the

densities inferred from other rpTDEs (see Wevers et al.

2023). Additionally, with a luminosity of ∼ 2 × 1042

erg s−1 and a temperature of 0.2 keV, the radius of the

emitting surface is ∼ 9.8× 109 cm, which is comparable

to that of a gas giant (Jupiter’s radius is ∼ 7× 109 cm).

Finally, if the orbiter interacts with 10% of its mass per

orbit, or ∼ 10−4M⊙, and is moving at ∼ 0.2c, then the

kinetic energy of the outflowing material as the orbiter

impacts the disc – assuming the shock speed is com-

parable to the orbital speed, which should be a good

approximation for the large disparities in density – is

Ekin ≃ 0.5× 10−4M⊙ × (0.2c)
2 ≃ 3.5× 1048 erg, which

corresponds to ∼ 2 × 1044 erg s−1 if all of the kinetic

energy could be radiated over the ∼ 5-hour duration of

the short bursts (note that, again because of the highly

eccentric orbit and high speed near pericenter, this is

larger than the luminosities estimated for near-circular

orbits; cf. Equation E1 in Appendix E). This implies

that the radiative efficiency of the shock-heated gas is

∼ few%, which is consistent with observations of core-

collapse supernovae (Inserra 2019).

Finally, a natural question to ask is why other rpT-

DEs do not show QPE-like outbursts, and this could be

related to the difference between the accretion timescale

and the orbital timescale: rpTDEs have so far been dis-

covered around very massive black holes, such that the

pericenter distance is highly relativistic, and their re-

currence times (∼ orbital times) are on timescales of

months-years. In such systems, one would expect a rel-

atively short viscous time relative to the orbital time

(indeed, this is invoked to explain the rapid shutoffs ob-

served in, e.g., AT2018fyk; Wevers et al. 2023), implying

that the disc is rapidly drained and is no longer present

as the star returns to pericenter. QPE systems that har-

bor a persistent, underlying accretion flow with which

an orbiter interacts could be in the other extreme limit,

where the long viscous time allows many, repeated in-

teractions with the orbiter. Swift J0230+28 could be a

relatively rare, in between case, such that the orbital

pericenter is close enough to the black hole to permit

relatively rapid accretion – and thus power the longer-

duration flares – but the viscous time is sufficiently long

to permit the presence of a reservoir of gas near peri-

center with which the orbiter interacts, i.e., the viscous

time near pericenter is comparable to the orbital time.

4. SUMMARY

We presented results from an extended monitoring of

Swift J0230+28 and report three new aspects: 1) discov-

ery of the quiescent emission, which allows us to con-

strain the Eddington ratio of the underlying disk to be

<0.1% of the Eddington values after accounting for the

uncertainties in black hole mass from M-σ of 6.6±0.40

and bolometric color-correction; 2) the cessation of the

eruptions, suggesting that they possess a lifetime of less

than 536 days in Swift J0230+28; and 3) several epochs

of rapid flares that repeat roughly on the same timescale

as the regular eruptions. We propose that these rapid

eruptions are akin to QPEs and the regular eruptions are

similar to repeating partial TDEs, i.e., Swift J0230+28

exhibits both types of repeating signals. We propose

a model involving the repeated partial disruption of

a Jupiter-sized object, which can produce the longer-

duration eruptions from the accretion of tidally stripped

material, and the rapid eruptions from the remnant core

punching through its own fallback disk.
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APPENDIX

DATA

Within the context of this work, we use a standard ΛCDM cosmology with parameters H0 = 67.4 km s−1 Mpc−1,

Ωm = 0.315 and ΩΛ = 1 - Ωm = 0.685 (Planck Collaboration et al. 2020). Using the Cosmology calculator of Wright

(2006), Swift J0230+28’s redshift of 0.036 corresponds to a luminosity distance of 165.5 Mpcs.

The data reduction was performed using the standard HEASoft version 6.33.2 and the latest calibration files were

used for Swift X-Ray Telescope (XRT), NICER and XMM-Newton.

A. Swift/XRT DATA REDUCTION AND ANALYSIS

Swift observed the target on 239 occasions between 1 December 2021 and 11 August 2023. These obsIDs were

downloaded from publicly-accessible HEASARC archive: https://heasarc.gsfc.nasa.gov/cgi-bin/W3Browse/w3browse.

pl. Two of the observations did not have any Photon Counting data and was excluded from further analysis. The

rest 237 obsIDs were reduced using the standard data reduction procedure using the xrtpipeline as outlined on Swift

data analysis threads: https://www.swift.ac.uk/analysis/xrt/xrtpipeline.php. After that we used the xrtlccorr tool

to estimate a mean 0.3-2.0 keV exposure and background-corrected count rate per obsID (see Fig. 1).

To convert from 0.3-2.0 keV background-subtracted count rate to intrinsic 0.3-2.0 keV flux we extract an average

spectrum using all obsIDs with count rates great than 0.003 cps. We binned the spectrum using the ftgrouppha tool

with grouptype=optmin and groupscale=25. We then fit this spectrum in XSPEC (Arnaud 1996) using a blackbody and

a powerlaw component modified by Galactic absorption: tbabs*zashift*cflux*(bbody+pow) in XSPEC which resulted

in a best-fit χ2/degrees of freedom (dof) of 12.7/12. The Hydrogen column of tbabs component was fixed to a value

of 0.074×1022 cm−2 (HI4PI Collaboration et al. 2016). The best-fit bbody temperature was 0.113±0.005 keV while

the powerlaw index was 2.51.0−1.8. The logarithm of the average unabsorbed 0.3-2.0 keV flux in units of erg s−1 cm−2

is -11.98±0.03 which corresponds to a count rate of (1.90±0.05)×10−2 cps. Using this conversion ratio we estimated

the flux during individual obsIDs.

We extracted a stacked exposure-corrected image of all the non-eruption obsIDs which we identify using the Bayesian

Blocks algorithm (Scargle et al. 2013). Analysis of this image with 108.9 ks of exposure using ximage suggests a

marginal detection with an estimated (exposure and background-subtracted) count rate of (4.7±1.2)×10−5 cps. Taken

at face value this suggests a detection with signal-to-noise of 4.7/1.2≈4. However, the total number of counts over

108.9 ks is only 5. Considering a Poisson errorbar of >2 the signal-to-noise ratio becomes ∼2. Thus, we do not consider

this as a statistically robust detection.

B. NICER DATA REDUCTION AND ANALYSIS

As of 15 October 2024, the HEASARC has 248 NICER obsIDs. The actual number is slightly higher but those other

obsIDs do not yield any exposure with standard data filters (see below). There is an ongoing monitoring as part of

an approved cycle 6 NICER GO program (PI: Guolo; Program ID 7131). Here we include all data available on the

HEASARC as of 15 October 2024. We started analysis by downloading the data from the HEASARC and reduced

it using the standard procedures outlined on NICER data analysis guide: https://heasarc.gsfc.nasa.gov/docs/nicer/

analysis threads/, i.e., nicerl2 followed by nicerl3-spect. To extract background-subtracted light curves we used

the nicerl3-lc tool with a binsize of 250 s following the standard steps outlined here: https://heasarc.gsfc.nasa.gov/

docs/nicer/analysis threads/nicerl3-lc/.

To quantitatively assess the NICER light curve we apply the Bayesian Blocks algorithm (Scargle et al. 2013) to the

entire NICER light curve. In addition to the broad (several days long) eruptions that appear roughly every 22 days,

the algorithm identified nine instances of rapid flares which lasted less than five hours.

To assess these flares we extracted their spectra and modeled them using the SCORPEON background in XSPEC.

They all are consistent with a thermal blackbody with a median (standard deviation) temperature of 0.11 (0.04) keV.

https://heasarc.gsfc.nasa.gov/cgi-bin/W3Browse/w3browse.pl
https://heasarc.gsfc.nasa.gov/cgi-bin/W3Browse/w3browse.pl
https://www.swift.ac.uk/analysis/xrt/xrtpipeline.php
https://heasarc.gsfc.nasa.gov/docs/nicer/analysis_threads/
https://heasarc.gsfc.nasa.gov/docs/nicer/analysis_threads/
https://heasarc.gsfc.nasa.gov/docs/nicer/analysis_threads/nicerl3-lc/
https://heasarc.gsfc.nasa.gov/docs/nicer/analysis_threads/nicerl3-lc/
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Typically, NICER background flares are “hard” and almost never thermal. There was also an instance of such a flare

with lower-cadence Swift/XRT (Guolo et al. 2024) (See Fig. 1). Considering these we conclude that these are real.

There were four instances around MJD 60143, 60190, 60199, and 60550 where nicerl3-lc suggests a marginal

detection. We inspected them manually and found that these were instances where the entire excess above the

background was in a single bin between 0.5-0.6 keV. This is from a well-known blend of foreground Oxygen and Ne

features from Earth’s atmosphere. Allowing the Oxygen normalization in the SCORPEON background modeling gets

rid of this excess above the background. Consequently, we conclude that these three marginal detections are not

related to the source.

Given NICER’s high-cadence data there were multiple GTIs within 0.1 days of XRT observations. We compared

the background-subtracted 0.3-1.0 keV NICER count rates with 0.3-2.0 keV XRT count rates in those epochs, and

estimated a scaling factor of 44 between the two quantities.

C. XMM-Newton DATA REDUCTION AND ANALYSIS

XMM-Newton observed Swift J0230+28 for 49.8 ks on 25 January 2024 (MJD 60334) as part of an approved guest

observer program to measure its quiescent spectrum (PI: Pasham). We reduced this obsID 0923950101 using the

standard XMM-Newton reduction procedure, i.e., with the epproc and the emproc XMMSAS tools. Background

flaring was present and was removed by assessing the light curve of a nearby background region free of any point

sources. This reduced the total exposure to roughly 33 ks.

A source at the position of Swift J0230+28 was clearly evident in the raw 0.2-1.0 keV image (left panel of Fig. A1).

We extracted a pn spectrum following the procedure outlined on XMM-Newton data analysis webpage: https://www.

cosmos.esa.int/web/xmm-newton/sas-threads. Source events were extracted from a circular region with a radius of

25′′ while the background was estimated using a nearby 50′′ radius circular region. Because the background starts

to dominate beyond 0.7 keV we only used the 0.2-0.7 keV bandpass and modeled the spectrum with a thermal disk:

tbabs*zashift*cflux*diskbb in XSPEC. This resulted in a best-fit C-stat/dof of 10/11 with a disk temperature and the

logarithm of the inferred unabsorbed 0.3-2.0 keV flux of 0.11+0.05
−0.03 keV and -13.9±0.1 erg s−1 cm−2, respectively. The

background-subtracted 0.2-0.7 keV count rate was (2.5±0.4)×10−3 cps.

C.1. Eddington Ratio during quiescence

The unabsorbed 0.3-2.0 keV inferred luminosity is 40.58±0.14. Integrating the best-fit disk over 1ev to 10 keV gives a

value of 41.07+0.36
−0.28. Using a logarithm of the central supermassive black hole mass of 6.6±0.40 derived from host galaxy

stellar velocity dispersion (Guolo et al. 2024) implies that the Eddington ratio during quiescence is (2.1±0.5)×10−4.

The 90% uncertainty value was estimated using the bootstrap functionality in Scipy: https://docs.scipy.org/doc/

scipy/reference/generated/scipy.stats.bootstrap.html. This includes the errorbars on the integrated 1 eV to 10 keV

luminosity and the 0.4 dex uncertainty in the black hole mass. If we are extra-conservative and include an additional

color-correction factor of 5, the Eddington ratio is still below 0.1%.

We estimate a median (standard deviation) value of the 0.3-2.0 keV unabsorbed peak flux of eruptions using four of

the best-sampled NICER eruptions to be 2.4(0.6)×10−12 erg s−1 cm−2. Due to NICER’s large effective area this has

a smaller uncertainty but is consistent with the measurement from XRT data of (1.8±0.9)×10−12 erg s−1 cm−2.

D. ASSESSING THE STATISTICAL SIGNIFICANCE OF THE QUASI-PERIODICITY OF THE RAPID

ERUPTIONS

To test if there is any regularity in the occurrence of the rapid flares we first computed the time difference between

consecutive flares and obtained a modulo with respect to the median of the time between consecutive rapid flares. This

gives a phase with respect to the median time between flares of 23.1 d, and is shown in the top left panel of Fig. 5. For

reference, if the flares were strictly periodic the distribution would have a single bin at 0 and if they are quasi-periodic

they would cluster near 0 with a distribution whose width is a measure of period jitter. Fig. 5 (top left) shows that 8

out of the 9 phase values are clustered in a narrow phase range of 0 and 0.3 suggesting a potential quasi-periodicity.

Next, we devised a scheme to assess the probability that randomly placed flares would produce the same level of

clustering. We start by comparing the empirical distribution function (EDF) of the observed phases with the cumulative

distribution function (CDF) of a uniform distribution between -0.5 and 0.5 (Fig. 5, top-right). Qualitatively, they do

not appear to align.

To quantify the discrepancy between the CDF of a uniform distribution and the EDF of observed data we devise

the following scheme:

https://www.cosmos.esa.int/web/xmm-newton/sas-threads
https://www.cosmos.esa.int/web/xmm-newton/sas-threads
https://docs.scipy.org/doc/scipy/reference/generated/scipy.stats.bootstrap.html
https://docs.scipy.org/doc/scipy/reference/generated/scipy.stats.bootstrap.html
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Figure A1. Summary of the XMM-Newton data analysis. The left panel shows an EPIC (pn+MOS) 0.2-1.0 keV image of
Swift J0230+28’s field of view after the eruptions turned off. The dashed white circle is centered on Swift J0230+28’s position
and has a radius of 25′′. The green arrows pointing North and East are each 50′′ in length. Right: The top panel shows the
source and background spectra while the bottom panel shows the ratio of the data to the best-fit thermal disk model.

• We randomly chose 9 times between MJDs 59799 and 60020 and compute their phase distribution as done for

the real rapid flares above.

• Then we extract the EDF of these simulated phases from the above step and compute the Kolmogorov–Smirnov

(K-S) statistic against a uniform distribution. Conceptually, this statistic measures the maximum deviation

between the two distributions.

• We repeat the above two steps 100,000 times and get a distribution of the K-S statistic between a uniform

distribution and simulated random rapid flares.

• Finally, we compute the K-S statistic between the observed rapid flares and a uniform distribution. The distri-

bution from above step is plotted along with this value in the bottom left panel of Fig. 5.

• We also repeat the above steps using the Anderson-Darling statistic which is shown in the bottom-right panel

of Fig. 5.

The percentage of points in the K-S and Anderson-Darling based approaches that are above the observed value are

2.5% and 6%, respectively. Based on the above analysis, the likelihood that 9 random flares are separated as they do

in the real data is less than 6%.

E. IMPLICATIONS FOR OTHER MODELS

E.1. Disk tearing

Disk tearing is driven by an instability that occurs in strongly warped disks (Nixon et al. 2012; Doǧan et al. 2018;

Raj et al. 2021; Drewes & Nixon 2021). The instability causes the warp to sharpen and the surface density to decrease

sharply, breaking the disk into discrete planes. When the disk is subject to a forced precession, such as the Lense–

Thirring effect from a spinning black hole or the gravitational torque from a companion star, the broken parts of the

disk precess effectively independently. Any subsequent radial spreading of the precessing rings leads to collisions of gas

orbits that shock heat the gas and rob it of rotational support causing inflow and enhanced accretion at smaller radii.

The geometry of the system, and particularly the line of sight to the observer, also play a significant role in determining

the observational appearance of the disk (Raj & Nixon 2021). The fundamental timescale on which variable emission

occurs is the precession timescale, with the precession responsible for inducing the disk warp. For disks around black

holes, precession via the Lense-Thirring effect requires the disk to be misaligned to the black hole’s spin.
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The black hole mass in Swift J0230+28 is expected to be around 106.5M⊙ based on host galaxy scaling relations,

but due to the low host galaxy velocity dispersion there is significant uncertainty in this value. There is no constraint

on the black hole spin. The two types of flares in Swift J0230+28 are broadly categorized as short outbursts (lasting a

few hours) and seen every ∼23 days and long outbursts (which emit almost all of the energy) lasting a few days and

repeating less regularly but on a similar recurrence time. We therefore consider the timescales that might be expected

to result from disk tearing in this system.

The Lense-Thirring precession timescale, for a spin of order unity and a black hole mass of 106.5M⊙ is tp ∼
2.5(R/Rg)

3 s where Rg = GM/c2 is the gravitational radius of the black hole. To match with the ∼ 22 day period

in the lightcurve, the implied radius that is undergoing Lense-Thirring precession is around 100Rg, which is within

the region that is expected to be susceptible to the disk tearing instability for typical parameters of disks around

supermassive black holes (Nixon et al. 2012). Using their estimate of where the disk might break, with a spin of order

unity and a disk viscosity parameter α ≈ 0.1 (Martin et al. 2019), then disk tearing would require H/R ≲ 0.01. While

AGN disks are typically much thinner than this, SwJ0230 is not a strong AGN (Evans et al. 2023b). They measure

the quiescent 0.3− 2 keV luminosity to be ≈ 1041 erg/s, which implies an Eddington ratio of ∼ 0.001(k/M6) where k

is the bolometric correction factor from the 0.3− 2 keV luminosity and M6 is the black hole mass in units of 106M⊙.

If the black hole mass is low or the bolometric correction significant then the disk may be thin enough for disk tearing

to occur.

The 22-day timescale may therefore be explained by tearing of the disk. However, we would expect the flare duration

and the recurrence timescale in a disk tearing model to be similar as they are both driven by precession. The two

timescales need not be exactly the same, but a duration that is significantly shorter than the recurrence period – here

a factor of at least 100 shorter – is not expected. Thus we rule out disk tearing as being responsible for the short

duration flares. The longer duration flares, in which most of the energy is emitted, are more in line with the expected

emission from disk tearing (e.g. Raj & Nixon 2021). It is worth noting that the long duration flares do not follow a

strictly period pattern, and may therefore be more naturally explained by an instability than a periodic orbiting object

(but see the discussion in Evans et al. 2023b). The cessation of the flares would require a change in disk structure

that renders the disk stable, which may result from a drop in the accretion rate and a transition to a thick, radiatively

inefficient flow.

In summary, disk tearing cannot explain the short duration bursts, but may be able to explain the long duration

bursts if the black hole mass is on the low end and there is a bolometric correction factor from the X-ray flux of at

least a few. Disk tearing may result from the disk being misaligned to the spin of the black hole. The short duration

flares could then be produced by a companion object, perhaps responsible for producing the disk, orbiting through the

tearing disk; this scenario would generate a model that is an extension of that proposed by Franchini et al. (2023b)

with the disk warping and/or tearing rather than rigidly precessing.

E.2. Shock front oscillations as flaring mechanism

The possibility of the origin of eRO-QPE1 flares coming from oscillating shocks in low angular momentum flow

was discussed in Pasham et al. (2024e). Here, the period is more than a factor of 20 longer than in the case of

eRO-QPE1, where the period varied between 0.8 – 1.0 days during five epochs. Taking into account the mass estimate

M• ∈ (106.2, 107)M⊙, the observed variability corresponds to frequency f ∈ (4× 10−6, 3× 10−5)c3/(GM•). As shown

in Fig. 5 and Tab. 2 and 3 of Suková et al. (2017), such values correspond to the shock front location of several tens

to few hundreds of gravitational radii (50 - 200 GM•/c
2) with large amplitude of the oscillations of the shock front

position. The repeated large inflation and deflation of the shock bubble can explain the observed high amplitude of

flares.

The spectrum of such flow would correspond to the hot flow model studied in detail in Yuan & Narayan (2014).

The measured flux in 0.3-2.0 keV in quiescence corresponds roughly to log(νLν) = 5 × 1040 erg s−1. Comparing

with the model hot flow spectra shown in Fig. 1 of Yuan & Narayan (2014), such value at energy ∼ 1 keV could

correspond to hot flow around SMBH with the estimated mass log(M•) = 6.6 ± 0.4 with the Eddington ratio at the

level ṁ ∼ 10−4 − 10−3, which is in agreement with the estimate given in Section C. For such low accretion rate,

the spectrum of hot flow can consist of three distinct peaks corresponding to synchrotron radiation, inverse Compton

component and bremsstrahlung, where the inverse Compton component may fit into the observed band.

However, during the flares, the measured flux in 0.3-2.0 keV yields values around log(νLν) = 1 × 1043 erg s−1.

Suppose this value is due to an accretion event. In that case, the accretion rate increases up to several per cent of
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Eddington accretion rate, which is hardly achievable in the hot accretion flow regime, as can be seen from Fig. 1

of Yuan & Narayan (2014). Moreover, for higher values of accretion rate, the individual peaks in the spectrum are

smeared, hence it would be more challenging to explain the spectral shape. However, the shock changes the solution

downstream, yielding higher density and temperature with lower inward velocity, which could help to explain this

difference. A detailed study of the dissipative processes at the shock front in low angular momentum flows is needed

to confirm or disprove the ability of this model to explain the flaring state of Swift J0230+28, which we leave to future

work.

E.3. Implications for models that invoke repeated star–disk collisions and/or mass transfer from secondary objects

Given the low Eddington ratio of Swift J0230, ṁ ∼ 10−3, assuming the bolometric correction factor of 10, the

interactions of stars or compact remnants with the standard disk are disfavoured since the accretion flow is expected

to be of hot, ADAF nature (geometrically thick and optically thin). Even if the disk is standard at this accretion

rate (see e.g. Bianchi et al. 2019, who studied the low-luminosity AGN NGC 3147 that exhibited a very compact

broad-line region), the interactions of the star with the disk leading to expanding shocks would yield the luminosity

that is too small for typical parameters (Linial & Metzger 2023),

Lerupt ∼ 1.2× 1040
(

R⋆

1R⊙

)2/3 (
M•

106.6 M⊙

)
×

×
(

ṁ

10−3

)1/3 (
Perupt

22 days

)−2/3

erg s−1 , (E1)

where R⋆ is the stellar radius and Perupt is the mean recurrence timescale. Relation E1 assumes a quasi-circular or-

bit, hence Perupt = Porb/2, which implies the semi-major axis of a⋆ ≃ 985 (Porb/44 days)
2/3(M•/10

6.6 M⊙)
−2/3 rg

in gravitational radii. In order for the shock and the accretion-disk perturbation to be more profound,

the star could instead orbit on a highly eccentric orbit. Then Porb ≃ Perup ∼ 22 days and a⋆ ≃
620.5 (Porb/22 days)

2/3(M•/10
6.6 M⊙)

−2/3 rg. The minimum pericenter distance rp is set by the tidal disruption radius

rt ≃ 18.8 (R⋆/1R⊙)(M•/10
6.6 M⊙)

−2/3(m⋆/1M⊙)
−1/3 rg and we set rp ≥ 2rt to avoid significant tidal interaction.

The orbital eccentricity is given by e⋆ ≲ 1 − 2(R⋆/a⋆)(M•/m⋆)
1/3 ∼ 0.94. Since the Solar-type star has the radius

of R⋆/rg ∼ 0.1, at the pericenter of rp ∼ 37.6 rg, perturbations in the accretion rate could be detectable as periodic

eruptions according to Suková et al. (2021) (see their Run G). The turn-off of the eruptions could be provided by

the circularization of the stellar orbit, resulting in the weakening of perturbations, e.g. provided by a distant massive

perturber (see also the discussion about the Kozai-Lidov eccentricity-inclination oscillations below). However, the

thermal X-ray spectrum of the eruptions as well as the quiescent emission requires the presence of denser, thermally

emitting material while GRMHD simulations of Suková et al. (2021) are rather applicable to hot ADAF-type flows.

The thermal X-ray emission during quiescence can be dominated by the emission from the inner portions of an accre-

tion disk or rather the inner ring with the radial width of only Rq ∼ 0.01 rg (corresponding to the detected quiescent

X-ray emission with the inferred luminosity and temperature). During eruptions, the emission can be generated in

oblique shocks in stream-stream collisions with the comparable emitting area having a length-scale of Rerupt ∼ 0.07 rg
(corresponding to the eruption luminosity; Krolik & Linial 2022). Dedicated simulations involving thin disks and an

overflowing colder material are required to verify the plausibility of the outlined star-disk interaction setup.

As discussed in Guolo et al. (2024), another viable mechanism for triggering the eruptions is the Roche-lobe overflow

model of an evolved star on a mildly eccentric orbit (Krolik & Linial 2022). Assuming the energy dissipation close to

the innermost stable circular orbit, the mass loss per eruption can be estimated using,

∆M⋆ ≃ 12DPeruptLerupt

c2

∼ 9.6× 10−6

(
D

0.25

)(
Perupt

22 days

)(
Lerup

3× 1042 erg s−1

)
M⊙ , (E2)

where we adopted D = 0.25 and Lerupt = 3× 1042 erg s−1 for the eruption duty cycle and the X-ray peak luminosity,

respectively. The stellar mass-loss rate estimated for the duration of one eruption is approximately Ṁ⋆ ∼ 12Lerupt/c
2 ∼

6.3× 10−4 M⊙yr
−1, which is comparable to the mass-loss rate via stellar winds for massive stars, such as Wolf-Rayet

stars.
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Figure A2. Semi-major axis difference (in Solar radii) for the double-EMRI model as a function of the X-ray flare recurrence
timescale (in days). We fixed R⋆ = 1R⊙, m⋆ = 1M⊙, and M• = 106.6 M⊙. Dotted orange lines represent the recurrence
timescale and the suitable component separation for Swift J0230+28.

For a single star on a mildly eccentric orbit with the orbital period of 22 days, the stellar radius is set by the tidal

(Hill) radius, R⋆ ≃ 23R⊙(Porb/22 days)
2/3(m⋆/1M⊙)

1/3, which implies that the Roche-lobe overflowing star should

be evolved. The soft X-ray eruption emission can then be generated via oblique shocks in stream-stream collisions as

discussed by Krolik & Linial (2022) and Guolo et al. (2024). However, the main problem with the scenario involving

a single Roche-lobe overflowing star is the efficient removal of the angular momentum for the matter inspiralling from

a few 100 rg.

The problem concerning efficient angular-momentum removal is partially mitigated in the scenario involving two

stars with slightly different masses where the more massive one has inspiralled faster due to larger gravitational-wave

losses (Metzger et al. 2022). The recurrence timescale of the eruptions is set by the pattern speed instead of the orbital

timescale or in other words, the synodic period when the two stars approach each other. In this scenario, the flares

can be powered via the enhanced Roche-lobe overflow from the more massive star (see the description above) or via

clumps produced in wind-wind collisions (though the clump masses are typically lower than required by Eq. (E2), see

e.g. Calderón et al. 2020). In comparison with the original set-up discussed in Metzger et al. (2022), Guolo et al. (2024)

proposed the model involving two coorbiting stars on tightly bound orbits with semi-major axes a1 ≃ a2, with a2 > a1
and a small difference of the order of a few stellar radii, ∆a = a2−a1 = fR⊙. Since at least one of the stars is Roche-lobe

overflowing, the semi-major axes are set by the tidal radius, a1/rg ≃ 40.8(R⋆/1R⊙)(m⋆/1M⊙)
−1/3(M•/10

6.6 M⊙)
−2/3.

In this set-up, the quiescent X-ray emission is given by the overflowing stellar material inspiraling towards the SMBH,

while the quasiperiodic eruptions reflect the enhanced overflow due to the second star that is periodically approaching

the first one. The thermal X-ray emission could be produced in stream-stream oblique shocks (Krolik & Linial 2022) or

potentially it could be given by a compact accretion disk forming from the overflowing material (Metzger et al. 2022)

and the eruptions could be triggered by circularization shocks when an enhanced matter inflow hits the disk (Yao et al.

2024). For the two co-orbiting Solar-type stars, the synodic period for the orbital periods of P1 and P2 = P1 +∆t is

Ps = P1P2/(P2 − P1) = (P 2
1 + P1∆t)/∆t ≃ 22 days, i.e. it is equal to the eruption recurrence timescale. For Swift
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J0230+28, we can infer that ∆a = 3.92R⊙ (see also Fig. A2). This implies the orbital periods of P1 ≃ 0.3705 days

and P2 ≃ 0.3768 days for the two stars, yielding the fly-by periodicity of Ps ≃ 22 days consistent with the regular

flare periodicity. This set of periods can also address the presence of the two types of flares – regular ones, which are

induced by the fly-bys of the two stars, repeating every 22 days and rapid eruptions induced by fast-orbiting stars

with the orbital period of ∼ 9 hours.

For the system of two co-orbiting stars, there is a natural mechanism to stop the flaring. In case they are misaligned

with respect to the SMBH equatorial plane, they are subject to Lense-Thirring nodal precession, which results in the

misalignment timescale of (Metzger et al. 2022),

τprec = 607

(
a• sin ι

0.004

)−1 (
M•

106.6 M⊙

)−2 (
a

40.8 rg

)3

days . (E3)

That means for the model involving two interacting stars (EMRIs) the flaring duration in Swift J0230+28 constrains

the SMBH spin to lower values of a• ≲ 0.01 (a dimensionless SMBH spin and adopting ι = 25◦ for the stellar orbital

inclination). The SMBH growth thus would be merger-driven rather than accretion-driven.

For the scenario of a single body (star or planet) on a highly eccentric orbit, which can result in Roche-lobe overflow

or significant perturbation of the accretion disk close to the pericenter, secular mechanisms can influence the mean

orbital elements of the secondary orbiter (eccentricity e, inclination I) on the time-scale of many orbits: for example,

the presence of a third, more distant mass will induce Kozai-Lidov oscillations (Kozai 1962; Lidov 1962) that may

drive the trajectory out of the distance range for the Roche-lobe overflow or the strong shock interaction with the disk

by decreasing its orbital eccentricity. This way the X-ray eruptions may be interrupted, at least temporarily, but they

may restart again in the future period of large orbital eccentricity (in the Kozai-Lidov mechanism the combination

K =
√
1− e2 cos I is the integral of motion and remains conserved in the course of long-term orbital evolution).

For the case when the inner orbit is perturbed by an outer massive body, such as the stellar disk, the characteristic

Kozai-Lidov time-scale of the oscillations along K = const contours greatly exceeds the dynamical (orbital) period

corresponding to the orbital semi-major axis a⋆ (Šubr & Karas 2005):

tKL = 2π

(
M•

mdisk

)(
rdisk
a⋆

)3

Porb

=
8π3

G

r3disk
mdisk

P−1
orb

= 1011
(

rdisk
0.1 pc

)3 (
mdisk

104 M⊙

)−1 (
Porb

22 days

)−1

years, (E4)

where rdisk stands for for the stellar disk distance and mdisk is its mass. Hence, once the Kozai-Lidov oscillation leads

to the drop in eccentricity, it will not increase again in the near future for a realistic setup. Let us note that the
mentioned process assumes the action of a gravitational perturbation by external bodies. It could be a massive single

body (another massive black hole) or perhaps more likely for Milky Way-like nuclei (Ali et al. 2020; Zajaček et al.

2020), a massive distant stellar or gaseous disk. The gaseous medium of a standard accretion disk is not necessarily

needed.
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