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ABSTRACT14

Quasi-periodic eruptions (QPEs) are recurring bursts of soft X-rays from the nuclei of galaxies.15

Their physical origin is currently a subject of debate, with models typically invoking an orbiter around16

a massive black hole or disk instabilities. Here we present and analyze the temporal and spectral17

evolution of the QPE source eRO-QPE2 over 3.5 years. We find that eRO-QPE2 1) is remarkably18

stable over the entire 3.5-year temporal baseline in its eruption peak luminosity, eruption temperature,19

quiescent temperature, and quiescent luminosity, 2) has a stable mean eruption recurrence time of20

2.35 hours, with marginal (∼2σ) evidence for a 0.1 hour reduction over the 3.5 yr period, and 3)21

has a long-short variation in its recurrence time in August 2020, but this pattern is absent from all22

subsequent observations. The stability of its peak eruption luminosity and that of the quiescent state23

are notably dissimilar from three previously tracked QPEs (GSN069, eRO-QPE1, eRO-QPE3), which24

show declines in eruption and quiescent flux over comparable temporal baselines. This stability is25

even more pronounced in eRO-QPE2 due to its 2.4 hour average recurrence time compared to GSN-26

069’s 9 hour, eRO-QPE1’s 16 hour, and eRO-QPE3’s 20 hour recurrence times, i.e., this system has27

undergone 4-8 times more cycles than these other systems over the 3.5 years of observations. We28

discuss the implications of these observations within the context of some proposed extreme mass ratio29

inspiral (EMRI) models.30

Keywords: tidal disruption events, black holes, accretion disks31

1. INTRODUCTION32

Quasi-periodic eruptions (QPEs) are recurring bursts33

of soft X-rays (0.2-3.0 keV) that are spatially coin-34

cident with the centers of nearby (redshift, z ≲0.1)35

galaxies (Miniutti et al. 2019; Giustini et al. 2020).36

There are presently eight systems in published litera-37

ture with confirmed QPEs: GSN 069 (Miniutti et al.38

2019), RX J1301.9+2747 (Giustini et al. 2020), eRO-39

QPE1, eRO-QPE2 (Arcodia et al. 2021), eRO-QPE3,40

eRO-QPE4 (Arcodia et al. 2024), AT2019qiz (Nicholl41

et al. 2024), and SwJ023017.0+283603 (Evans et al.42

2023; Guolo et al. 2024b). These have recurrence times43

(i.e., the amount of time between successive eruptions)44

ranging from 2.4 hours to 22 days, with a dispersion in45

arrival time of eruptions of up to ∼ 30% (Miniutti et al.46

2023b; Pasham et al. 2024a; Chakraborty et al. 2024).47

In general, their X-ray spectra during quiescence, i.e.,48

between the eruptions, can be fit with a disk blackbody49

with a temperature of a few tens of eV (e.g., Miniutti50

et al. 2019; Arcodia et al. 2021). During the eruptions an51

additional single-temperature blackbody (0.1-0.25 keV)52

is necessary to explain the data, and thus the pres-53

ence of a warmer thermal component is generally cor-54

related with the X-ray flux (e.g., Miniutti et al. 2019).55
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It has been suggested that the quiescent emission tracks56

an underlying disk, perhaps formed from a relatively57

recent tidal disruption event (TDE) (e.g., Rees 1988;58

Gezari 2021). In addition, the host galaxies of QPEs59

and TDEs have a number of shared preferences, in-60

cluding an overrepresentation of post-starburst galaxies61

(French et al. 2016; Graur et al. 2018; Wevers et al. 2022)62

and an overrepresentation of gas-rich environments with63

recently faded active galactic nuclei (Wevers & French64

2024; Wevers et al. 2024). A clear direct connection be-65

tween an optically selected TDE and an X-ray QPE has66

only recently been established (Nicholl et al. 2024).67

Alongside other repeating phenomena such as quasi-68

periodic outflows (QPOuts; Pasham et al. 2024b) and69

stable soft X-ray quasi-periodic oscillations (QPOs; Ke-70

jriwal et al. 2024; Gierliński et al. 2008; Pasham et al.71

2019), these repeating extragalactic nuclear transients72

(RENTs) could represent electromagnetic counterparts73

of extreme mass ratio inspirals (EMRIs), which con-74

tain a massive black hole and an orbiting companion75

(a star or another compact object) that is substantially76

less massive (Krolik & Linial 2022; Linial & Sari 2023;77

King 2020; Metzger et al. 2021; Linial & Metzger 2023;78

Suková et al. 2021; Franchini et al. 2023; Zhao et al.79

2022; Xian et al. 2021; Wang 2024; King 2023). The80

alternative hypothesis is that these regular modulations81

could be triggered by instabilities operating in the inner82

regions of the accretion flow (Śniegowska et al. 2023;83

Kaur et al. 2023; Czerny et al. 2023; Pan et al. 2022;84

Raj & Nixon 2021). The latter set of models has been85

disfavored – at least in some cases – because the periods86

appear to be uncorrelated with the black hole’s mass87

(see bottom right panel of Fig. 5 of Guolo et al. 2024b),88

and the shape of the eruption profiles are inverted with89

respect to what is predicted from the radiation pressure90

instability (e.g., compare Figs. 1 and 2 of Arcodia et al.91

2021 with Fig. 7-10 of Śniegowska et al. 2023 and Fig.92

3 of Raj & Nixon 2021). We stress, however, that at93

present we cannot rule out instability models.94

Using EMRI population models, some works have ar-95

gued that the most favorable orbital frequency (at the96

present epoch) for enabling future detection with LISA97

is 0.5±0.2 mHz, or an orbital period on the order of98

∼ 1 hour (Kejriwal et al. 2024). With a mean period99

of 2.4 hours (Arcodia et al. 2021), eRO-QPE2 (red-100

shift z = 0.0175; Arcodia et al. 2021) is thus an es-101

pecially exciting target, as it may represent a promising102

candidate for multi-messenger study in the coming age103

of space-based gravitational-wave observatories (Zhao104

et al. 2022).105

In this work, we studied the long-term evolution of106

eRO-QPE2 using XMM-Newton data taken between107

August 2020 to February 2024, i.e., a temporal base-108

line of 1277 days or 3.5 years. Our main finding is109

that, unlike the three previously tracked QPE systems110

GSN 069 (Miniutti et al. 2023b), eRO-QPE1 (Pasham111

et al. 2024a; Chakraborty et al. 2024), and eRO-QPE3112

(Arcodia et al. 2024), eRO-QPE2 has remained stable113

in its eruption strength, average time between eruptions,114

and quiescent luminosity (section 3). The median (stan-115

dard deviation) time between the 9 eruptions seen in116

Aug 2020 was 2.42 (0.09) hours. The values combining117

the data taken in December 2023 and February 2024118

is 2.33 (0.06) hours. Although not statistically signifi-119

cant, the small change of 0.09 hours over ≈3 years could120

represent the orbital decay of the putative EMRI. This121

would however be too fast for a vacuum EMRI (section122

6.4).123

2. DATA REDUCTION AND ANALYSIS124

Within the context of this work, we use a standard125

ΛCDM cosmology with parameters H0 = 67.4 km s−1
126

Mpc−1, Ωm = 0.315 and ΩΛ = 1 - Ωm = 0.685 (Planck127

Collaboration et al. 2020). Using the Cosmology calcu-128

lator of Wright (2006), eRO-QPE2’s luminosity distance129

is estimated to be 78.9 Mpcs.130

2.1. XMM-Newton Data Reduction and Analysis131

XMM-Newton’s European Photon Imaging Camera132

(EPIC; pn: Strüder et al. 2001, MOS: Turner et al.133

2001) observed eRO-QPE2 on six occasions between134

6 August 2020 and 4 February 2024. One of the ob-135

servation is not public and we did not include it in136

our work. The two most recent observations (obsIDs:137

0932590101/XMM#5, 0932590201/XMM#4) were part138

of an approved guest observer program (PI: Wevers T.)139

and we include them in this work along with the 3 pub-140

licly available datasets (obsIDs: 0872390101/XMM#1,141

0893810501/XMM#2, 0883770201/XMM#3). We used142

data from XMM-Newton’s European Photon Counting143

Camera (EPIC) pn and MOS in this work. Combined144

EPIC (pn+MOS) data was used for light curve analysis145

to improve the statistics in individual eruptions. How-146

ever, for energy spectral analysis we exclude MOS data147

because of their deteriorated response below ∼1 keV,148

e.g., see https://xmmweb.esac.esa.int/docs/documents/149

CAL-TN-0018.pdf. We used XMM-Newton’s software150

XMMSAS version 19.1.0 with the latest calibration data151

for analysis.152

First we downloaded the five data from XMM-153

Newton’s science archive accessible at https://www.154

cosmos.esa.int/web/xmm-newton/xsa. We reduced155

the raw Observation Data Files (ODFs) using156

the standard procedures outlined in these data157

https://xmmweb.esac.esa.int/docs/documents/CAL-TN-0018.pdf
https://xmmweb.esac.esa.int/docs/documents/CAL-TN-0018.pdf
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analysis threads: https://www.cosmos.esa.int/web/158

xmm-newton/sas-threads. Then we extracted source159

events separately from pn and MOS detectors. For this160

we used a circular aperture centered on coordinates (RA,161

Dec) = (02:34:48.97, -44:19:31.65) with a radius of 25′′.162

For pn (MOS) we screened out events with PATTERN163

greater than 4 (12). We used 0.25-2.5 keV bandpass164

where the source is detected above the background. A165

nearby circular regions with a radii of 50′′ and free of166

point sources was chosen to compute the background.167

For each obsID we inspected the background light curves168

manually and excluded epochs dominated by flares. We169

combined the instrumental good time intervals (GTIs)170

with those excluding the background flares to obtain a171

final clean GTI for each obsID. The resulting X-ray light172

curves are shown in Fig. 1.173

From each obsID we extracted two spectra using only174

pn data: one covering the epochs of the eruptions175

and another using events during the quiescence. The176

spectra were binned using XMMSAS software’s spec-177

group task with mincounts=1 and oversample=3. C-178

stat was used for fitting. For all spectra, the MilkyWay179

Hydrogen column of tbabs was derived from HI maps180

using the HEASARC online tool https://heasarc.gsfc.181

nasa.gov/cgi-bin/Tools/w3nh/w3nh.pl and was fixed to182

a value of 1.6×1020 cm−2. The best-fitting model pa-183

rameters are show in Fig. 5. XSPEC (Arnaud 1996)184

ready X-ray spectra along with the background spec-185

tra and relevant response files can be found here: https:186

//zenodo.org/records/13140806.187

3. RESULTS188

Fig. 1 shows the five XMM-Newton/EPIC (pn+MOS)189

0.25-2.5 keV X-ray light curves of eRO-QPE2. We ap-190

plied the Bayesian blocks algorithm (Scargle et al. 2013)191

to estimate the peaks of the individual eruptions in a192

model-independent manner (thick, black horizontal lines193

in Fig. 1). These values are shown in the bottom row194

of Fig. 2. We then fit the eruptions with a skewed-195

Gaussian model that allows us to estimate the peaks to196

a much higher precision–typical 1σ uncertainty of <100197

secs (top row of Fig. 2).198

In order to reliably estimate the median time between199

eruptions we need to sample several of them. The best200

dataset we have is XMM#1 with 9 eruptions, followed201

by XMM#5, XMM#3 and XMM#4 with 6, 5 and 4 full202

eruptions, respectively. The mean time (standard devi-203

ation) between subsequent eruptions during XMM#1,204

XMM#3, XMM#4, and XMM#5 was 2.42 (0.09), 2.27205

(0.01), 2.32 (0.07), and 2.35 (0.06), respectively. If we206

exclude XMM#2, which had only two poorly sampled207

eruptions, then we can see that the mean time between208

eruptions during mid-2022 and late 2023–early 2024 has209

perhaps decreased by about 0.1 hours compared to the210

eruptions on 6 August 2020.211

3.1. Quantifying any potential long-term trend212

To test for a trend in the period with the time, we used213

the linmix package (Kelly 2007). linmix is a Bayesian214

framework for linear regression that finds best-fit lin-215

ear regression parameters (slope and intercept) with un-216

certainties and a correlation index (Pearson), by tak-217

ing into account errors in both x- and y-values. The218

documentation and more details on linmix implemen-219

tation can be found at this github repository https:220

//github.com/jmeyers314/linmix?tab=readme-ov-file.221

We carried out the regression analysis using the Lin-222

Mix function by fitting the data points using 2 Gaus-223

sians (K = 2) and instantiating 50 Monte Carlo Markov224

Chains (nchains = 50) for 10000 iterations. The first225

30% of the fit values were discarded since this fraction226

corresponds to the “burn-in” phase of the MCMC sam-227

pling. We calculate the best-fit regression parameters228

by finding the median of the parameter distributions229

for slope and intercept, as a median estimate is less-230

sensitive to outliers in the data. Results of the regres-231

sion analysis are shown in Fig. 3 and 4 and the best-fit232

parameters are slope=(-8.2±3.6)×10−5 hours/day and233

intercept=(7.3±2.1) hours. The Pearson correlation in-234

dex takes values from -1 to 1, where an index>0 suggests235

a positive correlation, values close to 0 suggest no (or236

weak) linear correlation, and values <0 point towards a237

negative (or inverse) correlation.238

The above analysis suggests that the evidence for a de-239

creasing trend is only marginal at about 2σ (see Fig. 4).240

3.2. Long-Term Spectral Evolution241

Next, we studied the evolution of the average erup-242

tion and quiescence spectrum over the 3.5 year pe-243

riod. Similar to previous studies of QPEs (e.g., Mini-244

utti et al. 2019; Arcodia et al. 2021), we fit the245

eruption spectra with a single temperature blackbody246

XSPEC (Arnaud 1996): tbabs*ztbabs*zashift(bbody),247

and the quiescent spectra with a single disk blackbody:248

tbabs*ztbabs*zashift(diskbb). The evolution of the result-249

ing best-fit model parameters is shown in Fig. 5. We250

then studied the stability of the individual erup-251

tion peaks and widths which are shown in Fig. 6252

and 7. Based on this we conclude that the eRO-253

QPE2’s eruptions have been stable over the past254

3.5 years.255

4. COMPARISON TO LONG-TERM EVOLUTION256

OF OTHER QPES257

https://www.cosmos.esa.int/web/xmm-newton/sas-threads
https://www.cosmos.esa.int/web/xmm-newton/sas-threads
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Figure 1. 0.25-2.5 keV XMM-Newton/EPIC (pn+MOS) X-ray light curves of eRO-QPE2. The time bin size in each
case is 100 s and the observation dates are indicated at the top of each panel. The thick black horizontal lines are the optimal
time bins derived from the Bayesian blocks algorithm of Scargle et al. (2013). The solid curves are the best-fit skewed-Gaussian
model fits.
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Figure 2. Evolution of time between eruptions with time for all XMM-Newton datasets. The horizontal dashed blue
lines represent the mean value in each case. The y-scale is the same in all panels (2.1 to 2.7 hours). Panels in the same column
share their x-axes. Bayesian blocks is a model independent way of estimating the peak times while in the top row we show peak
times estimated by modeling the eruptions with skewed Gaussians. The errorbars in the case of Bayesian blocks represent the
size of the block while it represents the statistical uncertainty for skewed Gaussian modeling.

Four QPE sources, GSN 069, eRO-QPE1, eRO-QPE3258

and eRO-QPE4 have been tracked over multiple years259

(Miniutti et al. 2023b; Pasham et al. 2024a; Chakraborty260

et al. 2024; Arcodia et al. 2024). In the first three261

cases, the average strength of eruptions/peak eruption262

flux gradually decreased over a few years timescale (see263

Figs. 1 and 2 of Miniutti et al. 2023b, Fig. 2 of Pasham264

et al. 2024a and Fig. 11 of Arcodia et al. 2024). In265

the case of GSN 069 QPEs shut off over roughly 500266

days but turned back on after about two years (see Fig.267

4 of Miniutti et al. 2023a). eRO-QPE4’s data lacks the268

signal-to-noise ratio necessary to determine if similar be-269

havior is occurring. Further tracking is necessary to see270

if eRO-QPE3 and eRO-QPE1’s eruptions shutoff and271

turn back on in a manner similar to GSN 069.272

In GSN 069, eRO-QPE1 and eRO-QPE3 there is an273

apparent declining trend in observed quiescence X-ray274

luminosity (see Fig. 4 of Miniutti et al. 2023a and Fig.275

11 of Arcodia et al. 2024, and Chakraborty et al. 2024).276

In the case of GSN 069 and eRO-QPE3 this represents a277

factor of ≈3 change over 500 days and ≈5 decrease over278

800 days, respectively. Based on our analysis of eRO-279

QPE1’s most recent XMM-Newton dataset taken in Jan-280

uary 2024 (PI: Arcodia) and its early XMM-Newton ob-281

servations, we estimate a decrease of roughly a factor of282

2.5 between July–August 2020 and January 2024 (ob-283

served 0.3-1.2 keV quiescent fluxes of (4.7±0.7)×10−15
284

erg s−1 cm−2 and (2.1±0.3)×10−15 erg s−1 cm−2). In285

summary, GSN 069, eRO-QPE1 and eRO-QPE3 appear286

to behave the same way over a 3+ years in terms de-287

creasing eruption strength and quiescence luminosity.288

eRO-QPE2’s long-term behavior is distinct from all289

the above QPE systems: eRO-QPE2 has been remark-290

ably stable in terms of average eruption luminosity,291

eruption temperature, quiescence luminosity and tem-292

perature (see Fig. 2).293

5. BASIC ENERGETICS CALCULATION294

With a redshift of z = 0.0175 (Arcodia et al. 2021),295

the luminosity per eruption in the 0.2 – 2.5 keV band is296

≃ 1042.2 erg s−1, which translates to a total integrated297

luminosity of ∼ 1043.3 erg s−1. If the liberated energy ul-298

timately derives from accretion onto the black hole, then299

adopting a radiative efficiency of 0.1 and an eruption du-300

ration of ∼ 2 ks implies an accreted mass per eruption301

of ∼ 2.2 × 10−7M⊙. If the object feeding the accretion302

has a mass comparable to a solar mass, then the total303

number of eruptions required to completely deplete the304

mass of the object is ∼ 4.5 × 106, suggesting that the305

lifetime of the system is ∼ 4.5× 106 × 2.4 hr ≃ 1200 yr.306

If we instead use only the energy in the 0.2 – 2.5 keV307

band, the lifetime would be increased by a factor of 10,308

but regardless the system would be cosmologically short309

lived. In case the eruptions are associated with a ther-310

mally emitting area, a typically lengthscale is Rerupt ∼311

(Lerupt/10
43.3 erg s−1)1/2(kTerupt/200 eV)−2 ∼ 28R⊙ or312

133 gravitational radii for M• = 105 M⊙. Hence, the313

emission could be associated with an ejected, expanding314

cloud (Franchini et al. 2023) or a compact area of an ac-315

cretion disk emitting due to circularization shocks with316

an inspiralling gas (Lu & Quataert 2023).317
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Figure 3. Best-fit regression fit to the time between eruptions vs time using the linmix linear regression
framework. The shaded grey regions give 1σ, 2σ and 3σ confidence intervals (C.I.) of the computed best-fit line. Both x and
y errors have been included. The x-errors are not visible since the error bars are smaller than the marker size. The evidence for
a linear decay of about 0.1 hr over 3+ years is marginal (see Fig. 4).

A recent set of hydrodynamical simulations by Yao318

et al. (2024) showed that a main-sequence star should319

be stripped of∼ 10−6−10−4M⊙ per passage through the320

disk, significantly more than suggested by the energetics321

above. Following Linial & Metzger (2023) the authors322

modeled the QPE energy release only as a fraction of the323

energy of the shock caused by the supersonic star-disk324

collision, implying that the rest of the matter builds325

up in the accretion disk. Using this assumption, the326

authors estimated the lifetime of eRO-QPE2 to mere327

decades due to the ablation of the star, which also led to328

a suggestion of a future rise or outburst of the quiescent329

accretion luminosity due to the matter build-up in the330

disk. This is in tension with our observation in Fig. 5,331

which shows that both the strength of the QPEs and the332

quiescent emission of the disk is stable on the timescale333

of years.334

6. DISCUSSION335

6.1. On the disappearance of long–short pattern336

One of the clear results from our study is the dis-337

appearance of the long–short pattern seen in the first338

XMM-Newton observation (top–left of Fig. 2). Under339

the EMRI paradigm the long–short pattern can be ex-340

plained with an eccentric orbiter interacting with the341

disk twice per orbit. The setup is illustrated in Fig-342

ure 8. We assume that the orbit is mildly eccentric and343

that the short intervals Ts correspond to the section of344

the orbit containing the comparatively quick pericentre345

passage and the long intervals Tl to sections contain-346

ing apocenter passages. We use the small-eccentricity347

expansion of the Kepler equation to express the times348

as349

Ts =
Porb

2

(
1− 4e

π

)
+O(e3) , (1)350

Tl =
Porb

2

(
1 +

4e

π

)
+O(e3) . (2)351

From this we obtain e ≈ π(Tl − Ts)/(4Porb) Using the352

approximate Porb ≈ 4.8 hours and Tl − Ts ≈ 0.15 hours353

we get e ≈ 0.025. The disappearance of the long-short354

pattern can then be accounted for by relativistic pericen-355

ter precession as illustrated in Figure 8, which leads to356

equal times between passages and occurs with a period357

(Robertson 1938)358

Tprec =
2πP

5/3
orb c

2

3(2GMπ)2/3
+O(e2)

= 30 days

(
M

106M⊙

)−2/3 (
Porb

5 hours

)−5/3

.

(3)359

The switch between the equal-passage and long-short360

transition times occurs twice per a full precession cy-361

cle, so we can essentially assume a random pattern to362

appear in the XMM#1-#5 datasets that spread over363

years. This qualitatively fits our observations. To con-364
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Figure 4. Results from the linmix regression analysis of time between eruptions vs time. (top left) Distribution
of the correlation (Pearson index); (top right) Log-normal distribution of the slope and intercept values, the red cross marker
gives the location of best-fit regression values in the parameter space (marker size not to be scaled with associated errors);
Distribution of the fit values of (bottom left) slope and (bottom right) intercept.

firm this scenario, we would require a good mass esti-365

mate on the BH in eRO-QPE2 to constrain Tprec and366

a series of ∼ 25-hour observations repeated a few times367

over the timespan Tprec/2.368

6.2. Stability of the quiescent emission369

It has been hypothesized that the disc through which370

the orbiter passes (thus generating the QPEs) can be371

produced from a TDE (Linial & Metzger 2023; Nicholl372

et al. 2024), and – if the fallback of debris traces the373

accretion rate onto the black hole – the declining am-374

plitude of the quiescent emission seen in other sources375

(Arcodia et al. 2024; Miniutti et al. 2023a) is consis-376

tent with this hypothesis. If a past TDE also produced377

the disc and is responsible for the quiescent emission in378

eRO-QPE2, and the accretion rate is tracking the fall-379

back rate, the lack of evolution implies that the TDE380

occurred at a time much earlier than the time at which381

we are currently detecting the QPEs. To see this, if we382

denote L0 and L1 as the luminosities at times t0 and t1,383

where t0 is the time since disruption and t1 = t0 + ∆t384

with ∆t = 3.5 years (the time over which eRO-QPE2385

has been monitored), then it follows that386

t0 = n∆t (1− L1/L0)
−1

. (4)387

Here we assumed that the luminosity tracks the fallback388

rate, where the latter scales as t−n, with n = 5/3 if389

the object was completely destroyed (Phinney 1989) or390

n = 9/4 if it was partially destroyed (Coughlin & Nixon391

2019) and t is time since disruption. Since L1/L0 ≃ 1392

for eRO-QPE2, it follows that the star must have been393

destroyed well before 3.5 years ago.394

Alternatively, it may be the case that the accre-395

tion rate onto the black hole is no longer tracking the396
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Figure 5. Long-term evolution of eRO-QPE2’s spec-
tra during eruptions and quiescence. From each XMM-
Newton obsID two spectra were derived: one using data dur-
ing eruptions and one during the quiescence. These spectra
were fit with a disk blackbody and a pure blackbody. During
the quiescence only disk blackbody was sufficient. All error-
bars represent 90% uncertainties. This data is available at
https://zenodo.org/records/11415786

fallback rate, but is instead evolving viscously (Can-397

nizzo et al. 1990). While X-ray TDEs detected by398

transient surveys show declining luminosities and X-ray399

temperatures with time (Guolo et al. 2024a), it seems400

likely that at sufficiently late times, the X-ray emission401

would evolve on the (in principle much longer) viscous402

timescale, rather than the fallback time of the debris403

(Auchettl et al. 2017). The “plateau” phase in the late-404

time optical/UV emission observed from some TDEs has405

been interpreted to arise from such a delay (Mummery406

et al. 2024), and the fact that we are seeing no evolu-407

tion in the quiescent X-ray flux from this system could408

imply that the same trend occurs at later times in the409

X-rays, consistent with theoretical models (Lodato &410

Rossi 2011).411

6.3. Implications for the model consisting of repeating412

partial tidal disruption of a white dwarf in a413

highly eccentric orbit414

King (2020) suggested that QPEs represent the re-415

peated partial and tidal stripping of a white dwarf by416

a supermassive black hole (but of lower mass; see also417

Zalamea et al. 2010). In this model, the pericenter dis-418

tance is highly relativistic: since a small amount of mass419

is removed from the star to power the accretion (mak-420

ing the standard assumption of the radiative efficiency421

of accretion; see Section 5), the pericenter distance of422

the star is rp ≃ 2rt ≃ 2R⋆ (M•/M⋆)
1/3

, and with1423

R⋆ = 0.011R⊙ (M⋆/(0.6M⊙))
−1/3

(Nauenberg 1972),424

M⋆ = 0.18M⊙ (King 2022), and M• = 2.3 × 105M⊙425

(King 2022), 2rt ≃ 7.3GM•/c
2. Even though the mass426

ratio is extreme, the timescale over which the period427

shrinks due to gravitational-wave emission is cosmolog-428

ically short, which can be seen from the e ≃ 1 and429

M• ≫ M⋆ limit of Equation 5.6 of Peters (1964) when430

written in terms of the period of the orbiter and the431

pericenter distance of the orbit, which is432

Ṫ ≃ − 85π

4
√
2

M⋆

M•

1

x5/2

(
T

Tp

)2/3

, (5)433

where we set rp = xGM•/c
2 and Tp = 2πr

3/2
p /

√
GM•.434

With the pericenter distance fixed – which is a good435

approximation until the final stages of the inspiral; note436

that, from equations 5.5 and 5.6 of Peters (1964), ṙp/ȧ ∝437

(1− e)
2
when e ≃ 1 and the mass ratio is small – the438

gravitational-wave inspiral time that follows from the439

preceding equation is440

tgw ≃ 200 yr

×
( x

10

)7/2
(

M•

105M⊙

)2/3 (
M•/M⋆

106

)(
T0

1 hr

)1/3

.

(6)

441

1 This assumes that the star is of low mass and the electrons are
non-relativistic; the pericenter distance only becomes more rel-
ativistic as the white dwarf mass grows and its radius shrinks
more rapidly.

https://zenodo.org/records/11415786
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Figure 6. Same as Fig 2 but here we show the evolution of eruption peaks with time for all XMM-Newton
datasets.
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With x = 7.3, M• = 2.3 × 105M⊙, and M⋆ = 0.18M⊙,442

this gives tgw ≃ 200 yr.443

Figure 9 shows the evolution of the orbital period of444

the white dwarf using the Peters (1964) equations for the445

decay in semimajor axis and eccentricity, where we set446

the initial period to 2.4 hours and the pericenter distance447

to 2rt, which establish the initial semimajor axis and ec-448

centricity. In the left (right) panel we adopted a stellar449

mass of M⋆ = 0.2M⊙ (M⋆ = 0.4M⊙), and the black450

hole mass is indicated in the legend; note that Equa-451

tion (5) predicts ∆T ≃ −0.085 hr over 3 years for these452

parameters, M⋆ = 0.2M⊙, and M• = 105M⊙, which453

agrees effectively exactly with the value of the dashed454

curve in the left panel at t = 3 yr. The observations of455

eRO-QPE2 presented here suggest that the recurrence456

time of the flares may have declined from ∼ 2.4 hours457

to ∼ 2.3 hours from 2020 to 2022 (though there is no458

corresponding decline between 2022 and 2024), and if459

we attribute this change in period to gravitational-wave460

decay, then the parameters suggested in King (2022) –461

namely a black hole mass of 2.3 × 105M⊙ and a white462

dwarf mass of 0.18M⊙ – are broadly consistent with ob-463

servations. On the other hand, a more massive star is464

strongly ruled out, unless the black hole is in the IMBH465

regime.466

Since the (Galactic) white dwarf mass distribution is467

strongly peaked at ∼ 0.6M⊙ (O’Brien et al. 2024) (and468

the production of a ∼ 0.2M⊙ white dwarf would re-469

quire mass exchange with a binary companion), this sug-470

gests that the original white dwarf had a mass closer to471

∼ 0.6M⊙ and was the core of a red giant, the enve-472

lope of which was stripped during the initial tidal in-473

teraction with the black hole – as put forward by King474

(2020). For the same black hole mass, however, 2rt for475

a 0.6M⊙ white dwarf is ∼ 3.2GM•/c
2, implying that476

the black hole must be spinning and the orbit of the477

white dwarf must be prograde to avoid direct capture.478

Since the minimum pericenter distance an object can479

attain around a spinning black hole without being di-480

rectly captured is (Will 2012; Coughlin & Nixon 2022)481

rmin =
(
1 +

√
1− a

)2
, the black hole spin must satisfy482

a ≳ 0.34 to be able to partially tidally disrupt any white483
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Figure 8. The potential scenario for the disappear-
ance of the long-short pattern. In 2020 we see the
shorter times between eruptions because of the faster
pericentre passage, and the longer time due to the
apocenter passage (blue curve). Due to precession
the orbit shifts to the green ellipse where the pas-
sage between intersections becomes the same and the
long-short pattern disappears.

dwarf without direct capture, and the angular momen-484

tum of the orbit of that white dwarf would be exactly485

aligned with the black hole spin. For a black hole spin of486

a = 0.998, the number of encounters in the pinhole and487

full-loss cone regime – from which the star must have488

originated because the tidal radius of the giant (i.e., the489

star on average) is orders of magnitude larger than that490

of the white dwarf – that come within 2rt and are not491

directly captured is, with the methodology described in492

Coughlin & Nixon (2022), ≃ 5.5%, making such an en-493

counter rare. It is also difficult to see how the mass494

transfer could be stable, given that the tidal radius of495

the white dwarf increases with decreasing stellar mass496

(characteristic of polytropic stars), and neither tides nor497

gravitational-wave emission modifies the pericenter dis-498

tance significantly for such extreme-mass ratio systems499

(see the discussion in Cufari et al. 2023; Bandopadhyay500

et al. 2024 relevant to TDEs of stars on bound orbits501

where the same arguments apply).502

6.4. Implications for the low-eccentricity EMRI503

Hypothesis504

The long-term data for eRO-QPE2 can also be checked

for consistency with the vacuum-EMRI hypothesis in

low eccentricity configurations, as suggested by Zhou

et al. (2024). Consider first the measured eruption

times in all observation runs except XMM22, denoted

as t̂ni ±∆t̂ni for the ith eruption within the nth run with

estimated 1σ errors ∆t̂ni as described in Sec 3. The mea-

sured QPE period T̂n
i can be estimated as T̂n

i = t̂ni+1−t̂ni

with errors ∆T̂n
i =

√
(∆t̂ni+1)

2 + (∆t̂ni )
2. As shown in

Fig. 2, T̂n
i follows a long-short pattern, most clearly

visible in the XMM1 run which, neglecting disk pre-

cession (see e.g. Franchini et al. 2023; Arcodia et al.

2024), can be generically related to the Companion ob-

ject’s (CO’s) orbital period as (Zhou et al. 2024) T̂n
orb,i =

T̂n
i + T̂n

i+1 with errors ∆T̂n
orb,i =

√
(∆T̂n

i )
2 + (∆T̂n

i+1)
2.

Over a single run, we can treat the true long-timescale-

averaged orbital period of the CO, Tn
orb ∼ hours, as a

constant since the dissipation timescales for the EMRI

described by the priors below are much longer (∼ years).

With Gaussian likelihoods and flat priors on the ith ob-

servation Tn
orb,i, the posterior on Tn

orb following Bayes’

theorem is given as

p(Tn
orb|{T̂n

orb,i}) ∝
∏
i

N (T̂n
orb,i|Tn

orb, (∆T̂n
orb,i)

2).

Samples T̃n
orb drawn from the above posterior give corre-505

sponding posterior samples for the orbital frequency of506

the EMRI, f̃n
orb = 1/T̃n

orb, which are plotted in the left507

panel of Figure 10 for various observation runs. Here,508

we note that a simple linear fit over the mean orbital509

periods in the different observation runs, ⟨T̃n
orb,i⟩ us-510

ing the linregress module in scipy.stats (Virtanen511

et al. 2020) yields the slope Ṫorb ≈ −(1.4± 1.1)× 10−4
512

hours/day, such that Ṫorb/2 ≈ −(0.7 ± 1.1) × 10−4
513

hours/day which is consistent with our fit for the QPE514

period in Sec. 3.1. Furthermore, the time evolution of515

forb at t0 = 2020 can be described to linear-order as516

f(t) ≈ f(t0) + (t− t0)ḟorb(t0). In a Bayesian predictive517

analysis, we can then check for consistency between ob-518

servations and the EMRI hypothesis by comparing the519

observed value of ḟorb(t0) with its prior-predictive dis-520

tribution under the EMRI model3.521

To obtain the prior-predictive distribution, we522

evaluate the inspiral trajectories in generic low-523

eccentricity orbits around a Kerr black hole as de-524

scribed by the 5PNAAK vacuum-EMRI model in the525

FastEMRIWaveforms (FEW) package (Katz et al. 2021).526

This model ignores perturbative effects from CO-disk in-527

2 XMM2 only captures two full eruption events making it unsuit-
able for the analysis described in the text (which requires data
from at least three peaks).

3 While higher-order derivatives may be required to better approx-
imate the evolution of forb(t), they remain poorly constrained by
current observations and are thus ignored in our analysis.



eRO-QPE2’s highly stable QPEs 11

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

2.20

2.25

2.30

2.35

2.40

t [yr]

O
rb
it
al
p
er
io
d
[h
o
u
rs
]

M = 104 M☉

M = 104.5 M☉

M = 105 M☉

M = 105.5 M☉

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

1.0

1.5

2.0

t [yr]

O
rb
it
al
p
er
io
d
[h
o
u
rs
]

M = 104 M☉

M = 104.5 M☉

M = 105 M☉

M = 105.5 M☉

Figure 9. The evolution of the orbital period due to gravitational-wave emission of a white dwarf around a
massive black hole. The black hole mass is shown in the legend and the stellar mass is M⋆ = 0.2M⊙ (left) and M⋆ = 0.4M⊙
(right). In each case we adopted a pericenter distance of 2rt (with the appropriate stellar radius, stellar mass, and black hole
mass) and an initial orbital period of 2.4 hours, which establishes the initial semimajor axis of the orbit and the initial orbital
eccentricity for integrating the general (i.e., including eccentricity) Peters (1964) equations. For low-mass white dwarfs and
low-mass black holes, the orbital period does not decay by more than ∼ 0.1 hours, which is consistent with observations (see
Figure 2).

teractions (see e.g. Speri et al. 2023; Duque et al. 2024)528

which however are small compared to the observational529

uncertainties on f̃orb described above. We set the follow-530

ing conservative (uninformative) priors on the vacuum531

EMRI parameters describing the inspiral trajectory: the532

primary massive black hole (MBH) and CO masses533

follow log-uniform distributions, M ∼ logU [104, 107],534

M∗ ∼ M × logU [10−5, 10−4], the dimensionless MBH535

spin, a ∼ U [0.01, 0.99], the orbit’s initial eccentricity,536

e(t0) ∼ U [0.01, 0.1], and the source’s initial inclina-537

tion with respect to the spin direction of the MBH,538

ι(t0) ∼ U [0, π],4 all follow uniform distributions. The539

trajectories are initialized at the observed frequency540

samples during the first run, i.e. forb(t0) = f̃n=XMM1
orb ,541

and are evolved for the entire XMM temporal baseline.542

The results of the prior-predictive analysis are pre-543

sented in the right panel of Fig. 10. We find that,544

while the prior-predictive distribution is consistent with545

the posterior distribution of ḟdot(t0), the average rate546

of evolution predicted by the vacuum EMRI model547

is ≈ an order-of-magnitude smaller than the observa-548

tions. In other words, a vacuum EMRI in eRO-QPE2549

would evolve significantly slower than the putative 0.1550

hours over 3.5 years. Other models, such as drag-551

dominated EMRI inspirals (Linial & Metzger 2023; Ar-552

codia et al. 2024), or models of intermediate-mass-ratio553

inspirals (Amaro-Seoane 2018), or combinations thereof,554

can potentially explain the boosted rate of evolution,555

4 ι(t0) > π/2 implies retrograde EMRI orbits.

and should thus be investigated upon confirming the556

putative decline in eRO-QPE2.557

Finally, a necessary condition for a vacuum-two-body558

GW inspiral is ḟorb > 0, which is satisfied by ≈ 75%559

of samples of the data from the posterior distributions560

(right panel of Fig. 10). Thus, the full range of vacuum-561

EMRI inspiral models are at most 75% consistent with562

the 3.5-year eRO-QPE2 data.563

7. CONCLUSIONS564

By performing timing and spectral analysis of eRO-565

QPE2’s eruptions sampled five times over a period of566

3.5 years we conclude:567

• The mean time between subsequent eruptions, i.e.,568

the recurrence time, is constant between 2022 and569

2024, with a hint of a decay of ≈ 0.1 hr between570

August 2020 and June 20225.571

• The energy spectra of both the eruptions and the572

quiescence have remained stable over this 3.5 year573

5 During the preparation of this paper, the authors of the preprint
Arcodia et al. (2024) also studied eRO-QPE2’s long-term evo-
lution, fitting individual eruptions with a Gaussian model (com-
pared to our asymmetric Gaussian fits). These authors concluded
that eRO-QPE2’s recurrence times change from one observation
to another which they attribute to either a gradual decline or
evolution contaminated/dominated by modulations in arrivals of
eruptions. This is distinct from our conclusion, and suggests
that there maybe a fitting-function dependence to the trends that
one infers from the data. If we consider the model-independent
Bayesian blocks methodology, the evidence for a reduction in
mean recurrence time is even less robust (see bottom panels of
Fig. 2).
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Figure 10. Left panel: 104 samples drawn from the posterior distribution of orbital frequencies forb inferred from the XMM
data in run On where n: 1, 3, 4 and 5 corresponding to XMM#1,3,4 and 5. Right panel: The posterior distributions (black
solid line) from the data and the prior-predictive distribution (green filled bars) from the vacuum-EMRI model of ḟ(t0) where
t0 = 2020 for the XMM1 run. The vacuum EMRI predicts a slower evolution than inferred from the data.

period both in terms of shape and luminosity. This574

is consistent with Arcodia et al. (2024)’s conclu-575

sions.576

• A low-mass (∼ 0.2M⊙) white dwarf partially577

tidally stripped by a ∼ 105M⊙ would experience578

a gravitational-wave-induced decay in its orbital579

period that is consistent with the average ∼ 0.1580

hour reduction that is (tentatively) observed, but581

the detailed evolution of the recurrence time, and582

specifically the lack of period evolution over the583

two years from 2022 to 2024 (see Figure 2), is not584

consistent with the monotonic decline that is ex-585

pected from gravitational-wave emission.586

• Finally, we find that observed stability is consis-587

tent with a vacuum EMRI scenario for a wide588

range of parameters (EMRI mass ratio, eccentric-589

ity, spin, inclination). In fact, a vacuum EMRI590

predicts almost an order of magnitude slower evo-591

lution that the putative 0.1 hrs over 3.5 years.592

This elucidates the need for drag-dominated, the593

so-called “dirty” EMRI frameworks, to accurately594

model these systems.595
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