nature astronomy

Article

https://doi.org/10.1038/s41550-023-02178-4

X-ray eruptionsevery22 daysfromthe
nucleus of anearby galaxy

Received: 10 March 2023 Muryel Guolo®'

Accepted: 5 December 2023

Published online: 12 January 2024

% Check for updates

, Dheeraj R. Pasham ®2, Michal Zajacek ®3,

Eric R. Coughlin®?, Suvi Gezari®"*, Petra Sukova ® ¢, Thomas Wevers®’,
Vojtéch Witzany ® 8, Francesco Tombesi®'®"'2'3, Gjoert van Velzen,

Kate D. Alexander® ", Yuhan Yao ® '®", Riccardo Arcodia®?, Vladimir Karas®,
James C. A. Miller-Jones ® '8, Ronald Remillard? Keith Gendreau®™ &
Elizabeth C. Ferrara® 3"

Galactic nuclei showing recurrent phases of activity and quiescence have
recently been discovered. Some have recurrence times as short as a few
hours toaday and are known as quasi-periodic X-ray eruption (QPE) sources.
Others have recurrence times as long as hundreds to a thousand days and
are called repeating nuclear transients. Here we present a multiwavelength
overview of SwiftJ023017.0+283603 (hereafter SwiftJ0230+28), asource
fromwhich repeating and quasi-periodic X-ray flares are emitted from the
nucleus of a previously unremarkable galaxy at ~165 Mpc. It hasarecurrence
time of approximately 22 days, an intermediary timescale between known
repeating nuclear transients and QPE sources. The source also shows
transient radio emission, likely associated with the X-ray emission. Such
recurrent soft X-ray eruptions, with no accompanying ultraviolet or optical
emission, are strikingly similar to QPE sources. However, in addition to
having arecurrence time that is ~25 times longer than the longest-known
QPE source, Swift J0230+28’s eruptions exhibit somewhat distinct shapes
and temperature evolution compared to the known QPE sources. Scenarios
involving extreme mass ratio inspirals are favoured over disk instability
models. The source reveals an unexplored timescale for repeating
extragalactic transients and highlights the need for a wide-field, time-domain
X-ray mission to explore the parameter space of recurring X-ray transients.

Thefield of view of Swift J023017.0+283603 (hereafter Swift J0230+28)
was first observed by the Neil Gehrels Swift Observatory X-Ray Tele-
scope (XRT) between December 2021 and January 2022 following the
discovery of the supernova SN2021afkk (ref. 1), which is ~4' from Swift
J0230+28. During that time, no X-ray emission was detected from the
position of Swift J0230+28 (stacked upper-limit 0.3-2.0 keV flux of
2 x10™ ergs™ cm™). However, an observation taken on 22 June 2022
and processed by the Swift live catalogue of transients>’ revealed an
X-raysourcewitha0.3-2.0 keV flux of 7 x 10 erg s cm™, suggesting
anenhancement of more thanafactor of 35 (ref. 4). The X-ray spectrum

was softand thermal with atemperature of 121*}} eV (14703 x 10° K).
Based on the spatial coincidence of the source with the centre of a
nearby galaxy, the soft/thermal X-ray spectrum and the lack of any
previous X-ray detection (‘Constraints on the start of the eruptions’
and Extended DataFig. 1), it wasiinitially reported*’ to be aflare result-
ing from the tidal disruption of a star by a massive black hole (MBH).
Monitoring of Swift J0230+28 with Swift/XRT between June
and August of 2022 (modified Julian date (MJD) 59,752-59,798)
revealed X-ray eruptions (increases in the 0.3-2.0 keV X-ray flux from
non-detection to peaks of a factor of up to 100 higher than the upper
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Fig.1|Light curves of Swift J0230+28. a, Swift/XRT 0.3-2.0 keV flux and
luminosity evolution. Stacked 3o upper limits between the eruptions are
2x10*ergs™ cm™. b, NICER 0.3-0.8 keV flux and luminosity evolution. Inaand
b, circles are detections, reverse triangles are 30 upper limits of non-detections
andshaded pink regions indicate the 21.8’:%)'.25 days peak period found in the LSP
analysis (‘Time-resolved X-ray analyses’). ¢,d, UV/optical (c) and radio light
curves (d). Swift/UVOT UV W1and U bands are, respectively, dark blue and

magenta points. The shaded region represents the +2o dispersion of the
magnitude before the start of the X-ray eruptions (December 2021 to January
2022).Radio VLA observations are shown as green diamonds (detection) and
inverse triangles (non-detection upper limits). Green dashed linesinaand b mark
the epochs of the radio observations for reference. Error bars represent 1o
uncertainties in all panels. XTI, X-ray timing instrument.

limits) that lasted several days and were separated by longer peri-
ods (215 days) of non-detections (Fig. 1a). The X-ray eruptions had no
accompanying changes in the optical and the ultraviolet (UV) bands
(upper limit in the host-subtracted UV luminosity <3 x 10 ergs™;
see ‘UV/optical and radio counterparts’). These properties exclude
the interpretation of a classical tidal disruption event (TDE; for
example, ©°). Following the indication of these recurrent X-ray erup-
tions, we initiated a high-cadence monitoring programme with the
Neutron Star Interior Composition Explorer (NICER) starting on
MJD 59,798 as well as multiwavelength follow-ups with several other
facilities (‘Observations and data analysis’).

In the 8 months following Swift J0230+28’s discovery, Swift/XRT
observed the source with an approximately daily cadence for a total of
~160 ks. Moreover, NICER observed the source several times per day—
albeit withsome gaps—for atotal of ~500 ks. The monitoring campaign
confirmed the recurrence of several X-ray eruptions, which, apparently,
were repeating every ~3 weeks, as shown in Fig. 1. The Lomb-Scargle
periodogram (LSP; refs. 10,11) of the resulting light curve (Fig. 2) has a
strong peak at 21.8325 days, which indicates that the eruptions are

quasi-periodic in nature. The pink shaded regions in Fig. 1 mark time
intervals separated by the 21.8f3?5 d period, which are referred to as
epochs (E), fromEL E2, ..., E11, during the ~240 d of monitoring.

Around most of the marked epochs, namely E1-E6, E10 and
E11, Swift J0230+28 showed high-amplitude eruptions with a mean
full-widthat half-maximum (FWHM) duration of ~4.5 days (Supplemen-
tary Table1). However, around E7 and E8, instead of the few-days-long
eruptions, short-lived (<1 day) and lower-amplitude eruptions were
observed. Furthermore, no X-ray detections were observed around E9,
although extremely short-lived eruptions cannot be excluded given the
lack of high-cadence NICER observations at the time. This indicates
that, although the eruptions of Swift J0230+28 are quasi-periodic,
thereisacertain degree of irregularity in the system’s periodicity and
amplitude. The eruptions of Swift J0230+28 are slightly asymmetric;
anasymmetric Gaussian profile fitted to the shape of the well-sampled
and days-long eruptions shows that the rises are ~30% longer than
the decays (‘X-ray light curve’ and Extended Data Fig. 2).

The high count rate obtained by NICER allowed us to perform
time-resolved spectral analyses during the eruptions (‘Time-resolved
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Fig. 2| LSP for the Swift J0230+28 light curve. The two consecutive peak bins

representa period of 21.8+.2 days.

X-ray analyses’). The X-ray spectra are soft and no photons were
detected at energies greater than 1.5 keV over all eruptions. A ther-
mal model modified by absorption—both Galactic and intrinsic
(column density N, = 1-3 x 10%° cm2)—fits the spectra reasonably well
with reduced y?in the range (0.9, 1.9), as shown in Fig. 3 and Extended
Data Fig. 3. The best-fitting temperature varied with time (Fig. 4 and
Extended Data Table 1) and has a mean (standard deviation) of
160 eV (50 eV). The variation in temperature correlates with the evo-
lution of the eruptions: a simple regression between temperature (7)
and 0.3-0.8 keV X-ray luminosity (L) shows a correlation in the form
L = T*°*%5_ However, note that the large spread occurred because Swift
J0230+28 does not show a cool to warm to cool temperature evolution
in each eruption. The temperature increased from the rise (~100 eV)
to the peak (~150 eV) of the eruptions, but instead of decreasing
during the decay (as one would expect for a direct correlation
between temperature and luminosity), it continued to increase,
upto~200 eV.Hence, it has a cool to warm temperature evolution.
Ourradio monitoring (‘Very Large Array’ and Extended DataFig.4)
shows a transient point-like source at Swift J0230+28’s position.
Although thefirstand third observations (MJD 59,762 and MJD 59,933)

showed no detections with3gupper limits of 15and 25 py, respectively,
oursecond visiton MJD 59,842 had adetection witha fluxof 93 + 7 pJy.
This radio detection coincided with one of the X-ray eruptions, and
the two radio non-detections coincided with X-ray quiescent phases,
suggesting that the X-ray eruptions may be accompanied by radio
emission (Fig.1).

The position derived from XRT for Swift J0230+28 is consistent
with the nucleus (0.2" +3.6", 90% uncertainty, from the photometric
centre) of aspiral galaxy (Extended DataFig.5) at 165 Mpc (z=0.036).
The host galaxy is not in any active galactic nuclei (AGNs) catalogue,
andthereisno archival detectionin X-ray orinradio bands before the
start of the eruptions. The host also shows noinfrared (IR) photometric
excess nor any variability in the IRbands that would indicate the pres-
ence ofahotdust component (a‘torus’). However, optical emission-line
diagnostic diagrams (Extended Data Fig. 6) based on nuclear spectra
indicate the presence of aweak AGN (or low-luminosity AGN, LLAGN).
Thehigh-resolution optical spectrum of the nuclear region also allowed
us to measure the stellar population velocity dispersion (6.) and esti-
mate a black hole mass (Mg,) of log(My,/M,) = 6.6 £ 0.4, where M is
one solar mass, using the standard M, versus o. relation', which is
in agreement with the Mg, derived from the host-galaxy mass (M.;
Extended Data Fig. 7), assuming the Mg, versus M. relation of ref. 13.
Based on the [O 111] emission line and the 2-10 keV luminosity upper
limit, we estimated the upper limit for the bolometric luminosity of the
AGN (before the start of the eruptions) to be L e v < 9 X 10" ergs™,
which for the estimated black hole mass translates into an Eddington
ratio Agaq = Lauierbol/Leaa < 0.002, supporting the LLAGN classification
by the line ratio diagnostic diagrams (‘The host galaxy’). At such a
low accretion rate, a standard thin accretion disk should not be
presentin Swift)J0230+28’s host. Instead, any accretion flow, if present,
ismore probably dominated by advection.

Therecurrent phases of high activity followed by phases of quies-
cence, could, inprinciple, classify SwiftJ0230+28 as arepeating nuclear
transient (RNT). Three clear cases of RNTs are known: ASASSN-14ko
(ref. 14), eRASStJ045650.3-203750 (hereafter eRA J0456-20; ref. 15)
and AT2018fyk (ref. 16). These sources show repeated flares with
recurrence times varying from 114 to 1,200 days (see Supplementary
Information, ‘Repeating Nuclear Transients and Swift J0230+28’ for
detailed properties of these sources) and are interpreted by most
studies as the result of a star being repeatedly partially disrupted by a
central MBH" '8, However, SwiftJ0230+28 differs notably fromRNTsin
the following ways: (1) RNTs exhibit much brighter X-ray luminosities
compared to SwiftJ0230+28. (2) RNTs are even brighter in the UV and
optical bands than in X-rays, whereas no UV or optical emission has
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Fig.3|NICER time-resolved spectroscopy. Top, well-sampled NICER light
curves of four eruptions. Orange, cyan and gold mark the observations stacked
to createrise, peak and decay spectra. The green dashed vertical line marks the

epoch of the radio detection. Bottom, observed spectra (markers) and best-
fitting thermal model (continuous lines) and background spectra (dotted lines).
Error bars represent 1o uncertainties in all panels.
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been detected for Swift J0230+28. (3) RNTs have rapid rises and
much slower decays, whereas Swift J0230+28’s eruptions have a
slightly slower rise than decay. (4) None of the RNTs show a purely
soft, thermal X-ray spectrum, unlike SwiftJ0230+28.

SwiftJ0230+28’s recurrent soft X-ray eruptions from the nucleus
ofagalaxy hosting arelatively small black hole (Mg, <10 M,), withno
accompanying UV or optical emission, are characteristic of the recently
discovered class of quasi-periodic X-ray eruption (QPE) sources. Four
confirmed QPE sources are known: GSN 069 (ref.19). RXJ1301 (ref. 20),
eRO-QPE1and eRO-QPE2 (ref. 21). Adetailed description of their prop-
erties is presented in Supplementary Information, ‘Quasi-periodic
erupters and Swift J0230+28". However, the known QPE sources show
much shorter meanrecurrence times than SwiftJ0230+28, from afew
hoursto ~1d (see Extended Data Table 2 for exact values and Extended
Data Fig. 8 for acomparison of light curves). This could indicate that
SwiftJ0230+28 may be a QPE source with alonger timescale (~25 times
longer than eRO-QPE1). However, as discussed in detail in Supplemen-
tary Information, ‘Quasi-periodic erupters and Swift J0230+28’, Swift
J0230+28 possesses some properties that differentiate it from, and
makes it unique compared to, the four known sources of QPEs: (1) In
each of their eruptions, the four QPE sources showed a cool to warm
to cool temperature evolution, whereas Swift J0230+28 did not cool
during the decay of'its eruptions. Instead, the temperature increased
continuously until the source faded below the level of detectability.
(2) The shapes of the eruptions for these four QPE sources are either
nearly symmetric or slightly asymmetric with longer decays thanrises,
whereas the rises of Swift J0230+28 are ~30% longer than the decays.

A comparison between the general properties of SwiftJ0230+28,
RNTs and QPEs is shown in Table 1. In summary, Swift J0230+28 has
more similarities with QPEs than with RNTs. It shares many, but
not all, of the properties of known QPE sources and operates on an
order-of-magnitude longer timescale. Observationally, it resembles
either a long timescale QPE source, with slightly distinct properties,
or the first example of a completely new class of transient with other
membersyet tobediscovered. If the formerisassumed, one caninves-
tigate how SwiftJ0230+28’s properties relate to those of the four known
QPE sources. Figure 5shows that the recurrence time and the duration
of the X-ray eruptions seem to be correlated, with a duty cycle (ratio
of the duration and recurrence time) equal to 0.24 + 0.13. A positive
correlation also appears to be present between the recurrence time
and amplitude of the eruptions, although only lower limits for Swift
J0230+28’s amplitudes are known. However, the timing properties
(duration and recurrence time) do not seem to be correlated with
Mgy, perhaps indicating that the timescales of quasi-periodic, soft
X-ray eruptions do not depend on My,,.

Several models have been proposed to explain the repeating
and recurrent phases of nuclear activity in RNTs and QPE sources,

Table 1| General properties of Swift J0230+28 compared to
QPEs and RNTs

Properties Swift J0230+28 QPEs RNTs
Recurrent soft Yes Yes No?
X-ray eruptions
Mean recurrence  ~22days 2.4-18.5h 114-1,200days
time
X-ray spectra Softand thermal  Soft and thermal Soft and thermal
including from
the corona or
from only the
corona
X-ray luminosity A few x10* 10%2-10% Morer than a
at peak® (ergs™) few x10%
UV or optical No No Yes
emission
UV or optical <3x10%; see ® «10%; see >10*
luminosity at
peak (ergs™)
Light curve Slightly Symmetric Complex and
shape asymmetric or slightly varied®
(rises ~30% asymmetric
longer than (longer decays
decays) than rises)
Me 106 M, 10°-1084M,, 10710 M,

QPEs are GSN 069 (ref. 19), RX J1301 (ref. 20), eRO-QPE1 and eRO-QPE2 (ref. 21). RNTs are
ASASSN-14ko (ref. 14), eRA J0456-20 (ref. 15) and AT2018fyk (ref. 16). °The outbursts of eRA
J0456-20 evolved much smoothly than the eruptions of QPEs or Swift J0230+28. The periodic
behaviour of ASASSN-14ko was mostly observed in the UV and optical bands and less so in
X-rays. The X-ray spectra of all three RNTs are not soft but show hard X-ray emission from

the corona. °In the 0.3-2.0keV band for Swift J0230+28 and QPEs and in the 0.3-10keV

band for RNTs. °Based on the lack of variability in Swift/UVOT bands (‘UV/optical and radio
counterparts’). “Based on the lack of variability in data from Swift/UVOT and XMM-Newton/
OM instruments from the host level. “ASASNN-14ko and AT2018fyk are like TDEs (with a rapid
rise and a decay several times longer). eRA J0456-20 has much longer rises than decays.

and those models can be roughly divided into two classes: those involv-
ing accretion-disk instabilities and those with smaller-mass bodies
orbiting a MBH (leading to extreme mass ratio inspirals; EMRIs). A
more detailed discussion of each of these classes of models, and their
strengths and weaknesses in explaining Swift J0230+28’s properties,
are presentedin Supplementary Information, ‘Physical models for Swift
J0230+28’, but in the following, we summarize some of their aspects.

Some studies of accretion-disk-driven models have proposed
that instabilities associated with the inner accretion flow, from pre-
cession? > to distinct types of pressure or ionization instabilities**°,
could produce quasi-periodic phases of high and low activity. However,
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would be extended by at least an order of magnitude if SwiftJ0230+28 were
considered to be a QPE source. There is no correlation between the timing
properties and the My,,. This figure is based on ref. 97. The values are shown in
Extended Data Table 2. Uncertainties in the timing properties and amplitudes
represent the full range of observed values, and the uncertainties in M, are 1o.

the strong constraint on Swift J0230+28’s host emission before the
beginning of the eruptions as well as between eruptions (144 < 0.002)
makes it extremely unlikely that a pre-existent standard thin disk is
present, and the lack of any UV or optical variability makes accretion-
disk instabilities an unfavourable interpretation for Swift J0230+28’s
eruptions, given that these models require either one or both of
thesetobe observed (see Supplementary Information, ‘Accretion disk
instabilities’ for details).

The repeated partial tidal disruptions of a star on a bound orbit
about a MBH have been proposed to explain both RNTs and QPEs. The
repeated partial disruptions of a main sequence star can explain the
properties of RNTs" ', For Swift J0230+28, if the X-ray eruptions arise
from accretion and the accretion efficiency is of the order of 10%, the
mass accreted per eruption would be ~107*-107° M, (‘Eruption energet-
ics’). This implies that the mass lost by the star per orbit is a very small
fractionof the total stellar mass, whichwould suggest that the pericentre
distance of the star is extremely fine-tuned to coincide with the partial
tidal disruption radius®. This raises the question of how the star achieved
suchafine-tuned distance, given our constraints on the beginning of the
eruptions (‘Constraints onthestart of the eruptions’). Furthermore, the
shape of SwiftJ0230+28’s eruptions is the opposite of the fast rise and
longer decay expected from fallback accretion. Repeated partial tidal
disruptions of awhite dwarf, as proposed to explain the hour-long erup-
tionsin QPE sources**, canlikely be excluded for SwiftJ0230+28 given
thatastandard white dwarfmass and corresponding radius* yield atidal
disruption radius that is close to a factor of 10 smaller than the direct
capture radius of a10%® M_ non-spinningblack hole (see Supplementary
Information, ‘Repeating partial tidal disruption event’ for details).

After the discovery of the first QPE source, a series of alterna-
tive models related to distinct types of EMRIs have been proposed

to explain the few-hours to a day, X-ray-only eruptions, which could,
in principle, be extended to explain Swift J0230+28. These include a
compact object or star colliding with a pre-existing accretion disk or
advection-dominated accretion flow>*” (Supplementary Informa-
tion, ‘Accretion disk—perturber interaction’), the mass transfer from
a single orbiting star undergoing Roche-lobe overflow around the
MBH*** (Supplementary Information, ‘Stellar mass-transfer’), a pair of
interacting stellar EMRIs*® (Supplementary Information, ‘Interacting
stellar EMRIs’) or the compression of stream clumps from a past TDE***
(Supplementary Information, ‘Compressed reformed clumps from a
past TDE’). Several of these models can reproduce Swift J0230+28’s
features, although they also suffer frominherent modelling uncertain-
ties, degeneracies or finely tuned parameters, as we discuss in detail
inSupplementary Information, ‘Extreme mass ratio inspirals (EMRIs)".
Accurately constraining the characteristics of the physical system
operating in Swift J0230+28 thus remains a challenge.

Although the physical origin of QPEs, RNTs and now Swift
J0230+28 are still the subject of debate, their discovery inaugurates a
new and exciting perspective on the study of transient events associ-
ated with MBHs, and Swift J0230+28 has demonstrated the existence
of a new timescale associated with these phenomena. In particular,
if Swift J0230+28 is a member of the same family as the four known
QPE sources—despite their slightly distinct properties—and those
originate from the same type of physical system, then the physical
system’s period needs to be scalable from a few hours to several days,
thatis, more than two orders of magnitude, which would pose astrong
constraint on potential theoretical models. Furthermore, a grow-
ing body of literature suggests that these QPEs are electromagnetic
counterparts of EMRIs, with important implications for the future of
multimessenger astrophysics.
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The serendipitous discovery of Swift J0230+28 also highlights
exciting astrophysics that we are currently missing due to the lack of
wide-field and time-domain X-ray surveys. The eROSITA instrument* on
the Spectrum-Roentgen-Gammaspace observatory** has made progress
inthefield; however, its multiple visits of afield separated by 4 hthatare
only revisited every 6 months makes it extremely unlikely to discover
transients that vary on day timescales, such as Swift J0230+28. In the
near future, with its combination of awide field of view and high cadence,
the Einstein Probe* should, in principle, be able to discover more events
like SwiftJ0230+28, althoughits shallow sensitivity combined with the
likely very low rate of such events may result in no such discoveries.
Only a deep and wide-field time-domain X-ray mission would be able
to systematically discover a population of Swift J0230+28-like objects.

Methods

Observations and data analysis

This work is based on new data acquired by five different telescopes
and instruments and also archived data, across the entire electro-
magnetic spectrum (namely radio, IR, optical, UV and X-rays). Below,
we describe the data and their relevant reduction and analysis proce-
dures. Throughout this paper, we adopt a standard A cold dark matter
cosmology with Hubble constant, matter density parameter and dark
energy density parameter, respectively equal to H, = 67.4 km s Mpc™?,
0,,=0.315and Q,=1-Q,,=0.685 (ref. 46). Using the Cosmology
Calculator?, Swift J0230+28’s redshift (z) of 0.036 corresponds to a
luminosity distance of 165 Mpcs.

Swift XRT. The field containing the position of Swift J0230+28 was
observed by Swift between December 2021 and January 2022 follow-
ing the discovery of the supernova SN2021afkk located 4.25 arcmin
from the position of Swift J0230+28. During that time, X-rays were
not detected from the position of Swift J0230+28 with a 0.3-2 keV
flux upper limit of 2 x10™ erg s cm™. After a gap of 164 days, Swift
again started monitoring the field of view on 22 June 2022, making
the first detection of the new X-ray source at the position with right
ascension 37.57140° and declination 28.60124° with an uncertainty
of 3.4" (radius, 90% confidence). Although monitoring continues at
the time of writing of this manuscript, we include all data taken until
8 February 2023 (MJD 59,983).

We started the XRT data analysis by downloading the data from
the HEASARC public archive. We extracted the cleaned event files by
running the xrtpipeline on each observation ID. For each such ID, we
ran a detection pipeline*®, using a circular extraction region centred
on (02:30:17.1, +28:36:04.5) (J2000.0 epoch) with aradius of 47" and
abackground using an annulus centred on the source position with
inner and outer radii of 80" and 250", respectively. For a source to be
considered as adetection, we required that it was detected above the
background at a confidence of at least 3¢ in a Bayesian framework®.
Below that, we considered it to be a non-detection.

XRT count rate to flux and luminosity conversion. We followed
the procedure below to convert from the observed 0.3-2.0 keV
background-subtracted count rate to the observed 0.3-2.0 keV flux
and luminosity.

(1) We extracted acombined source spectrum using observation
IDs if the source was detected above 30.

(2) We combined the corresponding individual exposure maps and
used the result to compute a combined ancillary response file
by following the steps outlined on XRT’s data analysis web-
pages: https://www.swift.ac.uk/analysis/xrt/exposuremaps.php
and https://www.swift.ac.uk/analysis/xrt/arfs.php.

(3) Using ftool ftgroupha, we grouped the spectrum using the
optimal binning scheme of ref. 50 with the additional require-
ment that there were at least 20 counts per spectral bin.

(4) Theresulting combined spectrum was then fitted with a thermal
model, that is, TBabs x zashift x diskbb in XSPEC. TBabs’s
column was fixed at the Milky Way value (7.2 x 10*° cm™) using
the HEASARC N, calculator: https://heasarc.gsfc.nasa.gov/cgi-
bin/Tools/w3nh/w3nh.pl. This gave an acceptable y* degrees of
freedom of 12/11. The mean 0.3-2.0 keV background-subtracted
count rate in this combined spectrumwas 1.73 x 102, The
observed flux and luminosity were 4.3 x10 ™ erg s cm2and
1.5x10* erg s™, respectively. Based on this, we derived a scale
factor for converting the background-subtracted 0.3-2.0 keV
count rate to flux (luminosity) of 2.5 x 10 ™ erg s cm? count™s™
(9x10®ergs? counts?s™).

Estimating the XRT X-ray upper limit. Ifasource was not detected in
several observations taken during the low-flux state between eruptions,
then we estimated its flux upper limit as follows:

(1) For nconsecutive non-detections (source less than 3o above
background), we extracted a combined 0.3-2.0 keV image for
the n observation IDs.

(2) Using ximage’s sosta functionality, we estimated the upper
limit of the count rate for each group of n non-detections and
obtained the upper limit of the 3o flux using the scaling factor
determined in “XRT count rate to flux and luminosity conver-
sion’. We attributed the combined upper limit of the grouped
observations for each observation ID.

(3) We estimated the upper limit of the 0.3-2.0 keV flux for the
combined image of all non-detections, which of 7x10™*
counts s translated to roughly 2 x10™ ergs™cm™.

(4) We performed a similar procedure for the 2-10 keV band
to estimate an upper limit for AGN or corona emission. We
obtained 5 x 107 counts s™'. Assuming a power-law spectrum
with /=2, this translated to an upper limit of the 2-10 keV flux
of 3x10™ergs™cm™.

The resulting XRT light curve showing flux (luminosity) versus
time is shown in Fig. 1a. Detections are shown as solid circles with
error bars representing 1o uncertainty. Non-detections are shown as
inverse triangles.

Swift/UVOT. All data were processed with heasoft v.6.29c. We used
the uvotsource package to extract the photometry measurements
made by the ultra-violet optical telescope (UVOT) on Swift using an
aperture of 5". We included observations made before and during the
X-ray transient. Given that most observations were performed in the
‘filter of the day’ configuration, datafrom allUVOT filters are not avail-
able for all epochs. Photometry was corrected for Galactic extinction
with an extinction color index of E(B - V) = 0.086 (ref. 51). There is no
statistically significant variability in any of the UVOT filters. We show
the well-sampled UV W1and Ufilter light curvesin Fig. 1c.

NICER. Following Swift/XRT’s detection of highly variable X-ray emis-
sion from Swift J0230+28, NICER started a monitoring programme as
part of the director’s discretionary time (DDT). NICER observations
started on23June 2022 (MJD 59,753) and continue at the time of writing
of this paper. Here we include data taken until 1 February 2023 (MJD
59,976).NICER’s observing cadence varied during this time. There were
one or two exposures per day inthe epochs between the eruptions and
several exposures per day during the eruptions. The individual expo-
sures varied inlength between 200 and 1,000 s. A stacked image from
the XRT (~160 ks, see the top left panel Extended Data Fig. 5) shows
that only Swift J0230+28 was detected within the NICER field of view,
enabling detailed analyses of NICER spectra with no concerns about
contamination by other sources.

We started our data analysis by downloading the data from public
HEASARC archive (https://heasarc.gsfc.nasa.gov/docs/archive.html).

Nature Astronomy | Volume 8 | March 2024 | 347-358

352


http://www.nature.com/natureastronomy
https://www.swift.ac.uk/analysis/xrt/exposuremaps.php
https://www.swift.ac.uk/analysis/xrt/arfs.php
https://heasarc.gsfc.nasa.gov/cgi-bin/Tools/w3nh/w3nh.pl
https://heasarc.gsfc.nasa.gov/cgi-bin/Tools/w3nh/w3nh.pl
https://heasarc.gsfc.nasa.gov/docs/archive.html

Article

https://doi.org/10.1038/s41550-023-02178-4

We essentially followed the same reduction procedures as outlined in
detailinrefs.52,53). The cleaned events lists were extracted using the
standard NICER data analysis software (HEASoft v.6.29) tasks nicer-
cal, nimpumerge and nicerclean. The latest NICER calibration release
Xti20221001 (1 October 2022) was used. The cleaned event files were
barycentre-corrected using the barycorr ftools task. Swift J0230+28’s
coordinates (J2000.0): (02:30:17.1, +28:36:04.) were used along with
refframe=ICRS and ephem=JPLEPH.430. The good time intervals
(GTIs) were extracted with the nimaketime tool using the default fil-
ters: nicersaafilt=YES, saafilt=NO, trackfilt=YES, ang dist=0.015, st
valid=YES, cor range="*-*, min fpm=38, underonlyrange=0-200, over-
onlyrange="0.0-1.0’, overonly expr="1.52*COR SAX**(-0.633)". Conserva-
tive values elv=30 and br earth=40 were used to avoid optical loading
by reflected light.

Converting from NICER count rate to luminosity. We computed the
fluxes on a per GTIbasis using the following procedure:

(1) We extracted time-resolved NICER spectra of the source and
estimated background spectra using the 3¢50 model**. Corres-
ponding response files (arf and rmfs) were extracted using the
nicerarf and nicerrmf tools.

(2) Because the 0.8-1.3 keV band-pass was occasionally dominated
by systematic residuals, we fitted each of the above spectrain
the 0.3-0.8 keV with a thermal model (tbabs x zashift x diskbb)
in XSPEC (ref. 55). Following the recommendation in ref. 54, we
considered only spectra for which the background-subtracted
source count rate was greater than 0.25 counts s and had a
signal-to-noise (S/N) ratio (source background-subtracted over
background) higher than 3.

(3) Usingthe above spectral fitting, we estimated an epoch-
dependent background-subtracted 0.3-0.8 keV count rate
to observed luminosity conversion factor, which was used to
compute the observed luminosities for each GTI. All GTIs with
abackground-subtracted 0.3-0.8 keV count rate of less than
0.25 count s or S/N ratio less than 3 were assigned an upper
limit for the 0.3-0.8 keV flux of 1.79 x 10 erg s cm (triangles
inFig. 1b).

For all NICER spectral fitting in this work, we used an optimal
spectral binning scheme®, y? statistics and an additional 1.5% sys-
tematic uncertainty. As for the Swift/XRT fitting, we always assumed
that the Galactic absorption followed HEASARC'’s N, calculator.

Very Large Array. We observed SwiftJ0230+28 with the Karl G. Jansky
Very Large Array (VLA), National Science Foundation (NSF), on
2 July 2022 (MJD 59,762), 20 September 2022 (MJD 59,842) and
20 December 2022 (MJD 59,933). The VLA was inits highest-resolution
A configuration during the first observation, its lowest-resolution D
configuration during the second and the intermediate C configuration
during the third. All observations had 1 h of exposure time and were
conducted at a mean frequency of 10 GHz. The data were reduced
in CASA*® using standard procedures. We additionally performed
amplitude and phase self-calibration on the September data. There
was no detection at the position of the source in the first and
third observations, with 3o upper limits of 15and 25 pJy, respectively.
However, in our second observation on 20 September 2022, we
detected an unresolved radio source with a flux density of 93 + 7 yJy
(130 detection).

Opticalspectra.Keckll/ESI.On24 October2022, we obtainedamedium-
resolution spectrum of the host-galaxy nucleus using the echellette
spectrograph and imager (ESI)* on the Keck Il telescope. We used
the echelle mode and a slit width of 0.5", which gives an instrumental
broadening of 6,,,, =15.8 km s™.. The exposure time was 15 min. The
median S/N from 4,500 to 5,600 A was 9.

VLT/X-shooter. The host galaxy was also observed under DDT pro-
gramme 110.2599 on 17 November 2022 with X-shooter** mounted on
the Unit Telescope 3 (Melipal) of the Very Large Telescope (VLT). Slit
widths 0f1/0.9/0.9 arcsec were used for the UVB/visible/near-IRarms,
respectively, providing a spectral resolution R = 5,400/8,900/5,600
and covering the spectral range 3,500-24,800 A. Exposure times were
2x1,497/1,411/1,200 sin the UVB/visible/near-IR arms, with an on-slit
nodto facilitate sky line subtractioninthe near-IR arm. Wereduced the
datausingthe standard pipeline recipes within esoreflex. For the UVB
and visible arms, we used recipes for stare observations to increase the
S/N.Strong, extended nebular emission from the host galaxy compli-
catesthe sky subtraction, asit leaves strong residuals and oversubtrac-
tions, especially in the Balmer lines. To measure the line profiles and
fluxes for the diagnostic diagrams, we, therefore, used extractions
without subtracting the skylines. If the emission lines were masked,
then to measure the velocity dispersion, we used sky-subtracted
extractions. Continuum-normalized spectra for the HB + [O 111] and
Ha +[N11] bands are shownin the bottom panel of Extended Data Fig. 5.

Continuum and emission-line fitting. We measured the velocity
dispersion o. with the penalized pixel-fitting (pPXF) software®*°,
which fits an absorption line spectrum by convolving a template
stellar spectral library with Gauss-Hermite functions. We used
the ELODIE v.3.1 high-resolution (R = 42,000) library®"** and masked
wavelength ranges of common galaxy emission lines, hydrogen
Balmer lines, telluricregions and an instrument artefact feature at an
observer-frame wavelength of ~4,510 A. Following previous works®>~,
we performed 1,000 Monte Carlo simulations to robustly determine o..

The Keck spectrum has a relatively low S/N ratio (a factor of 2
smaller thanthat of the X-shooter data) and covers alimited wavelength
range (4,500-5,600 A compared to 3,500-9,000 A for X-shooter).
Both of these factors canintroduce systematic uncertainties related to
template mismatching and spurious results in the Markov chain Monte
Carlo step. For these reasons, we used the X-shooter data to measure
the velocity dispersion and estimate the black hole mass.

We measured a velocity dispersion of g.= 87 + 2 km s™, which along
with the My, versus orelation'? allowed us to estimate ablack hole mass
oflogMy,,=6.6 £ 0.4 M.

Emission and absorption line fluxes and equivalent widths (EWs)
were measured using continuum-normalized versions of the ESI and
X-shooter spectra. Weincluded alow-order polynomial for the contin-
uum and single Gaussian components for each emissionline, including
Hp, Ha, [0 111] 15,007, [0 1] 16,300, and the [N 11] and [S 11] doublets.
Nobroad emission-line components were evident. Typical linewidths
for the narrow components were 150-200 km s™. Some lines show
weak asymmetries (where the lines are skewed to the blue wing). The
line measurements and their ratios were used to locate the host-galaxy
nucleus on diagnostic Baldwin, Phillips and Telervich (BPT) and W,
versus [N 11]/Ha (WHAN) diagrams, as shown in the top and lower
left panels of Extended Data Fig. 6. From the X-shooter spectrum, we
also measured the HS Lick absorption index®, which can be used to
identify quiescent Balmer strong and E+A (postmerger) galaxies. We
plotted SwiftJ0230+28 among the Sloan Digital Sky Survey population
(grey background points) and included measurements from the TDE
sample from the Zwicky Transient Facility®® and QPE host galaxies®
in the bottom right panel of Extended Data Fig. 6. Swift J0230+28 is
classified as a quiescent Balmer strong galaxy. Such galaxies comprise
less than 2.3% of the total galaxy population. Thisis consistent with the
over-representation observed in the QPE host population®.

Time-resolved X-ray analyses

X-ray light curve. SwiftJ0230+28 showed phases of high (detection)
and low (non-detections) activity over the course of our Swift/XRT
monitoring (Fig. 1). A quick visual inspection suggests that these
eruptionsrepeated roughly every 3 weeks. To test for quasi-periodicity,
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we extracted a Lomb-Scargle periodogram (LSP) of the Swift/XRT
0.3-2.0 keV light curve following the description in refs. 10,11, which
is shown in Fig. 2. Not surprisingly, the LSP shows two consecutive
bin peaks around 21-23 days, with the bin with highest power at
21.8 days. The FWHM of the two bins combined resulted inapeak period
of 21.8"2 _days. Therefore, the LSP confirms the quasi-periodic nature
of Swift J0230+28’s eruptions.

The eruptions of SwiftJ0230+28 are apparently asymmetric, with
slower rises than decays. To quantify such asymmetries, we fitted the
six best-sampled eruptions, namely around E3, E4, E5, E6, E10 and E11,
with an asymmetric Gaussian function G(u, g,, o) (ref. 70), where o,
arethe equivalent positive/negative 0. We used either the NICER or the
Swift light curve depending on which had a better sampling of the
eruption’s shape at the given epoch. In the lower left-hand panel of
Extended DataFig. 5 we show the best-fitting asymmetric Gaussian to
the six eruptions. Inthe right panel, we quantify the asymmetry in the
eruptions by plotting the o,/0_ratios, which vary between 0.60 + 0.10
and 0.90 + 0.05 and have a median of (s, /0_) ~ 0.7, thus confirming
that the eruptions were asymmetric with slightly slower rises than
decays. The best-fitting parameters for the profile are shown in
Supplementary Table1.

X-ray spectra. The high count rate resulting from the high effective
area of NICER allowed us to make detailed time-resolved spectral analy-
ses, whichare not possible with the Swift/XRT data. First, we stacked the
NICER datafor the detected epochsinbins of ~1 day, each spectrumor
bin having between300 and 9,000 counts. The energy range in which
the source was detected above the background varied depending
on the phase of the eruption; however, for all epochs, the source was
detected at least up to 0.8 keV. Hence, to measure the luminosities
and temperatures, we performed the fitting procedures described in
‘Converting from NICER count rate to luminosity’ in the 0.3-0.8 keV
band. The temperature varied by afactor of two, whereas the luminos-
ity (in the 0.3-0.8 keV band) varied by a factor of 10 between 5 x 10
and5x10%ergs™

Theresulting values are shown in Extended Data Table 2. The evolu-
tion of temperature asafunction of timeis shownin the left-hand panel
of Fig. 4. The vertical dashed lines show the peak of each eruption (as
fittedin "X-ray light curve’). Ateach eruption, the temperature started
at~100 eVand continuously increased up to ~200 eV during the decay.
Interestingly, the temperature did not peak at the luminosity peak but
instead during the decay. Despite the absence of a clear hotter when
brighter trend in the temperature evolution, we employed the linmix
package” to fit the relationship between the two parameters and still
foundapositive correlationin the formof L « 7495 although the large
scatteris likely driven by the hotter temperaturesinthe decay phases.

To increase the S/N ratio and probe the spectra shape at energies
higher than 0.8 keV, we divided each of the four eruptions probed by
NICER (namely, those around E4, E5, E6 and E10) into three phases
(rise, peak and decay) and produced a stacked spectrum for each. The
resulting spectra have background-free counts of between ~2,000
and ~20,000 and were detected above the background at higher
energies, up to 1.4 keV for some peak and decay spectra. We fitted the
resulting high-S/N-ratio spectra assuming the same model as before
(TBabs x zashift x diskbb), which resulted in the y* degrees of freedom
varyingbetween ~1.1and ~2.5, with residuals present both at the softest
end of the spectra and around 1.0 keV for some peak and rise spectra.
Wethenadded anintrinsic absorption component at the redshift of the
source (TBabs x zTBabs x zashift x diskbb). This absorption takes care
ofthe residuals at the softer energies and results in better fitting for all
spectra, with y* degrees of freedom between ~0.9 and ~1.9. The best-
fitting intrinsic column density was N,, = (1-3) x 10?° cm2in all spectra.

We show the stacked spectra and best-fitting model in Fig. 3. The
respectiveresiduals are shownin Extended DataFig. 3. For afew of the
spectra, for example some of the peak phases, there are absorption-like

residuals around 1.0 keV. For others, for example some of the decay
spectra, the residuals are randomly distributed. A detailed study of
whether such residuals are intrinsic to the source, for example an
absorption line like the one detected for TDE ASASSN-14li (ref. 72),
or are merely an instrumental or systematic residual from the NICER
instrumentis beyond the scope of this study. If the former is confirmed,
theresults will be presented in a separate study.

We also tested alternative models to the continuum. Changing
diskbb for a phenomenological power law or a single-temperature
black body resulted in a worse fit. A thermal bremsstrahlung model
(bremss), however, resulted in just a slightly worse fit compared to
diskbb, in terms of x> degrees of freedom, for some of the spectra. It
had similar fitting statistics in others. For the bremsstrahlung model,
the ratio between the best-fitting plasma temperature (7,) and the
inner disk temperature (T;,) was consistently 7,/T;, = 2, thatis 7, varied
between ~200 and ~400 eV. Moreover, the same relation with the
luminosity was observed. We also attempted to fit a model with two
continuum components by adding a power law to the thermal emission
(TBabs x xzTBabs x zashift x (diskbb + powerlaw)). However, this did
not improve the fit quality. In most cases, the best-fitting power-law
normalization was negligible. The best overall fit was achieved with
TBabs x zTBabs x zashift x diskbb, which is our final model for Swift
J0230+28. Extended Data Table 1 lists the best-fitting parameters for
the stacked spectra.

Eruption energetics. We estimated the energy released by indi-
vidual eruptions by integrating their Swift/XRT light curves. An
order-of-magnitude estimate resulted inapproximately a few x10*¢ erg
per eruption depending on the durationand amplitude of the eruption.
Assuming a 10% efficiency (a = 0.1) in the mass to energy conversion
and assuming that the eruptions were powered by accretionresultsina
few x1075 M_accreted per eruption. If the eruptions started somewhere
after 8 January 2022 (MJD 59,587; ‘Constraints on the start of the erup-
tions’) then the maximum total mass accreted would have been <107 M,,.

UV/optical and radio counterparts
Our three VLA observations show two non-detections and one detec-
tion. The radio detection coincided with the rise of the E5 eruption,
whereas the non-detections coincided with the X-ray quiescent epochs,
one between E1 and E2 and the other between E9 and E10, as can be
seeninFig.1. The threeradioimages are shownin Extended DataFig. 4.
The Swift/UVOT data show no variability that is more significant
thanthe 2ofromthelevel of the pre-eruption host galaxy, as canbe seen
inFig.1. From the observations, we can compute an upper limit for the
UV and optical variability. UV W1, in particular, gives the deepest con-
straint. The derived observed upper limit vL,(UVWI1) < 1.8 x 10* erg s,
In TDE studies, the UV/optical integrated emission (L) is estimated
from the fit of a black-body function to the UV/optical broadband
spectral energy distribution (SED). The UV/optical to X-ray luminos-
ity ratio (Lgg/Ly) is the parameter of interest when studying the shape
of the SED. Assuming a typical temperature found in the UV/optical
component of TDEs, namely around 20,000 K (ref. 68), the UV W1
upper limit translates to Ly, < 3 x 10* erg s This means that at the
peak of the X-ray eruptions, Lyp/Ly < 0.5. From the fitting of the stacked
spectra (‘Time-resolved X-ray analyses’), we found evidence for avery
smallintrinsic column density at the maximum ~3 x 10%° cm™, assum-
ing a standard gas-to-dust ratio (V,, =5 x10* cm™x E(B- V))”?, which
translates to amaximum dust extinction of E(B - V) = 0.06. Assuming
astandard extinction law”, the intrinsic extinction-corrected emission
inthe UV W1band could be at most a factor of ~40% higher. This just
slightly increases the upper limits for the UV W1and integrated UV/opti-
calemissiontovL (UVWI1)<2.6 x10% ergs™and Ly < 4.2 x10%ergs™,
respectively, meaning that extinction cannot be the cause of the
UV/optical faintness. Thus, this faintness is an intrinsic characteristic
of Swift J0230+28 eruptions.
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The host galaxy

The position derived from XRT data for Swift J0230+28 is 0.2" away
from the photometric centre of the nearby spiral galaxy 2MASX
J02301709+2836050, which is located at 165 Mpcs. The galaxy has
prominent blue spiral arms and a redder bright nuclear core (see the
top right panelin Extended Data Fig. 5).

The host galaxy does not appear in large AGN catalogues””®. There
is no previous X-ray detection at the position of this galaxy: the X-ray
upper limit server”” returns only upper limits from the XMM-Newton
Slew Survey, ROSAT All-sky Survey and previous observations by Swift/
XRT (see exact values in ‘Constraints on the start of the eruptions’).
The galaxy shows no excess in the IR bands that could indicate the
presence of a torus emitting hot dust. The Wide-field Infrared Survey
Explorer (WISE)”®IRW1 - W2 colour = 0.1does not pass standard AGN
selection criteria”. Instead, it is consistent with emission from a pure
stellar population. The NeoWISE*’ light curves from 2014 to 2021 show
no significant variability (<1o). Our recently obtained optical spectra
show nosigns of broad emissionlines. Together, these multiwavelength
properties exclude the existence of abright AGN (for example, Seyfert
lor quasar-like) in Swift J0230+28’s host.

The narrow emission lines in the ESI and X-shooter spectra can
be used to locate the host-galaxy nucleus on diagnostic BPT®' and
WHAN® diagrams and to investigate the ionization mechanism pro-
ducing the lines, as shown in the top and bottom panels of Extended
Data Fig. 6. Swift]J0230+28'’s host is above the theoretical upper limit
for pure star-forming galaxies® (meaning that an additional ioniz-
ing mechanism is necessary to produce these line ratios) and around
the empirical separation between Seyfert and low-ionization nuclear
emission-line region®* onboth [N 11] and [S 11] diagrams. The WHAN
diagram® can be used to classify the nucleus further: the low EW Ha
resultsin classification asaweak AGN. In general, the multiwavelength
properties agree that Swift J0230+28’s may host (or have hosted) a
LLAGN. We gathered archival photometric data on the host galaxy:in
the UV and optical from UVOT (‘Swift/UVOT’), in the optical and near
IR (g, 1, i, zand y bands) from the PAN-STARRS survey®®, near IR (K, H
and ] bands) from the 2MASS survey®” and in the mid-IR (W1, W2, W3
and W4 bands) from the WISE survey®s. When gathering all the photo-
metric data, we used the values extracted fromaperture sizes as close
to the Kron radius (12') as possible for all the surveys. To estimate the
host-galaxy properties, we modelled the resulting SED using the flex-
ible stellar population synthesis module®. We used the Prospector
software’® to run a Markov chain Monte Carlo sampler®’. We assumed
anexponentially decaying star formation history and aflat prior on the
five free model parameters: stellar mass (M,), stellar metallicity (2),
E(B - V) extinction (assuming the extinction law from ref. 74), stellar
population age (¢,..) and the e-folding time of the exponential decay
of the star formation history (zg).

The observed and modelled SEDs are shown in Extended Data
Fig. 7, whichalso shows the best-fitting parameters and their uncertain-
ties. Of particular interest is the total stellar mass (M. =2 x 10" M,),
which can be used to obtain an order-of-magnitude estimate of Mg,.
Using the M. versus M, relation”, we obtain log(My,/M,) = 6.9+ 0.7,
where the uncertainty accounts for both the statistical and the spread
of the scaling relation, although it is dominated by the former. The
resulting Mg, value is consistent, within the error bar, with the one
obtained fromthe o.versus My, relation. We adopted the value obtained
from o., given the smaller spread and systematically more consistent
values obtained from o. versus My, (refs.13,92).

Using a bolometric correction® and the measured extinction-
corrected [O 111] 15,007 A luminosity of ~5x10® ergs™, we esti-
mated the upper limit of the bolometric luminosity of this LLAGN to
be Lyyieepor <2 X 10* erg s™. From the 2.0-10.0 keV luminosity upper
limit (~9 x 10*° erg s7%; ‘Estimating the XRT X-ray upper limit’) and
the bolometric correction in ref. 94, we also estimated an upper limit
Of Lyyierpo1 <9 x 10" erg s™. Given that the value derived from [O 111]

represents the mean accretionratein thelast few million years (which
represents the time to ionize the entire narrow line region), that star
formationlikely contributes to aconsiderable fraction of its luminosity
andthat the hard X-rays (2.0-10.0 keV) give amore precise estimate of
the currentaccretion state, we adopted 9 x 10" erg s as our estimate
ofthe upper limit for the bolometric luminosity of the LLAGN in Swift
J0230+28’s host. Combined, the measured L ;o and Mgy resultinan
Eddington ratio Aggq = Lyo/Leag < 0.002, confirming the extremely low
accretion rate of SwiftJ0230+28’s host galaxy before the eruptions.

Constraints on the start of the eruptions

We searched for archival X-ray observations at Swift J0230+28’s posi-
tion to constrain the start of the eruptions. There have been no previ-
ous X-ray detections at this position. The X-ray upper limit server””
returnsa0.2-2.0 keV flux<3.3 x 10 froma ~330 s observation by the
ROSAT All-sky Survey in1990 (ref.95)and <5.2 x 10 ® erg s cm 2 from
a~9 sexposure by the XMM-Newton Slew Surveyin2005 (ref. 96). The
field containing the position of Swift J0230+28 was observed by XRT
betweenland 1l December2021witha3 day cadence and between 24
December2021and 8January 2022, alsoata3 day cadence. There were
no detections during this early monitoring, and all the upper limits
were below the flux level of the first detection. The non-detections
during this early XRT monitoring put a hard constraint on the start of
the QPEs, as it is unlikely that no eruptions would be detected during
high-cadence month-long monitoring if they had already started.
To quantify this likelihood, we performed the following series of
simulations:

«  Weshifted the exactly known XRT light curve (shown in Fig. 1
for MJD 59,752-59,983) to the epochs of the early XRT monitor-
ing (shown in red in Extended Data Fig. 1) while maintaining its
cadence and gaps.

«  Wecheckedtoseeif at least one of the early-time observa-
tions matched a detection of the simulated light curve, given a
+0.5 day range.

«  Werepeated the process 10,000 times but randomly changed
the relative shift between the simulated light curve and the early
monitoring observations in each iteration while ensuring the
epochs of the simulated light curves included the epochs of the
early monitoring.

«  We checked to see how many of these 10,000 simulations have
atleast one detection.

From the simulations, we found that 88% of the time, we would
have made at least one detection if the known light curve (series of
eruptions) were present during the early monitoring. This means that
the probability of not observing such eruptions in the early monitor-
ingis only 12%. However, we note that this is driven mainly by the large
period without long-lived (several days long) eruptions between MJD
59,880 and MJD 59,940.If the simulated light curve had only the six first
consecutive long eruptions (fromdiscovery up to MJD 59,880), then the
probability of making no detections during the early monitoring would
drop to 0.1%. Therefore, we can conclude that the eruptions in Swift
J0230+28 most likely started between the end of the early monitoring
campaign and the date of the first detection (that is between 8 Janu-
ary and 22 June 2022). In Extended Data Fig. 1, we show the long-term
light curve with all the archived non-detections as a function of time.

Data availability

Allthe NICER and Swift data presented here are public and can be found
inthe NASA archives at the following URL: https://heasarc.gsfc.nasa.
gov/cgi-bin/W3Browse/w3browse.pl. The VLA data are available from
the archives of the National Radio Astronomy Observatory at https://
data.nrao.edu/portal/#/. X-shooter spectra will be available from
the ESO archive after the 12 months’ proprietary period has passed.
Keck/ESldata canbeshared by arequest tothe correspondingauthors.
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The general relativistic magnetohydrodynamic simulation data,
described in Supplementary Information, ‘Accretion disk—perturber
interaction’,are available by arequest to the corresponding author. The
data underlying the multiwavelength light curves presented in Fig. 1

areavailable at https://zenodo.org/records/10238766.
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Extended Data Fig.1| Constraint on the beginning of the eruptions in Swift 8January 2022 (red triangles). The multiple consecutive non-detections of
J0230+28. Historical X-ray light curve, 3o upper limits from non-detection XRT constrain that the eruptions may have started between 8 January and
in1990 by RASS (pink triangle), in 2005 by XMM-Newton-Slew survey (green 22 June 2022 - date of the first detection by Swift/XRT (blue points).

triangle) and multiple Swift/XRT observations between1December 2021 and
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Extended Data Fig. 2| Eruption shape fitting. Left: Fit of asymmetric Gaussian profile to the six best-sampled eruptions: around epochs £3, £4, ES, E6, E10, and E11.
Right: ratio of g, and o_showing the slight asymmetric nature of Swift J0230+28’s eruption. Error-bars represent 1o uncertainty.
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Extended Data Fig. 3 | Residuals of the stacked spectral analyses. The order (left to right panels) represent distinct eruptions while the color and vertical panels
represent distinct phases of each eruption: orange (rises), cyan (peaks) and gold (decays). The order and colors are the same as in Fig. 1. Error-bars represent 1o
uncertainty.
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Extended Data Fig. 4 | Radio (VLA) images. A transient radio source is detected (leftand right panels), with upper limits of 15 uJy and 25 uJy respectively. The
inthe second radio observation (middle panel) on MJD 59842 with a flux of orange cross marks the peak of the X-ray emission, and the orange circle the Kron

93 + 7ujy (130 detection). No source is detected in the first and third observations radius (12) of the host galaxy.
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Extended Data Fig. 5| Swift J0230+28 Position and host identification. Top

left: Swift/XRT stacked images. Yellow 47  circle represents the 90% region of the

XRT point spread function, and was the radius used for extraction. Green circle

isthe NICER FoV, no other source is present. Top Right: Pan-STARRS i/g/rbands

composed image of Swift J0230+28’s host galaxy. Red cross show the location
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of the peak of the XRT emission and red circle (radius =3.4") represents the 2.70
uncertainty on the position. The X-ray emission is consistent with the nucleus of
the galaxy. Bottom: Continuum normalized X-shooter optical spectrum of the
nuclear 1" of the host galaxy, in the H3+[O 1lI] (left) and Ha+[N II] (right) regions.
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Extended Data Fig. 6 | Diagnostic diagrams of the host galaxy. Top: Swift
J0230+28 in the BPT diagnostic diagram, located above the® theoretical upper
limit for star-formation ionization (red continuous line). Black diamonds
represent the 4 known QPE hosts in all panels®’. Middle: Swift J0230+28 in the
WHAN diagnostic diagram, further showing that the nucleus likely hosts a weak

Lick H64 absorption (4)

AGN. Bottom: the Lick H§ absorption index as a function of Ha EW diagram.

Grey points show SDSS galaxies for reference; blue circles represent TDE host
galaxies. The black dash-delimited (solid) box indicates where QBS (E+A) galaxies
arelocated. These galaxies make up 2.3% and 0.2% of the selected SDSS galaxies,

respectively. Error-bars are 1o uncertainties in all panels.
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Extended Data Fig. 7 | Broad-band spectral energy distribution (SED) of host galaxy. Red points show the observed archival photometry, black point the maximum

aposteriori (MAP) best-fitted mode, and grey line the MAP best-fitted spectrum. Best-fitted parameters (see text for details) for the model are shown in the lower right.
Error-bars are lo uncertainties.
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Extended Data Fig. 8 | Comparison of QPEs light curves. Top: XMM-Newton-
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pnlight curve of eRO-QPE2. Center: NICER light curve of eRO-QPEL. Bottom:
Swift/XRT light curves of Swift J0230+28. All three panels show six consecutive
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eruptions for each source, the distinct time scales are clearly given the x-axis
range: 0.6 days for eRO-QPE2, 4.5 days for eRO-QPE1and 120 days for Swift
J0230+28. Error-bars are 1o uncertainties.
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Extended Data Table 1| Summary of time-resolved X-ray spectra analyses with absorbed thermal model on stacked spectra

Phase Start End  log Lys_ooev Nu T xdof
(MID) (MJD) lergs™! ] [10® cm™2]  [eV]

Rise-E4  59814.2 59818  42.80 £0.11 373 124751 5.1/6
Peak-E4  59819.3 59821.9 42.96 +0.03 gt 177%5  28.5/19
Decay-E4  59823.1 59824.6 42.87 +0.05 3 17217 24.7/14

Rise-ES ~ 59841.9 598442 42.33 +0.06 1% 140*1,  6.4/6
Peak-ES  59844.4 59846.1 42.74 +0.02 15, 20272 29.6/17
Decay-E5  59846.1 59846.6  42.53 +0.02 15 20972 14.4/13

Rise-E6  59850.7 59853.9 42.52 +0.09 2h 1315°  5.9/6
Peak-E6  59855.8 59858.9  42.86 + 0.07 iy 14912 17.2/9
Peak-E10 59949  59951.2  42.93 +0.03 113 16573 25.7/16

Decay-E10  59951.4 59953.5 42.84 +0.02 15 2145 27.9/18

The stacked NICER spectra are fit with tbabs*zTBabs*zashift(diskbb) model using XSPEC®". Start and End represent the start and end times (in units of MJD) of the interval used to stack the
data. [0g Lo 35 okev is the logarithm of the integrated absorption-corrected luminosity in 0.3-2.0 keV range in units of erg s, assuming the best-fitted model. N,, is the best-fitted intrinsic
column density in units of 10%° cm™. T, is the best-fitting inner disk temperature of di skbb in eV. Uncertainties represent 1o level.
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Extended Data Table 2 | Properties of Swift J0230+28 as compared to quasi-periodic eruption sources (QPEs)

Source eRO-QPE2 GSN 069 RX J1301 eRO-QPEI Swift J0230+28
Mean recurrence 2.4h 9h 47h 18.5h 224
time
Deviation Pattern ‘long-short’ irregular
from Absolute 2.3h-27h | 8.5h-9.5h 3.5h-5.5h 12h-24h° 18d-25d°
periodicity Fraction ~ £ 10% ~ £ 20% 30%-50%" ~ £ 30%"°
X-ray luminosity ~102 | ~5x10%2 | ~2x10%2 ~ 1043 ~ 6 x 1022
at peak® (ergs—1)
Amplitude®? (count rate) ~ 10 ~ 20 ~ 15 100-200 > 100
Temperature evolution
. cool — warm — cool cool — warm
per eruption
asymmetric | slight asymmetric
Eruption shape ~ symmetric | ~ symmetric | ~ symmetric | (longer decay (longer rise
than rise) than decay)
log Mgu (Mg) 50+£0.5 6.0 £0.5 6.6 £0.4 5.8 +0.5 6.6 04

Notes: a) This is a conservative estimate, given that as shown by ? some of the eruptions overlap with each other, which means an even lower separation between two consecutive eruptions.
b) This is a conservative estimate, based on the fitted peak (see ‘X-ray light curve’ in Methods) of the well-sampled eruptions, given that some eruptions were not observed around the LSP
peak period (see for example, E9 in Fig. 1), which means an even larger separation between two consecutive eruptions. c) In the 0.3-2.0 keV band. d) Defined as the ratio between count rates
of the peak and quiescent states. e) Based on whether the eruptions can be well fitted by a Gaussian, or some asymmetric function, for example, asymmetric Gaussian or Gaussian-rise plus
power-law decay, is necessary.

Nature Astronomy


http://www.nature.com/natureastronomy

	X-ray eruptions every 22 days from the nucleus of a nearby galaxy

	Methods

	Observations and data analysis

	Swift XRT
	Swift/UVOT
	NICER
	Very Large Array
	Optical spectra

	Time-resolved X-ray analyses

	X-ray light curve
	X-ray spectra
	Eruption energetics

	UV/optical and radio counterparts

	The host galaxy

	Constraints on the start of the eruptions


	Acknowledgements

	Fig. 1 Light curves of Swift J0230+28.
	Fig. 2 LSP for the Swift J0230+28 light curve.
	Fig. 3 NICER time-resolved spectroscopy.
	Fig. 4 Time-resolved spectral properties.
	Fig. 5 Phase space diagrams for QPEs and Swift J0230+28.
	Extended Data Fig. 1 Constraint on the beginning of the eruptions in Swift J0230+28.
	Extended Data Fig. 2 Eruption shape fitting.
	Extended Data Fig. 3 Residuals of the stacked spectral analyses.
	Extended Data Fig. 4 Radio (VLA) images.
	Extended Data Fig. 5 Swift J0230+28 Position and host identification.
	Extended Data Fig. 6 Diagnostic diagrams of the host galaxy.
	Extended Data Fig. 7 Broad-band spectral energy distribution (SED) of host galaxy.
	Extended Data Fig. 8 Comparison of QPEs light curves.
	Table 1 General properties of Swift J0230+28 compared to QPEs and RNTs.
	Extended Data Table 1 Summary of time-resolved X-ray spectra analyses with absorbed thermal model on stacked spectra.
	Extended Data Table 2 Properties of Swift J0230+28 as compared to quasi-periodic eruption sources (QPEs).




