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TidalDisruptionEvents11

Fig.5Left:oneofthefirstSPHsimulationsofaTDE,performedbyEvansandKochanek(1989),whoused4→104SPHparticlesand
whoalsoperformedgrid-basedsimulations.Thestarismodeledasa5/3-polytropeandentersfromthetop-right,thepointofclosest
approachhasrp=rt,andthecircleindicatestheSchwarzschildradiusoftheSMBHthathasamassof106M↑(notethatEvansand
Kochanek1989increasedthespatialscalebyafactorof15toaidinthepresentabilityoftheresults).Right:thesamesimulationas
intheleftintermsofphysicalsetup(i.e.,5/3-polytrope,106M↑SMBH,ω=1)butwith106particles,showingthesametidallydisrupted
debrisstreamhasformedasabyproductoftheencounter;adaptedfromBonnerotetal.(2017).

Fig.6ThedM/dεcurvefromthedisruptionofa5/3-polytropicandsolar-likestarbya106M↑SMBH,numericallysimulatedwiththe
SPHmethodwith↓108particles;FigureadaptedfromFancheretal.(2023),withtimepost-pericenterindicatedinthelegend.The
black,dashedcurveisthefrozen-inpredictionforthisspecifictypeofstar,asdescribedinLodatoetal.(2009).Theoverallspreadin
theenergy(±∆ε)isingoodagreementwiththefrozen-inprediction,butthetemporalevolutionofthecurveandthelargediscrepancies
withtheanalyticmodelsuggestthatadditionaleffectsareimportant.

themost-bounddebrisreturns↓40daysafterdisruption(Lodatoetal.,2009),whereasthenumericalresultsshowninFigure7findareturn
timeof↓30days.

Inadditiontocompletedisruptions,ω↓1encounterscan–asmentionedinSection3.1.2–resultinpartialdisruptions,inwhicha
fractionofthestarsurvivesthetidalencounter.ThecurveswithsmallerpeakmagnitudesintherightpanelofFigure7(thosecoloreddark
red,orange,andgreen)representthefallbackratesfrompartialdisruptionsofa5/3polytrope,wherethecurvewiththelowestpeak(at
whichalmostnomasslossoccurs)hasthesmallestvalueofω=0.5.Thepeakvalueofthefallbackrateandthetimeatwhichthepeak
occursdependonωwhenthedisruptionisonlypartial,withthetimetoreachthepeakgenerallyoccurringatlatertimesasωdecreases;
GuillochonandRamirez-Ruiz(2013)findthatthetimetopeak(peakvalue)is↓50days(↓1M↑yr↔1or↓6.3kgs↔1)forthecomplete
disruptionofa5/3polytrope,and↓100days(↓10↔2M↑yr↔1or↓0.0063kgs↔1)forω=0.55(seetheirFigure12andtheirAppendix).
Manyofthepapersmentionedinthepreviousparagraphstudiedthetransitionfrompartialtocompletedisruptionofthepolytropicstar,
withtheresultbeingthata5/3-polytropeispartiallydestroyedforω↗0.55andcompletelydestroyedforω↗0.9;see,e.g.,Figure4above.

TheUniversecreatesmanymoretypesofSMBHthanthosewith106M↑andmanymoretypesofstarthan5/3-polytropes,andtomore
broadlyassessourunderstandingofTDEsweneedtoanalyzetheirparameterspace:foragivenSMBHmassandtypeofstar,whatisthe
outcomeofthetidalinteractionasafunctionofthepointofclosestapproachtotheSMBH?Whataretheeffectsoftheequationofstateof

Tidal disruption events: dynamics

Star near SMBH sphere of influence 
scattered onto plunging orbit 

Tidal forces at pericentre unbind star, 
produce thin stream 

~50% of debris bound to SMBH

Price+ 2024

Star SMBH

Evans & Kochanek 1999, Hills 1975, Rees 1988

Rt ≈ R✶ (MBH/M✶)1/3  

      ~ 100 R  (MBH / 106)1/3

=> If MBH ≳ 108 M , no TDE!

RS ~ R  (MBH / 106)
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TDEs: after disruption

Hayasaki+ 2012

Bound debris returns to pericentre, at a 
rate dM/dt ∝ t−5/3 

Initially highly super-Eddington 

Self-intersection of stream due to apsidal 
precession (GR) 

Shocks dissipate energy, circularise 
debris, form disk 

Somewhere* in this process, radiation is 
produced!
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Why study TDEs?

Accretion physics from super-to-sub Eddington on 
convenient timescales 

• May produce “clean” disks compared to messy AGN 

• Multi-messenger astrophysics: emit from X-ray to radio, plus neutrinos (Stein+ 
2021) and gravitational waves (Toscani+ 2022) 

SMBH demographics, seeding and growth mechanisms 

• Select for low mass SMBHs / IMBHs 

• Probe central BH populations in otherwise dormant galaxies
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Observations: first candidates
• X-ray flares from cores of inactive galaxies  

• Coronal emission lines in SDSS galaxies — 
light echoes of ionising radiation?

11

Fig. 9. Long-term X-ray
lightcurve of NGC5905 (filled
squares, and arrows for up-
per limits) compared to
IC 3599 (open squares; these
countrates were taken from
G&95). The dotted curve is
shown for illustrative purposes
only. It follows the relation
CR = 0.044(t − to)−5/3 with
to=1990.54.

Storchi-Bergmann et al. (1996) who find that the strength
of [OIII]λ4363 tends to be overestimated due to a contri-
bution from the galactic stellar spectrum.

7.3. Rotation curve

The velocity curve we obtained (Fig. 4) allows a first rough
estimate of the mass enclosed within the central region.
The inclination angle of the galaxy is only known with a
large uncertainty because NGC5905 appears nearly face-
on. We assume i = 30◦ and apply the formula given in
Rubin et al. (1997),

M = 2.33 105 v2rotR (M") , (8)

with vrot in km/s and R in kpc. These values lead to
9 109M" within 0.7 kpc. HST spectra would allow to im-
prove this limit and thus the constraints on a central dark
mass.

8. Discussion: Comparison with IC 3599

Some confusion exists in the literature about the classifi-
cation of IC3599 on the basis of optical spectra. The op-
tical (post-outburst) spectrum was classified as Seyfert 2
by G&95, as starburst by Bade et al. (1995) and Grupe
(1996), whereas BPF95 classified the (outburst) spectrum
as NLSy1-like. We originally selected IC 3599 as a second
candidate for a non-active galaxy that showed an X-ray
outburst. Below, we comment on the classification on the
basis of emission line strengths and profiles derived from
our high-resolution spectra.

The emission-line ratios fall on the dividing line be-
tween Seyfert and HII galaxies in the diagnostic diagrams

of Veilleux & Osterbrock (1987; Fig. 5). However, [OII]
is weaker than [OIII] (cf. Fig. 8 of Bade et al. 1995), as
typical for Seyferts, whereas HII galaxies (and also LIN-
ERs) usually show [OII]/[OIII] > 1. HeII is observed in
some LINERs (even HII galaxies; e.g. Osterbrock 1989),
but the value observed in IC3599 is very high even for
Seyfert 2s (cf. the [OIII]-HeII correlation in Komossa &
Schulz 1997). In outburst, the spectrum may share some
similarities with a NLSy1 (BPF95), but we note that the
small width of the Balmer lines would lead to the expec-
tation of strong Fe II emission (given the general trends
seen in NLSy1s), which is not observed.

Concerning line profiles, in our new spectra with higher
resolution than previously obtained we find a second broad
component in Hα that argues for a Seyfert 1.9 classifica-
tion of IC3599 (at the epoch of observation, and within
the ‘standard’ classification schemes). We also note that
there is similarity to the ‘composite’ classification of sev-
eral objects in Moran et al. (1996).

Alternatively, the high-ionization lines as well as broad
Hα may be relics from the outburst. However, the high-
ionization lines have not changed in strength as compared
to the post-outburst optical spectra of G&95 which may
indicate they are permanent. Further monitoring of these
emission lines may be worthwhile. But even neglecting
line profiles and the high-ionization component, the low-
ionization component (particular the weakness of [OII])
still suggests a Seyfert classification.

Our photoionization models for the optical outburst
emission lines further corroborate evidence that IC 3599
permanently possesses a BLR or CLR.

In X-rays, the lightcurves of both galaxies are strik-
ingly similar (Fig. 9). A potential problem for the tidal dis-

– 21 –

Fig. 1.— SDSS spectra of the ECLEs presented in this paper. Coronal lines are marked in red.

The spectra have been shifted in vertical direction for clarity.

Komossa+ 1999 Wang+ 2012
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Observations: TDEs from wide-field surveys

MN+ 2020

PanSTARRS

ZTF

ATLAS

Detection rate ≳10 per year, in galaxy nuclei

ASASSN

GOTO
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Optical vs X-ray TDEs
X-rays explained by accretion 

But most optical TDEs are initially faint in 
X-rays, with very different effective T 

What produces the early optical emission? 

• Reprocessed accretion? 

• Outflows? 

• Shocks? 

• At pericentre, stream crossing, disk 
formation…

Gezari 2021

Optical/UV X-ray
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How do we know these are TDEs? (i) spectra

Spectra distinct from SNe and AGN:  

Hot, persistent thermal continuum (few × 104 K) 

Broad, shallow emission lines (few × 1000 km/s) 

He II and N III:  

• “Bowen fluorescence” 

• Continuum photons >54 eV 

Diverse line profiles: 

• Some look like outflows, some like disks
MN+ 2020
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How do we know these are TDEs? (ii) hosts

These flares only occur up to a 
galaxy stellar mass ~1010 M  

In more massive galaxies 
(more massive BHs), stars are 
swallowed whole! 

Favour post-starburst galaxies 
with high central densities

Yao+ 2023
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radiatively cooled state. In this cold state, the initial viscous time is
extremely long, and the characteristic luminosity is

h» ´ -L L 0.5 10Edd
4 a -

( ) ( )M M0.1 10 .1 8
•

6 1.71 Such low
luminosities are at least two orders of magnitude dimmer than the
faintest of our late-time detections, and thus we can rule out this
type of model for the outcome of thermal instabilities in most TDF
disks. We note that the model of Shen & Matzner (2014) predicts
limit-cycle behavior, with intermittent episodes of runaway heating
that cause late-time TDF disks to expand back to a highly
luminous advective state. However, these episodes are so brief that
it is unlikely for an individual observing epoch to catch any late-
time TDF disk, let alone six, in them.

However, the low luminosities predicted after the state
changes of Shen & Matzner (2014) offer a speculative way to
explain the late-time nondetection of TDE1. If thermal
instabilities are suppressed in nature by iron opacity bumps
(Jiang et al. 2016), then TDF disks should often be thermally
stable. On occasion, however, a SMBH will disrupt a

low-metallicity star that may lack substantial quantities of
iron-group elements, leading to a state change and collapse of
the TDF disk to unobservably low FUV luminosities. A piece
of circumstantial evidence supporting this hypothesis may be
found in Figure 1. Of all the TDF host galaxies we modeled,
the host of TDE1 has the oldest stellar population, which is best
fit by a single burst of star formation 12.8 Gyr ago, hinting at a
low metallicity.
A final possible explanation for the nondetection of TDE1 is

a different type of disk state change, from a thermal, radiatively
efficient state to a “low-hard,” radiatively inefficient accretion
flow. In X-ray binaries, this type of transition is seen to occur at
accretion rates below ≈2% of the Eddington rate (Maccarone
2003). This type of state change produces a large drop in disk
thermal emission. The M•–σ relationship suggests that TDE1
has one of the highest black hole masses in our sample, making
it plausible that this TDF could have been the first to undergo
such a state transition. Radiatively inefficient accretion flows

Figure 10. Two-component (disk and power law) fits for our best-sampled flares. Data identical to Figures 4 and 5, but showing the result for a power law with an
index fixed at p=−5/3 plus our disk model. The slowly evolving FUV emission from this disk model is not important for the early-time observations, but provides a
good explanation for the late-time observations.

16

The Astrophysical Journal, 878:82 (23pp), 2019 June 20 van Velzen et al.

~ LEdd

~1% LEdd

How do we know these are TDEs? (iii) late times
Van Velzen+ 2019, 
Mummery+  2024

Disk-mediated 
accretion: clean

Fallback accretion, shocks, disk  
formation, super Eddington: messy
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BH demographics with TDEs

Co-evolution: BH mass scales with 
galaxy mass / velocity dispersion 

Dynamical mass measurements limited 
by angular resolution: 

• Nearby galaxies (small sample) 

• Need to resolve sphere of influence 
(easier for more massive BHs) 

TDEs select for the missing MBHs!

Kormendy & Ho 2013

58

To better emphasize the slight variation in M•/Mbulge, we plot this ratio expressed as a percent
against bulge mass in Figure 18. A direct fit to these points gives

100

(

M•

Mbulge

)

=

(

0.49+0.06
−0.05

) (

Mbulge

1011 M"

)0.14±0.08

, intrinsic scatter = 0.29 dex. (11)

BH mass ratios range from 0.1% to → 1.8%, with NGC 4486B and NGC 1277 standing out at 14%
and 17%, respectively. The systematic variation in M•/Mbulge with Mbulge is one reason why AGN
feedback has little e!ect on galaxy structure at low BH masses and instead becomes important at
the largest BH masses (Section 8). Note: the RMS scatter ” logM• = 0.327 in Figure 18 (top) is
only marginally smaller than ” logM• = 0.341 in the luminosity correlation (Figures 16 and 17).
Conversion from LK,bulge to Mbulge does not make much di!erence for old stellar populations.

Figure 18
(top) BH mass and (bottom) percent ratio of BH mass to bulge mass as functions of bulge mass. The
lines are Equations 10 and 11. The scatter in M•/Mbulge is larger than the systematic variation.

TDEs
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First option

TDE alerts us to presence of MBH in 
galaxy 

Galaxy properties well measured 
(LSST, 4MOST, DESI etc) 

Use scaling relations to estimate BH 
mass 

TDE rate per BH mass: find out the BH 
occupation fraction at low mass 

• Do all galaxies have SMBHs?

Kormendy & Ho 2013
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feedback has little e!ect on galaxy structure at low BH masses and instead becomes important at
the largest BH masses (Section 8). Note: the RMS scatter ” logM• = 0.327 in Figure 18 (top) is
only marginally smaller than ” logM• = 0.341 in the luminosity correlation (Figures 16 and 17).
Conversion from LK,bulge to Mbulge does not make much di!erence for old stellar populations.

Figure 18
(top) BH mass and (bottom) percent ratio of BH mass to bulge mass as functions of bulge mass. The
lines are Equations 10 and 11. The scatter in M•/Mbulge is larger than the systematic variation.
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Better option

Use the TDE properties to infer 
independently the mass of the SMBH 

Measure the slope of the BH vs galaxy 
properties at low BH mass 

• How are MBHs seeded and how 
do they grow? 

Limiting step: how well do TDEs 
encode BH mass?

Kormendy & Ho 2013
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Weighing BHs with TDEs: the peak emission
1. Assume luminosity tracks the fallback rate 

Mass fallback scales with MBH (MOSFiT)

their combined influence dilutes their individual correlations
with Mh.

The masses of the black holes we fit are all inferred by other
mass estimation methods to be between 105 and 108 Me. In
Figure 3 we compare our results to mass measurements of the
central black holes in the corresponding host galaxies using
standard methods, and we find consistent results within
reasonable errors (see Figure 5 for additional comparison with
literature values). In this mass range, both the Mh–σ and
Mh–Lbulge relations suffer from significant uncertainty (see
Section 5); therefore, it is not surprising that masses derived
using different scaling relations do not always agree within
quoted errors. This makes the construction of an independent
method even more valuable. We do note that our method
results in systematically higher black hole masses than theM–σ
relation. As we argue in Section 6, this provides a consistent
picture on the nature of TDEs in which prompt flares, those that
circularized quickly, are expected to be more frequent for
higher-mass black holes.

The error bars from MOSFiT’s measurements of black hole
masses in Figure 3 are quite small. Although MOSFiT
marginalizes over the errors in all of our model’s free
parameters, it is likely that we are underestimating the total
error because our model provides a simple approximation of a
complicated physical phenomenon. For example, changing the
models for the disrupted stars from ZAMS polytropes with
solar composition to more realistic MESA models will prevent
the stellar mass of the disrupted star from being uniquely
determined without additional knowledge about its evolution-
ary stage (and through that its radius). This will in turn affect

the determination of the peak luminosity and peak timescale,
allowing for those parameters to vary more and increasing the
uncertainty in the black hole mass. We have accounted for this
uncertainty in our systematic errors. Our systematic errors are
listed in Table 3 and discussed in the following section.

4.1. Influence of Stellar Properties

The peak timescale of a TDE is primarily determined by the
mass of the black hole and by the mass and radius of the star.
As described in Section 1, the effects of the mass and radius for
a zero-age, solar-metallicity star largely cancel out, allowing
the peak timescale to be mostly sensitive to the mass of the
black hole. However, varying the age and metallicity of the star
can allow the mass and radius to influence the peak timescale to
a greater degree. Therefore, the largest systematic uncertainty
in our measurements of black hole masses likely comes from
uncertainty in the mass–radius relation of the disrupted stars.
In our model we determined the radius of the stars as a

function of their mass. We used the mass–radius relation for
ZAMS solar-metallicity stars given in Tout et al. (1996) for
main-sequence stars and set the radii of stars below 0.1 Me
(brown dwarfs) to be constant (see Section 2). To test how
varying the metallicity and age of the stars might affect our
measurements, we ran test fits with an additional radius
anomaly parameter to characterize the uncertainty in the mass–
radius relation at each stellar mass. We calculated radius values
as a function of mass, metallicity, and age for main-sequence
stars using MIST (Paxton et al. 2011, 2013, 2015; Choi et al.
2016; Dotter 2016) and used the maximum and minimum
radius values at each stellar mass to bound our radius anomaly
parameter. This was also done for brown dwarfs using the
radius values calculated in Burrows et al. (2011).
We chose a conservative implementation of the radius

anomaly uncertainty parameter by using a flat prior. Instead of
choosing our prior to disfavor unusual age and metallicity
combinations, every possible age and metallicity explored in
MIST and Burrows et al. (2011) was weighted equally. Using
the results from these fits, we calculated additional systematic
errors for each parameter. These error measurements can be
found in Table 3. In general, they are significantly larger than
the statistical errors quoted in Table 2; for example, the
systematic error in the black hole mass was found to be ∼0.2
dex, whereas statistical errors in black hole mass are typically
0.1 dex.

Figure 3. Comparison between the black hole mass estimates we derive from
our model fits and those derived using the bulk properties of the host galaxy. The
Mh measurements from galactic properties come from the following sources:
Gezari et al. (2008), van Velzen et al. (2011), Arcavi et al. (2014), Chornock
et al. (2014), Guillochon et al. (2014), Holoien et al. (2014, 2016b, 2016a),
Mendel et al. (2014), Blagorodnova et al. (2017), Hung et al. (2017), Wevers
et al. (2017), Wyrzykowski et al. (2017), and Brown et al. (2018). Measurements
are averaged and errors are added in quadrature where multiple measurements
using the same method exist for a single black hole. MOSFiT error
measurements include systematic error; literature error measurements include
the intrinsic scatter in the relevant relation.

Table 3
Estimates of the Systematic Error in Each Parameter

Parameter Error Scale

Mh ±0.2 log10
β ±0.35 linear
M* ±0.66 log10
ò ±0.68 log10
Rph0 ±0.4 log10
l ±0.2 linear
tpeak ±15 linear
Tviscous ±0.10 log10

Note. These estimates were obtained by running fits with an additional variable
parameterizing the uncertainty in the mass–radius relation of the disrupted stars
and comparing the results to our original measurements. This mass–radius
relation is likely our largest source of systematic error in measuring the mass of
the black hole.

9

The Astrophysical Journal, 872:151 (15pp), 2019 February 20 Mockler, Guillochon, & Ramirez-Ruiz

Figure 1. Ensembles of TDE light curves each constructed from the posterior parameter distribution. The multicolor detections and associated upper limits are plotted
for all selected TDEs.

6

The Astrophysical Journal, 872:151 (15pp), 2019 February 20 Mockler, Guillochon, & Ramirez-Ruiz

Mockler+ 2019, following Guillochon+ 2014
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Weighing BHs with TDEs: the peak emission
2. Assume luminosity from stream self-crossing shocks (TDEmass)

Ryu+ 2020
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Weighing BHs with TDEs: the peak emission
3. Assume debris promptly forms a disk and pressure-supported cooling envelope

Metzer 2022, Sarin & Metzger 2024 (Redback)
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Weighing BHs with TDEs: the late emission

Physics of the peak is not 
well known 

But late emission known to 
come from accretion disk 

Well detected for all nearby 
TDEs

Mummery+ 2024
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2462 A. Mummery et al.

MNRAS 527, 2452–2489 (2024)

Figure 5. The different trends of the late time luminosity with system parameters. Each panel is coloured by the system parameter of interest. Upper left: black
hole spin, upper right: inclination, lower left: stellar mass, lower right: orbital penetration parameter. The trend with each parameter is readily understandable
from standard disc theory, as we discuss in the main body of the text.

the reference frame and before the onset of the TDE (this onset is
assumed to be at most 100 d before the peak; for each source, we
confirm this by visual inspection and adjust if needed). For each ZTF
field and filter combination, the median difference flux inside the
baseline window is subtracted from the entire difference flux light
curve. If fewer than 10 observations are available for the baseline
window, we reject this field and filter combination. This requirement
removes all forced photometry data for two sources (AT2018zr and
AT2018hyz), for these, we only use the near-peak ZTF photometry
as published in van Velzen et al. (2020b).

5.2.3 Other photometry

A handful TDEs are not observed with ZTF or UVOT. For these,
we include data from other sources (e.g. SDSS Stripe 82, PTF, Pan-
STARRS), see van Velzen et al. (2020a) and references therein. Of
particular importance for the plateau detections are the late-time
Hubble Space Telescope (HST) near-UV (Gezari et al. 2015) far-UV
(van Velzen et al. 2019c) detections. For the HST photometry, no

host baseline subtraction is needed since the nuclear UV emission on
sub-arcsecond scales should be dominated by the TDE (van Velzen
et al. 2019c).

5.2.4 Flux addition in ZTF forced photometry

At a redshift of z = 0.1, the typical distance of ZTF TDEs, an optical
luminosity of 1041 erg s−1corresponds to a magnitude of 24. This
predicted plateau luminosity (Fig. 4) is much fainter compared the
ZTF single-epoch (5σ ) flux limit of m ≈ 21. However, by measuring
the mean forced photometry flux of ∼102 observations (e.g. by fitting
a straight line to the data), we should be able to detect a source with
m = 24 at a signal-to-noise ratio (SNR) close to three.

To test the quality of our forced photometry light curves, we
introduce a collection of ‘comparison galaxies’. These are selected
to have a similar quality of the light curve compared to each TDE.
To achieve this, we pick the galaxy with nearest r-band flux within
10 arcmin of each TDE host. To mimic the detection of a late-time
plateau, we compute the inverse-variance weighted mean forced
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Weighing BHs with TDEs: the late emission

Viscously-spreading relativistic thin 
disk model reproduces plateau 
luminosity  

Simulations match analytic theory: 
L∝ MBH2/3

Mummery+ 2024
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Test one
Some TDEs repeat: partially  
disrupted star returns to pericentre 

• 2 known (Somalwar+, Lin+, 
Makygianni+), 1 new! 

Do we get same SMBH mass  
from modelling both TDE flares? 

• Answer: mostly (but with large errors)

Angus+ 2026

Charlotte  
Angus
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Test two
Do mass measurements reproduce  
co-evolution? 

• Optical peak: not really (so far) 

• Need to keep refining theory of early 
optical emission 

• Plateau: yes! 

• Plateau-based masses strongly correlated 
with galaxy properties 

• Slope consistent with expectations

Guolo+ 2025
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The gold standard
Full accretion disk fit: (early) X-rays + plateau 

Time dependent SED 

Masses to ~0.2 dex and reproduce co-
evolution

Guolo+ 2025
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SMBH and galaxy evolution with TDEs

Ramsden, MN+ 2025
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SMBH and galaxy evolution with TDEs

Ramsden, MN+ 2025

Paige  
Ramsden

With 40 TDEs + high-mass sample:
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SMBH and galaxy evolution with TDEs

Up to 1/3 of TDEs occur in post-
starburst galaxies 

Around 30 times more common 
than expected! 

• Recent mergers: 
binary SMBH or disrupted 
density profiles? 

• Nuclear starbursts? 

• TDEs cause the quenching?

4. DISCUSSION

4.1. Preference of TDEs for Quiescent Balmer-strong Galaxies

There are several unique characteristics of quiescent Balmer-
strong galaxies that might act to boost the TDE rates. Many

such galaxies have had a recent galaxy–galaxy merger, which
might in turn lead to (1) a black hole binary, and/or (2)
perturbed stellar orbits that pass closer to the black hole. A
recent starburst associated with the merger could produce (3) a
large A star population now evolving into more easily

Table 1
TDE Host Properties

TDE Host Hα EWa
H Ad z Mr

b Slit Width Data Source
(Å) (Å) mag (arcsec (kpc))

SDSS J0748 −11.36±1.00 1.20±0.81 0.0615 −20.13±0.02 1.0 (1.2) Yang et al. (2013)
ASASSN14ae −0.68±0.40 3.37±0.79 0.0436 −19.75±0.02 3.0 (2.6) SDSS
ASASSN14li −0.59±0.53 5.71±0.61 0.02058 −19.20±0.02 3.0 (1.3) SDSS
PTF09axc −1.07±0.67 4.89±0.36 0.1146 −20.55±0.02 1.0 (2.1) A14
PTF09djl −0.26±0.66 4.67±0.49 0.184 −20.02±0.03 1.0 (3.1) A14
PTF09ge −1.70±0.75 0.33±0.68 0.064 −20.23±0.02 0.7 (0.9) A14
PS1-10jh −0.54±0.65 1.68±0.76 0.1696 −18.48±0.05 1.0 (2.9) A14
PTF15af −1.65±0.30 1.31±1.91 0.0790 −20.20±0.02 3.0 (4.5) SDSS

Swift J1644 −2.50±0.76 4.71±1.06 0.3534 −18.44±0.1 1.0 (5.0) Levan et al. (2011)

Notes.
a Negative values indicate emission. Hα EW values are corrected for stellar absorption.
b Absolute magnitudes (r band, no extinction correction) from SDSS (model_mag) for optical/UV TDE hosts, and from Levan et al. (2011) for Swift J1644. We
assume H 700 = km s−1 Mpc−1, 0.7W =L , and 0.3mW = .

Figure 2. Spectral characteristics of SDSS galaxies (gray) and TDE candidate host galaxies (colored points): Hα EW emission (current star formation) vs. H Ad
absorption (from A stars, indicating star formation within the past ∼Gyr). The SDSS galaxies populate the “red sequence” (low Hα EW, low H Ad ) and “blue cloud”
(extending up to higher Hα EW at moderate H Ad ). Many TDE hosts lie within the quiescent Balmer-strong galaxy “spur” extending to high H Ad at low Hα EW. Two
cuts along the spur are shown: Hα EW < 3 Å with H Ad − σ(H Ad ) > 4 Å (dashed boundary) and H 1.31Ad > Å (solid boundary). These regions include only 0.2% and
2.3% of the SDSS galaxies, yet encompass 38% and 75% of the optical/UV TDE host galaxies, respectively. Three example star formation history tracks are shown.
Short duration starbursts (dark and medium blue) on top of an existing old stellar population will pass through the strongest H Ad region once the starburst ends,
evolving through the moderately strong H Ad region at later times. A gradually declining star formation history (light blue) cannot pass through the strictest H Ad cut.
TDE host galaxies with the highest H Ad absorption thus have likely experienced a recent starburst. Galaxies with H 1.3Ad = –4 Å have a range of possible star
formation histories (see text), but have still experienced a recent decline in their star formation. The TDE hosts SDSS J0748 and PTF09ge do not lie in the spur, but
among the star-forming and early-type populations, respectively. The high energy TDE candidate Swift J1644 (purple) has strong H Ad absorption (its errors place it
just outside our strictest cut). Even if Swift J1644 turns out to be the only one of the three known high energy TDEs with a host that lies in this region, high energy
TDE rates will be over-represented in quiescent Balmer-strong galaxies by 80> .́

4

The Astrophysical Journal Letters, 818:L21 (6pp), 2016 February 10 French, Arcavi, & Zabludoff

French+ 2016
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SMBH and galaxy evolution with TDEs
Where do quenched hosts live 
on TDE scaling relations? 

Systematically at low BH mass! 

• Very surprising result! 

In simulations, AGN feedback 
shuts off SF at high BH mass 

Hypothesis: mergers remove 
gas, shut off both star-
formation and BH growth 

Do these mergers enhance the 
TDE rate?

Ramsden, McGee, MN 2026

Contours = 
EAGLE
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TDEs
CLAGN?

BFF?

ANT /  
ENT?

(AGN, Supernovae)Gezari+  
2012

Payne+ 2021

Wiseman+ 2023

Trakhtenbrot+2019

LaMassa+  
2015

EMRI (GW)

Repeating  
TDEs 

The SMBH transient zoo

QPEs?
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Figure 1 | X-ray QPEs in XMM-Newton and Chandra observations, 2018 December onwards  

We show the background-subtracted 0.4-2 keV light curve from the XMM3 (a), XMM4 (b), and Chandra (c) 

observations. The x-axes are all on the same scale to highlight the similar QPE recurrence time over the 54 days 

spanned by the observations. We use time bins of 200 s for the XMM-Newton data, and of 500 s for the Chandra 

data. Note the different y-axis scale used for the Chandra data in c. Error bars represent 1-σ confidence intervals 

in all panels. Some of the error bars are smaller than the symbol size. 
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Quasi-periodic eruptions

Short bursts of soft X-rays 
repeating every few hours 

‘Quasi’-periodic 

Consistent light curve shape 

Persist for many years 

~10 QPE sources now 
known, discovered by various 
X-ray missions 

All in galaxy nuclei
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Flare properties

Peak luminosity ~1042 – 1043 erg/s 

Increase of 1-2 orders of magnitude 

Eruption: single-temperature 
blackbody spectrum with kT ~ 100 eV 

Quiescent phase: consistent with 
thermal accretion disk 

Spectra, energetics and locations: must 
be from SMBHs / accretion disks

A&A proofs: manuscript no. final

Fig. 2: RX J1301.9+2747 QPE properties: amplitude (Gaussian intensity over quiescent count rate), duration (Gaussian FWHM),
and peak time (Gaussian centroid) with respect to that measured in the 0.9 � 1 keV band. The 2000 QPE is plotted with black
squares, the 2019 QPEs are plotted with circles (QPE1 in red, QPE2 in green, and QPE3 in blue).

Fig. 3: Left and middle panels: flux-resolved EPIC-pn spectra of RX J1301.9+2747 in the 2000 and 2019 observations, along with
spectral residuals to model 3. Right panel: model 3; the dashed line is the power law, the dotted line the disk blackbody (both kept
tied within the low-flux and high-flux state of each observation), and the dashed-dotted line the bremsstrahlung emission emerging
in the high-flux spectra.

for the Comptonizing region. We use two di↵erent models for the
Comptonized disk emission: nthcomp (model 4a) by Zdziarski
et al. (1996) and Życki et al. (1999), and comptt (model 4b)
by Titarchuk (1994). Model 2 does not give a fair representa-
tion of the data (�2

r
⇠ 1.4): strong residuals are evident across

all the energy ranges analyzed and especially at the highest en-
ergies, where the model severely underestimates the data. Both
Models 3 and 4 give, instead, a fair fit to the data, with �2

r
< 1.1.

For simplicity, we refer to Model 3 as our best-fit model for pre-
senting figures, although we note that the spectral shape of the
component emerging during the high-flux state is equivalently
well-represented by Model 4a and 4b. The only significant dif-
ferences are the unabsorbed luminosities of the disk and QPE
spectral components, which are larger by about, respectively, 60-

30% in Models 4 than in Model 3 because the Comptonization
models allow for a slightly larger neutral absorbing column den-
sity (Table A.1); in the following we quote Model 3 luminosities.

In Figure 3 , we show the 2000 (left panel) and 2019 (middle
panel) spectra of RX J1301.9+2747 in the low-flux and high-
flux state fitted to model 3, along with spectral residuals. In the
right panel of Fig. 3 we plot the corresponding four theoretical
models. In both Models 3 and 4, the quiescent spectra of the
low-flux state are well-described by a disk emission with tem-
perature kT

disk ⇠ 50 eV and a constant flux between epochs,
f

disk

0.3�2 ⇠ 8 ⇥ 10�14 erg cm�2 s�1, corresponding to an unabsorbed
luminosity L

disk

0.3�2 ⇠ 1.5 ⇥ 1041 erg s�1. The flux of the hard X-
ray power law in quiescence is instead found to be significantly

Article number, page 4 of 9

Giustini+ 2020

Disk

QPEs

RXJ 1301
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Population: durations and recurrence times

Recurrence times span ~few 
hours to ~few days 

Flare durations from ~1 hour 
to ~1 day 

Strongly correlated! 

Duty cycle ~20%

Hernández-García+ 2025
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Phase-folded light curves

Some systems show alternating long/
short delay times and high/low 
amplitudes 

Others show very complex variation in 
recurrence time! 

Average delay time can evolve on 
timescales of ~years

Arcodia+ 2022



Matt Nicholl Queen’s University Belfast

Models for QPE emission: radiation pressure 
instability in the disk?
If prad > pgas, small change in T leads to big change in heating rate —> runaway

Sniegowska+ 2022

10 M 105 M

Corona

Disk
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Close orbiter interacting with BH or disk?

6 Itai Linial, B.D. Metzger
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Figure 1. Schematic view of our model. A star orbits an SMBH that is accreting matter through a thin disk of scale height
h at a rate ṁ. Due to the inclined orbital plane, the star impacts the disk twice per orbit, carving a hole through the disk
and ejecting an optically thick cloud of material expanding above and below the disk plane. As the ejecta expands and cools,
photons begin to di↵use out and the light curve peaks once the optical depth drops below c/vej, where vej ⇠ vK is the ejecta
velocity imparted by the colliding star. The inner regions of the disk dominate the soft quiescent emission seen between the
collision-powered flares.

as well as the overall duration, of the bolometric light
curve (e.g., Arnett 1980).
Before it can be radiated, the thermal energy

Eej is reduced by adiabatic expansion, by a factor
(V0/4⇡R3

di↵
)��1, where V0 ⇡ ⇡R2

?h/7 is the initial vol-
ume of the material shocked by the star (where the fac-
tor of 7 accounts for the density compression ratio of
the shocked gas), and � is the ejecta’s adiabatic index.
Since radiation pressure dominates over gas pressure, we
take � = 4/3 implying a characteristic luminosity

LQPE⇡
Eej(R2

?h)
1/3

3vejP 2

QPE

⇡
LEdd

3

(R2

?h)
1/3

r0

⇡ 3.5⇥ 1041 erg s�1
R

2/3
? M•,6ṁ

1/3
�1

P
�2/3
QPE,4,(17)

where we have used Eqs. (6), (16), and in the second
equality, Eq. (1). Moderate di↵erences in LQPE are
likely for di↵erent viewing angles or due to asymmetry
in the mass ejection along the star’s ingress versus egress
direction through the disk (Ivanov et al. 1998; Miniutti
et al. 2023b), for instance due to the di↵erence in the
relative speed between the star and orbiting disk mate-
rial. We stress that LQPE is only weakly dependent on
the specific properties of the disk (through the h1/3 de-

pendence in the above expression).4 This is due to the
two-fold role of the swept up mass, Mej - first, in set-
ting the initial energy budget of the expanding ejecta,
Eej / Mej, and secondly, in setting its optical depth,
⌧ / Mej. In deriving LQPE, these two dependencies on
Mej cancel out.
This radiation is emitted over a timescale ⇠ tQPE,

corresponding to a flare duty cycle

D =
tQPE

PQPE

⇡ 0.022
R?

↵1/2
�1

ṁ1/2
�1

M2/3
•,6 P

1/3
QPE,4

. (18)

At peak light when ⌧ ' c/vej, the energy density of
the radiation within the ejecta shell is given by u� '

LQPE⌧/(4⇡R2

di↵
c). The blackbody temperature of the

radiation is thus given by

kBTBB ' kB
⇣u�

a

⌘1/4
⇡ 12.6 eV

↵1/4
�1

ṁ1/3
�1

M1/3
•,6

R
1/3
? P

1/4
QPE,4

. (19)

This is too soft to explain the observed temperatures
Te↵ ⇡ 100� 200 eV of QPE flares (Table 1).
However, in general the temperature of the escaping

radiation can be harder than TBB, if photon production

4 Predictions for the disk scale-height under di↵erent assumptions
(e.g., regarding the degree of magnetic pressure support) typi-
cally vary by less than a factor of a few (e.g., Kaur et al. 2022,
their Fig. 1).

Linial &  
Metzger 2023 

See also: 
Dai+2010, 
Xian+2021, 
Sukova+2021, 
Franchini+2023, 
Tagawa+2023

2. Collides with accretion  
disk wider than orbit

3. Shocked disk material 
expands and emits X-rays

1. Star on hours-days orbit: 
(captured by Hills mechanism?)
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Mounting evidence for QPE-TDE connection
Similar host galaxies 
(eg Wevers+ 2024) 

Several sources with 
characteristics of both 
classes (Shu+ 2018, 
Chakraborty+ 2021, 
Quintin+ 2023)  

Theoretically, TDEs 
provide fresh disks 
(QPE collision models) 
and a range of 
Eddington ratios 
(instability models)

Quintin et al.: Tormund’s return
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Fig. 1. Multi-wavelength light curves of Tormund. The vertical grey dotted line corresponds to the date of detection of the optical transient by the
ZTF collaboration. Top panel: Optical g, r, and i magnitudes obtained from the ZTF catalogue. The optical magnitudes are not corrected for host
galaxy emission. The dotted lines and shaded areas correspond to the posterior light curves obtained from fitting a Gaussian rise and power-law
decay (see details in Sect. 2). For reference, the optical spectrum of the TDE (see top panel in Fig. 10) was taken in February 2020 toward the end
of the optical peak. Bottom panel:Swift, XMM-Newton, and NICER 0.2–2 keV luminosities. The orange dotted line and shaded area correspond to
the estimated behaviour of an X-ray TDE decay phase following a LX / t�5/3 law, as extrapolated from the two Swift data points (see Appendix A
for the precise method). The inset shows the short-term variability of the XMM-Newton observation, with the quiescent state being consistent with
the median value of the tail of the TDE, followed by a fast, large-amplitude burst.

Telescope Instrument ObsID Date Exposure
Swift XRT 00013268001 01/03/2020 1.4ks
Swift XRT 00013382001 23/04/2020 2.7ks

XMM-Newton EPIC-pn 0871190301 22/05/2020 30ks
EPIC-MOS1 32ks
EPIC-MOS2 32ks
OM/UVW1 7⇥4.4ks

Swift XRT 00013268002 23/06/2022 1.6ks
Swift XRT 00013268003 25/06/2022 1.5ks
Swift XRT 00013268005 05/07/2022 2.1ks

NICER XTI 5202870101 05/07/2022 5.1 ks
NICER XTI 5202870102 06/07/2022 8.3 ks
NICER XTI 5202870103 07/07/2022 4.8 ks

Table 1. Summary of the X-ray data used in our study of Tormund. As a point of reference for the observation dates, the optical peak was detected
by ZTF on November 15th, 2019. All exposures are e↵ective exposures.

pre-computed variability estimate from the 4XMM-DR11 cat-
alogue, VAR_FLAG (which is a �2 test on the short-term light-
curve of the source for each observation) to select variable nu-
clear sources. Finally, we only kept the most spectrally soft
sources by putting a threshold on the 0.2–2 keV to 2–12 keV
fluxes hardness ratio, in the form of the condition (F2�12keV �
F0.2�2keV )/(F2�12keV + F0.2�2keV ) < �0.9. This allowed us to re-
trieve two known QPE sources (GSN 069, RX J1301.9+2747),
a known possible QPE candidate (4XMM J123103.2+110648),
and the new QPE candidate, Tormund. Regarding the rest of the
known QPEs, both eROSITA QPE sources were not yet publicly

available in the 4XMM-DR11 catalogue, and the host galaxy of
XMMSL1 J024916.6-041244 is not in GLADE+.

The archival XMM-Newton observation (see Table 1) was
about six months after the optically detected TDE peak. The data
were reduced using the Science Analysis System (SAS) v.19.0.0,
making simultaneous use of all EPIC instruments. The event lists
were filtered for bad pixels and non-astrophysical patterns (4
for pn and 12 for MOS 1 & MOS 2). A large, soft proton flare
happened towards the last 5 ks of the observation, at the same
time as the source reached its brightest state. According to the
usual Good Time Interval (GTI) filtering method, based on an
arbitrary threshold of the high energy (�10 keV) emission, the

Article number, page 3 of 20

Quintin+ 2023
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AT2019qiz: a very nearby TDE
65 Mpc, early discovery, exquisite follow-up 

MBH ≈ few 106 M  

X-rays at ≳3 years: chance to study disk!

MN+ 2020
N

E

PS1 1’x1’

5 kpc Short+ 2023

upper limits
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Chandra observation at +4 years

50 ks exposure (conveniently) split into three observations over 1.5 days 
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Chandra 0.5-7 keV

14:50-19:46 UTa
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c

Figure 1: Detection of QPEs from the nearby TDE AT2019qiz. (a) Chandra images obtained
from exposures on 2023-12-09 and 2023-12-10. Observation times are shown in UT. Each im-
age shows a 30 by 30 arcsecond region centered on AT2019qiz. Images have been smoothed
with a 2 pixel Gaussian filter for clarity. The nearby source to the south-east shows a consistent
flux across the three exposures. (b) Light curve showing eight eruptions detected by NICER,
Swift/XRT and AstroSat from 2024-02-29 to 2024-03-14 (MJD 60369�60383). Without stack-
ing, the count rate between the eruptions is consistent with zero. Time delays between eruptions
are labelled. The mean (standard deviation) recurrence time is 48.4 (7.2) hours. (c) Comparison
of light curve shapes between the Chandra eruption from December 2023 and NICER eruptions
from March 2024. The fast rise and shallower decay remains consistent over several months.
All error bars show 1� uncertainties.
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Follow-up: QPEs!

All properties consistent with known QPE sample 

Flare duration ~8-10 hours, average recurrence time ~48 hours
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Figure 1: Detection of QPEs from the nearby TDE AT2019qiz. (a) Chandra images obtained
from exposures on 2023-12-09 and 2023-12-10. Observation times are shown in UT. Each im-
age shows a 30 by 30 arcsecond region centered on AT2019qiz. Images have been smoothed
with a 2 pixel Gaussian filter for clarity. The nearby source to the south-east shows a consistent
flux across the three exposures. (b) Light curve showing eight eruptions detected by NICER,
Swift/XRT and AstroSat from 2024-02-29 to 2024-03-14 (MJD 60369�60383). Without stack-
ing, the count rate between the eruptions is consistent with zero. Time delays between eruptions
are labelled. The mean (standard deviation) recurrence time is 48.4 (7.2) hours. (c) Comparison
of light curve shapes between the Chandra eruption from December 2023 and NICER eruptions
from March 2024. The fast rise and shallower decay remains consistent over several months.
All error bars show 1� uncertainties.
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TDE-QPE link now definitive

QPEs now seen in 3 
confirmed TDEs 

~10% of TDEs probably 
have QPEs 

One ‘turn-on’ AGN also 
shows QPEs (Sánchez-
Sáez+ 2024, Hernández-
García+ 2025)

Chakraborty+ 2025
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Coronal lines in TDEs and QPEs
Several (QPE+)TDEs show high-
ionisation narrow iron lines 

• [Fe VII] - [Fe XIV] 

Line ratios similar to SDSS extreme 
coronal emitters! 

• ECLEs are TDEs  
(see also Onori+ 22, Clark+ 24…) 

Disk (and QPEs?) ionise environment on 
~pc scales 

QPEs prefer gas-rich environments?
Short+ 2023
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Figure 4: Multi-wavelength light curves with disk model fit. (a) X-ray, UV and optical data
showing the TDE in 2019 [16] and the long-term disk emission. The dashed lines and shaded
regions show the median and 90% confidence range of our accretion disk model fit [25]. QPEs
(dotted lines) were excluded from the fit. A potential earlier QPE is also seen in X-ray data at
⇠ 800 days [21]. Our model is agnostic to the mechanism powering the initial UV/optical peak
(Methods), but by the time of the QPEs all data are consistent with an exposed accretion disk.
(b) Radial surface density profiles of the best-fit model at 800 and 1500 days after disruption
(including 90% confidence range). The radius has been normalised to the circular orbit with
period Torb = TQPE. The vertical lines indicate the orbital radii corresponding to periods of 1⇥
and 2 ⇥ TQPE. Both orbits cross the disk plane, showing that star-disk interactions occurring
either once or twice per orbit can explain the QPEs in AT2019qiz [11].
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AT2019qiz: disk model and QPE mechanism
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QPEs from disk instabilities?

Kaur+ 2023 — explicit equations for instability timescales in TDE disks: 

Radiation pressure instability: 

Magnetic pressure instability:

X

X



Matt Nicholl Queen’s University Belfast

QPEs from star-disk collisions?
6 Itai Linial, B.D. Metzger
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Figure 1. Schematic view of our model. A star orbits an SMBH that is accreting matter through a thin disk of scale height
h at a rate ṁ. Due to the inclined orbital plane, the star impacts the disk twice per orbit, carving a hole through the disk
and ejecting an optically thick cloud of material expanding above and below the disk plane. As the ejecta expands and cools,
photons begin to di↵use out and the light curve peaks once the optical depth drops below c/vej, where vej ⇠ vK is the ejecta
velocity imparted by the colliding star. The inner regions of the disk dominate the soft quiescent emission seen between the
collision-powered flares.

as well as the overall duration, of the bolometric light
curve (e.g., Arnett 1980).
Before it can be radiated, the thermal energy

Eej is reduced by adiabatic expansion, by a factor
(V0/4⇡R3

di↵
)��1, where V0 ⇡ ⇡R2

?h/7 is the initial vol-
ume of the material shocked by the star (where the fac-
tor of 7 accounts for the density compression ratio of
the shocked gas), and � is the ejecta’s adiabatic index.
Since radiation pressure dominates over gas pressure, we
take � = 4/3 implying a characteristic luminosity

LQPE⇡
Eej(R2

?h)
1/3

3vejP 2

QPE

⇡
LEdd

3

(R2

?h)
1/3

r0

⇡ 3.5⇥ 1041 erg s�1
R

2/3
? M•,6ṁ

1/3
�1

P
�2/3
QPE,4,(17)

where we have used Eqs. (6), (16), and in the second
equality, Eq. (1). Moderate di↵erences in LQPE are
likely for di↵erent viewing angles or due to asymmetry
in the mass ejection along the star’s ingress versus egress
direction through the disk (Ivanov et al. 1998; Miniutti
et al. 2023b), for instance due to the di↵erence in the
relative speed between the star and orbiting disk mate-
rial. We stress that LQPE is only weakly dependent on
the specific properties of the disk (through the h1/3 de-

pendence in the above expression).4 This is due to the
two-fold role of the swept up mass, Mej - first, in set-
ting the initial energy budget of the expanding ejecta,
Eej / Mej, and secondly, in setting its optical depth,
⌧ / Mej. In deriving LQPE, these two dependencies on
Mej cancel out.
This radiation is emitted over a timescale ⇠ tQPE,

corresponding to a flare duty cycle

D =
tQPE

PQPE

⇡ 0.022
R?

↵1/2
�1

ṁ1/2
�1

M2/3
•,6 P

1/3
QPE,4

. (18)

At peak light when ⌧ ' c/vej, the energy density of
the radiation within the ejecta shell is given by u� '

LQPE⌧/(4⇡R2

di↵
c). The blackbody temperature of the

radiation is thus given by

kBTBB ' kB
⇣u�

a

⌘1/4
⇡ 12.6 eV

↵1/4
�1

ṁ1/3
�1

M1/3
•,6

R
1/3
? P

1/4
QPE,4

. (19)

This is too soft to explain the observed temperatures
Te↵ ⇡ 100� 200 eV of QPE flares (Table 1).
However, in general the temperature of the escaping

radiation can be harder than TBB, if photon production

4 Predictions for the disk scale-height under di↵erent assumptions
(e.g., regarding the degree of magnetic pressure support) typi-
cally vary by less than a factor of a few (e.g., Kaur et al. 2022,
their Fig. 1).

Linial & Metzger 2023

Orbit could intersect disk 
once or twice per orbit 

In either case: 

Fundamental  
condition for collision is  
Rdisk > Rp 

Rdisk
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QPEs from star-disk collisions?
Model gives 
disk density 
profile 

Disk is big 
enough to 
intersect any 
orbit  
matching 
QPE period! 

Necessary 
(but not 
sufficient) 
condition
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Figure 4: Multi-wavelength light curves with disk model fit. (a) X-ray, UV and optical data
showing the TDE in 2019 [16] and the long-term disk emission. The dashed lines and shaded
regions show the median and 90% confidence range of our accretion disk model fit [25]. QPEs
(dotted lines) were excluded from the fit. A potential earlier QPE is also seen in X-ray data at
⇠ 800 days [21]. Our model is agnostic to the mechanism powering the initial UV/optical peak
(Methods), but by the time of the QPEs all data are consistent with an exposed accretion disk.
(b) Radial surface density profiles of the best-fit model at 800 and 1500 days after disruption
(including 90% confidence range). The radius has been normalised to the circular orbit with
period Torb = TQPE. The vertical lines indicate the orbital radii corresponding to periods of 1⇥
and 2 ⇥ TQPE. Both orbits cross the disk plane, showing that star-disk interactions occurring
either once or twice per orbit can explain the QPEs in AT2019qiz [11].
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Period = 48 hr 
(1 QPE per orbit)

Period = 96 hr 
(2 QPEs per orbit)

MN+ 2024
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Disk model applied to previous QPEs

All other QPEs with disk 
measurements also show 
sufficiently extended disk 

But GSN 069 disk was 
similar size in 2014 

• No QPEs then!

Guolo+ 2025



Matt Nicholl Queen’s University Belfast

A&A proofs: manuscript no. main_A_A_corr

nuclei (AGNs), although the observed narrow-line ratios suggest
the presence of an ionising AGN-like continuum (Wevers et al.
2022). The lack of broad emission lines may be due to an AGN
that has switched o↵ sometime in the past leaving relic narrow
emission lines or be perhaps associated with TDE-like accretion
discs that are likely too compact to support a mature AGN-like
broad line region.

Several theoretical models have been proposed to explain
QPEs, based on modified disc instabilities (Raj & Nixon 2021;
Pan et al. 2022; Kaur et al. 2022), gravitational lensing (In-
gram et al. 2021), mass transfer from one or more bodies in
di↵erent configurations (King 2020, 2022; Chen et al. 2022;
Metzger 2022; Zhao et al. 2022; Krolik & Linial 2022; Lu &
Quataert 2022; Wang et al. 2022; Linial & Sari 2023), and col-
lisions between an orbiting secondary object and the accretion
accretion flow that is formed around the primary MBH (Suková
et al. 2021; Xian et al. 2021; Linial & Metzger 2023; Tagawa
& Haiman 2023).1 Although these models can explain some of
the features observed in the light curves of the confirmed QPE
sources (mainly GSN 069) there is no comprehensive model able
to reproduce the variety of behaviours observed in the QPEs of
di↵erent sources. Here, our e↵orts are aimed at building a com-
prehensive and flexible model that can reproduce these variabil-
ities and provide a possible emission mechanism that is compat-
ible with the observations.

We propose a new model in which QPEs are produced by ex-
treme mass ratio inspirals (EMRIs). Those are binaries in which
a lighter companion (usually a stellar mass black hole, BH) adi-
abatically inspirals onto a MBH under the e↵ect of gravitational
wave (GW) back-reaction. In the specific scenario we propose,
the observed X-ray flares emerge as the companion crosses an
accretion disc that is rigidly precessing around the central MBH.
This is somewhat similar to the model proposed by Xian et al.
(2021), but it also includes the relativistic Lense-Thirring (Lense
& Thirring 1918) precession of the accretion disc. We include
both apsidal and nodal precession of the EMRI companion up to
3.5PN order beyond Newtonian dynamics. Our proposed model
has the flexibility to reproduce the wide variety of QPE light
curves including luminosity variations and timing irregularities,
owing to the various orbital and precession frequencies involved
in the aforementioned processes and their interplay. We empha-
sise that our aim, at this stage, is not to apply our model to a
specific source for parameter inference, but to show that the dif-
ferent amplitudes and timing properties of the QPE phenomenon
can be qualitatively reproduced.

The paper is organised as follows. In Section 2, we describe
our model in detail and we present the resulting light curves in
Section 3. We then draw our conclusions and discuss future im-
provements of the model in Section 4.

2. Methods

Using a semi-analytic approach, we modelled a system com-
posed of a MBH with mass, M1, and spin parameter, �, sur-
rounded by a misaligned and rigidly precessing accretion disc,
whose properties are compatible with a disc generated by a stel-
lar TDE (see Section 2.2). The MBH is further orbited by a
stellar-mass BH (the EMRI companion, hereafter) with a mass,
M2, that intersects the accretion disc (up to three times per orbit;
see Section 2.3). The mass ratio of the system q = M2/M1 is as-

1 See also Valtonen et al. (2023) and references therein for a crossing
model applied to the MBH binary candidate OJ287.

vgas

v2

Fig. 1. Schematic view of the model where the central big black dot
represents the primary MBH, the small black dot represents the EMRI
companion, the grey area represents the tilted disc and the EMRI-disc
crossings are shown with yellow stars. The vertical arrow shows the
MBH spin vector. The misalignment between the EMRI orbit and the
disc is enhanced in this cartoon with the purpose of showing the impacts
more clearly. However, we use smaller misalignments to produce the
QPEs light curves. The blue and yellow arrows show the EMRI and gas
velocity vectors, respectively, while the yellow dashed line only mimics
an orbit inside the disc.

Quantity Range Units
primary spin � 0.1 – 0.65 -
disc inclination idisc 5� – 30� -
EMRI inclination iEMRI 6� – 20� -
EMRI eccentricity e 0.05 – 0.5 -
disc mass Md 0.01 – 4 M�

EMRI semi-major axis a 50 – 355 Rg
primary mass M1 105 – 106.3

M�

secondary mass M2 100 M�

Table 1. Parameters of the model that we adjust within these ranges to
reproduce the di↵erent behaviours of QPE sources.

sumed to be q ⌧ 1 throughout the paper – a feature that allows
us to primarily characterise the binary system as an EMRI.

2.1. EMRI post-Newtonian trajectory

We integrated the equations of motion of the EMRI system con-
sidering post-Newtonian (PN) dynamics and retaining correc-
tions up to 3.5 PN order. Integer terms such as 1, 2, or 3 PN
represent conservative terms, while 2.5 and 3.5 PN orders are
dissipative terms accounting for GW emission. Finally, the 1.5
(conservative) PN term takes into account the e↵ect of the MBH
spin, specifically: the leading order spin-orbit coupling. We con-
sider the equations of motion derived using a Lagrangian for-
malism and referred to the relative position and velocities of the
binary components. Practically, we evolve forward in time the
relative separation, r, and velocity, v, of the EMRI components
according to:

d
2r

dt2 = �
GM

r2

✓
(1 +A) n + Bv

◆
+ C1.5 + O

 
1
c8

!
, (1)

where n = r/|r|, while M is the binary total mass. The coef-
ficients A and B can be found in Blanchet (2014) and encode
the interaction due to the non-spin terms, while the coe�cient
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Challenges: QPE timing

Orbiter model gives a ‘simple’ clock, but 
most QPEs show complex timing 

Can this be explained by precession of 
orbit and/or disk?

Franchini+ 2023

Chakraborty+  
2024
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Challenges: dynamics and energetics

The most energetic (long period) QPEs 
are difficult to reproduce with impacts 
from Sun-like body 

Repeat collisions change stellar 
structure? 

Gas dynamics also 
affect QPE 
timing?

Linial+ 2025
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The rate of extreme mass ratio inspirals

If orbiter model is correct: 

• QPEs probe dynamics of galaxies 
on ~AU scales 

EMRIs: merger of stellar-mass compact 
objects with SMBHs 

• QPE:TDE ratio + disk sizes 
constrains the EMRI formation rate

A&A proofs: manuscript no. rates

Fig. 4. Event rates of BH-EMRIs within z = 1. Predicted theoretical
EMRI rates (hatched grey area) from Babak et al. (2017) are compared
to those inferred from the QPE formation rate, which have to be in-
terpreted as lower limits as not all EMRIs, even if QPEs are such, are
expected to emit eruptions. In case QPEs are BH-EMRI, a direct com-
parison can be made (green 1� interquantile range), while if QPEs are
stellar-EMRIs the constraint for BH-EMRIs (orange 1� interquantile
range) requires further extrapolations. Nonetheless, and particularly in
the former case, pessimistic EMRI population models would be disfa-
vored, with huge implications for LISA detections.

wavelength properties of TDEs (Guolo et al. 2023; Masterson
et al. 2024). This prediction can be tested as future larger sample
of confirmed X-ray TDEs and QPEs are unveiled, provided sys-
tematic and homogeneous follow-up campaigns are performed
at late times.

4.1. Predictions for LISA

In case the EMRI scenario will be unambiguously confirmed
as the origin for QPEs, the volumetric rate estimate presented
in this work would be the first-ever observational constraint on
the EMRI rate, which is of paramount importance for future-
generation GW detectors like the Laser Interferometer Space
Antenna (LISA) and Tianqin (Amaro-Seoane 2018). Since not
all EMRIs are expected to emit QPEs, the QPE rate would natu-
rally be a lower limit. Even if statistically every EMRI is likely
to experience an independent TDE that throws gas on it with the
potential of revealing it (Linial & Metzger 2023), the unknown
modulo is the fraction of EMRIs for which the secondary is of
the nature (a star, and of which kind, or a black hole), mass and
orbital configuration required to produce observable X-ray erup-
tions. Currently, even within the proposed EMRI models it is still
debated whether the orbiter is a star (Xian et al. 2021; Linial &
Metzger 2023; Tagawa & Haiman 2023), a black hole (Franchini
et al. 2023), or even whether it can be both. Hence, we only at-
tempt to provide some useful values under the assumption that
QPEs are EMRIs, and we start assuming they are black hole EM-
RIs for simplicity. We start by providing the abundance rate of
QPEs per massive black hole (MBH, RMBH) integrating the mass
function from Merloni & Heinz (2008) in the range log MBH =
5.0 � 7.5, which yields RMBH = 0.322.56

0.23 ⇥ 10�4 MBH�1. Hence,
there are at least as many EMRIs per MBH, of which LISA
is expected to detect a fraction of ⇠ (10 � 40)% (Babak et al.
2017). In particular, the EMRI population models predict a cos-
mic rate of EMRIs in units of ⇠ (10 � 2 ⇥ 104) year�1 (Babak
et al. 2017), thus we integrate the QPE abundance rate Rvol
up to z = 1 (where most EMRI population models are com-

plete in terms of LISA detection rates; Babak et al. 2017), us-
ing the cosmology from (Hinshaw et al. 2013), and obtain a
1� interquantile range of (3� 85)⇥ 103 (⌧life/10 y)�1 year�1. We
show this lower limit prediction in green in Fig. 4. Conversely,
in case QPEs are stellar-EMRIs, we can attempt to scale their
rate to that of black hole EMRIs. Using the framework of Linial
& Sari (2022, 2023) and assuming a 10% binary fraction at
the influence radius and that the relative abundance of stellar-
mass black holes and stars in the nuclear star cluster is 10�3,
the rate of the former is ⇡ (1 � 10)% of the latter (I. Linial, priv.
comm.). This implies that the 1� interquantile range of the lower
limit to the rate of EMRIs detectable by LISA is in the range
⇡ (30�8500) (⌧life/10 y)�1 year�1. We show this lower limit pre-
diction in orange in Fig. 4. Both estimates of stellar and black
hole EMRIs disfavor the pessimistic population models (Babak
et al. 2017), shown as a grey hatched area in Fig. 4. In particular,
the QPE rate lower limit would be quite stringent if QPEs are the
electromagnetic counterparts of black hole EMRIs.

4.2. Predictions for future-generation X-ray observatories

As a by-product of the inferred volumetric rates, we can pro-
vide predictions for future-generation X-ray telescopes for the
first time. So far, known QPEs have flared in the soft X-ray band
only5 (with most signal below 2 keV) and, as we have found in
this work, their abundance rates are relatively low. Therefore, a
soft X-ray telescope with a large e↵ective area and a large field
of view is desirable to systematically discover QPEs. In prac-
tice, as we have shown with our eROSITA search (Sect. 2), in
order to significantly resolve an eruption and recognize it as such
within the data stream of a given telescope, the peak flux has to
be somewhat brighter than the instrument’s sensitivity. For sim-
plicity, we adopt this eruption-detection threshold as three times
the nominal sensitivity of a given instrument and assume a volu-
metric rate of ⇠ 0.6 ⇥ 10�6 Mpc�3 at Lx,peak ⇠ 1042 erg s�1.

For instance, the wide-field X-ray telescope (WXT) on the
upcoming Einstein Probe (EP) mission (Yuan et al. 2022) boasts
a large instantaneous field of view, although its sensitivity is only
tens of times shallower than the brightest QPE peak observed
so far. Therefore, simulations of stacked images are required to
make further predictions. Instead, we find that the Wide Field
Imager (Meidinger et al. 2020) onboard Athena (Nandra et al.
2013) may detect ⇡ 2 QPE sources per 15 deg2 survey. Whether
these sources are immediately discovered as QPE emitters or
not depends on the exposure of the survey (texp) compared to
the QPE duty cycle or recurrence time (trecur), such as a factor
⌘ = texp/trecur. With a typical recurrence time of ⇡ 10 h= 36 ks,
a single moderately deep 10 ks 15 deg2 or a wider (100 deg2)
and shallower (1.5 ks) survey would both discover of order unity
QPE sources. Here, we adopted a WFI sensitivity of (three times)
⇠ 10�15 erg s�1 cm�2 in 1 ks from Piro et al. (2022).

Finally, we note that for an e�cient QPE discovery machine,
repeating the same survey in the same area for a few times is
desirable, as it would compensate the factor ⌘ after a number
Ns ⇠ 1/⌘ of surveys. However, performing more than Ns would
not be e↵ective as eruptions from the same QPE source would
be detected, rather than new QPE sources. Thus, an ideal QPE
discovery machine would move to a di↵erent sky area after Ns ⇠
1/⌘ surveys and complete as much of the entire sky as possible.

5 The disk-collision framework predicts the possible existence of UV
QPEs (Linial & Metzger 2024). If this were to be the case, future UV
missions like ULTRASAT (Sagiv et al. 2014) or UVEX (Kulkarni et al.
2021) may also discover QPE sources.
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The future (i): early detection
Early detection → early spectra → physics of optical peak 

NEEDLE trained to find TDEs using ZTF data (pre-peak only!)

Xinyue  
Sheng

Sheng, MN+ 2024

Photometric classification for early triggering
• Machine learning to 

identify SLSNe early 
• E.g. NEEDLE 

classifier now public 
on Lasair giving 
SLSN (and TDE) 
scores for young 
transients 

• Classify fast-rising 
SLSN candidates to 
get bumps

Matt Nicholl University of Birmingham

See also…

Paige  
Ramsden

Xinyue  
Sheng

Relating TDE BH masses to 
host galaxies (this session!)

Finding TDEs in real time 
with machine learning (S4)

Aysha 
Aamer

A superluminous,  
pulsational  

pair-instability  
supernova (SS26)

Xinyue Sheng+ 2024

CNN to process 
discovery images

Fully connected DNN to process 
light curve and catalog features

Layers combined,  
softmax layer  
provides class  
probabilities

Follow-up with 
spectra: SoXS++
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Now streaming live on UK Lasair alert broker!

Correctly predicted 
classification for 10 
TDEs from Aug ’24  
to July ’25 

Almost half of 
the total discovered! 

Future targets from 
LSST and LS4 

See also FLEET  
and tdescore
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The future (ii): LSST + 4MOST / TiDES

Frohmaier+ 2025Unbiased sample of ~200 TDEs!

Credit: AIP/Background: Harshwardhan Pathak/Telescope Live

4MOST first-light!
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The future (ii): LSST + 4MOST / TiDES
4MOST first-light!

Last week: 
The first SN spectrum  

from 4MOST!
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The future (iii): Photometric classification

LSST expected to detect ~few 
thousand TDEs! 

Most will never get a spectrum 

Need to classify these with 
photometry only 

Need a training set for ML 
models and to evaluate biases 

Use ZTF data to simulate 10,000 
TDEs+AGN+SNe as they would 
appear in LSST

Dylan Magill

Magill, MN+ 2025
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Data challenge hosted on Kaggle

with Vysakh Anilkumar  
and Sjoert van Velzen

Analysis of results and  
lessons coming soon!
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Summary: TDEs from Rubin 🤞

NEEDLE + SoXS
Early triggering, high quality 
spectral time-series, physics 

of the optical peak
~few 10

TiDES Unbiased spectroscopic 
sample, BH demographics ~200

Photometric Large samples, rates and 
energetics ~103
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Conclusions

TDEs and QPEs are excellent probes of galaxy dynamics, accretion physics, 
SMBH growth 

Direct connection between the two classes, with ~10% of TDEs followed by QPEs 

Many open questions in physical mechanisms behind these events! 

Unusual host galaxies suggest these sources may trace recent mergers 

Rubin will be revolutionary in this field, if we can combine large spectroscopic and 
photometric samples with targeted follow-up of nearby events 
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Bonus: stellar-mass TDEs?
AT2022aedm 

Discovered by 
ATLAS 

Rises in ~1 week 

Peak at −22 mag 

Fades and cools 
rapidly 

Early spectrum 
shows broad  
He II

MN+ 2023
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What is the origin?

Galaxy completely red 
and dead 

• Challenging for 
any massive star 
progenitor 

Transient NOT in the 
nucleus 

• Not a conventional 
TDE

AT2022aedm  (z=0.14343)

AT2020bot  (z=0.197)Dougie  (z=0.191)

AT2022aedm Prospector fit
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Two other sources with similar properties
New class of “luminous fast cooling” (LFC) transients 

All in outskirts of elliptical galaxies! 

Rate ~ 1 per Gpc3 per yr, consistent with stellar-mass BH TDEs in globular clusters 

AT2022aedm  (z=0.14343)

AT2020bot  (z=0.197)Dougie  (z=0.191)

AT2022aedm Prospector fit
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AT2020bot  (z=0.197)Dougie  (z=0.191)

AT2022aedm Prospector fit
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Hypothesis?

“Classical” TDES 
 → SMBHs 

LFBOTs (eg AT2018cow) 
 → IMBHs 

LFCs (eg AT2022aedm) 
 → stellar BHs

Inkenhaag+ 2025

AT2018cow


