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Quasi-Periodic Eruptions

Quasi-Periodic Eruptions (QPEs, Miniutti+19, Giustini+20, Arcodia+21,22) are electromagnetic 

extragalactic transient phenomena associated with massive black holes (MBHs) hosted in 

galaxy centers.

They are fast bursts in the soft X-ray band (0.2-2 keV) superimposed to an otherwise stable 

quiescent X-ray level:

● thermal-like X-ray spectra with temperature running from k
B

T~50 eV to ~200 eV

● peak X-ray luminosity is ~1042-43 erg/s, one order of magnitude above quiescence

● depending on the source, they last between ≲ 1 hour and a few hours, and repeat every 

about 2.5 − 20 hours with a quasi-periodic pattern



Quasi-Periodic Eruptions

GSN 069 - Miniutti et al., Nature, 573, 7774 (2019), the first discovered QPE



Quasi-Periodic Eruptions

GSN 069 - Miniutti et al., Nature, 573, 7774 (2019), the first discovered QPE

Recurrence time is 

quasi-periodic, a 

longer time interval 

is generally followed 

by a stronger QPE



Quasi-Periodic Eruptions

RXJ - Giustini et al., A&A 636L 2 (2020), archival observations go back before 1990



Quasi-Periodic Eruptions

eRO-QPE1 - Arcodia et al., Nature 592 704 (2020)



Quasi-Periodic Eruptions

eRO-QPE2 - Arcodia et al., Nature 592 704 (2020)

eRO-QPE2



Quasi-Periodic Eruptions

We detected them, but what are QPE??

● Many telescopes detected them: XMM-Newton, Chandra, Swift, NICER, eROSITA!
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We detected them, but what are QPE??

● Many telescopes detected them: XMM-Newton, Chandra, Swift, NICER, eROSITA

● Probably not aliens trying to contact us



Quasi-Periodic Eruptions

We detected them, but what are QPE??

The puzzling phenomenon has generated a quite large literature, we can divide the proposed 
models in two broad classes:

● Accretion flow instabilities around the massive black hole (Pan et al. 2022; Kaur et al. 2023; 
Pan et al. 2023; Śniegowska et al. 2023, Raj & Nixon 2021)

● Orbital phenomena connected with other objects orbiting around the active massive 
black hole (King 2020; Zhao et al. 2022; Metzger et al. 2022; Wang et al. 2022; King 2022; Krolik & 
Linial 2022; Lu & Quataert 2022; Linial & Sari 2023; King 2023; Suková et al. 2021; Xian et al. 2021; Linial 
& Metzger 2023; Franchini et al. 2023; Tagawa & Haiman 2023; Zhou et al. 2024)



Quasi-Periodic Eruptions

We detected them, but what are QPE??

The puzzling phenomenon has generated a quite large literature, we can divide the proposed 
models in two broad classes:

● Accretion flow instabilities around the massive black hole (Pan et al. 2022; Kaur et al. 2023; 
Pan et al. 2023; Śniegowska et al. 2023, Raj & Nixon 2021)

● Orbital phenomena connected with other objects orbiting around the active massive 
black hole (King 2020; Zhao et al. 2022; Metzger et al. 2022; Wang et al. 2022; King 2022; Krolik & 
Linial 2022; Lu & Quataert 2022; Linial & Sari 2023; King 2023; Suková et al. 2021; Xian et al. 2021; Linial 
& Metzger 2023; Franchini et al. 2023; Tagawa & Haiman 2023; Zhou et al. 2024)



Quasi-Periodic Eruptions

Orbital phenomena connected with other objects orbiting around the active massive black hole

Here we have a so-called EMRI system - Extreme mass-ratio inspiral - a system characterised by a 
very unequal mass ratio, e.g. a MBH+stellar mass compact object

Those sources are very important sources for forthcoming LISA 
mission! 

Small q -> quasi adiabatic inspiral -> huge number of orbital cycles

EMRI can precisely map the kerr-spacetime!

Extremely poorly constrained formation rate!



Quasi-Periodic Eruptions

Orbital phenomena connected with other objects orbiting around the active massive black hole

Here we have a so-called EMRI system - Extreme mass-ratio inspiral - a system characterised by a 
very unequal mass ratio, e.g. a MBH+stellar mass compact object

Those sources are very important sources for forthcoming 
LISA mission! 

Small q -> long inspiral -> huge number of orbital cycles

EMRI can precisely map the kerr-spacetime!

Extremely poorly constrained formation rate!

An EM-informed insight on the EMRI population will 
be highly desirable!!  



Quasi-Periodic Eruptions - mass transfer

Orbital phenomena connected with other objects orbiting around the active massive black hole

● eccentric and circular orbits of single or multiple stars or stellar remnants, experiencing 
Roche Lobe overflow or tidal stripping at each pericenter passage.  

X-ray here are generated by the bursty accretion on the MBH, the timing 
is regulated by the orbital period of the star

One QPE per orbit



Quasi-Periodic Eruptions - impacts

Orbital phenomena connected with other objects orbiting around the active massive black hole

● impacts of an EMRI on the accretion flow around the MBH. The time separation between 
impacts depend on the EMRI orbital semi-major axis and eccentricity

X-ray here are generated by the shocked gas that is pulled out from the 
accretion disk

QPEs happen (at least) twice per orbit

Metzger et al. 2022; Wang et al. 2022; Lu & Quataert 2022; Linial & Sari 2023; King 2023; Suková et al. 2021; Xian et al. 
2021; Linial & Metzger 2023; Franchini et al. 2023; Tagawa & Haiman 2023; Zhou et al. 2024



● Post-Newtonian evolution of the EMRI (3.5PN + leading order 
spin-orbit, see Blanchet 2014)

● Rigidly precessing disc due to Lense-Thirring around the MBH 
(Franchini+16)

Quasi-Periodic Eruptions - Dynamical model

We model the QPE emission considering an EMRI system crossing a misaligned accretion disk

Combining 3 different precession frequencies we can produce quasi periodicities!



Quasi-Periodic Eruptions - Emission model

We model the QPE emission considering an EMRI system crossing a misaligned accretion disk

Post-shock temperature of the gas (~106 K). 
Cloud temperature decreases below the 

quiescence level as the cloud expands by a 
factor 3 

Inclination has to be small to make 
R

in  
~ 1011 cm

expansion



Quasi-Periodic Eruptions - Comparison
GSN 069, M=106Msun eRO-QPE2, M=105Msun

e = 0.1
a = 160 Rg

e = 0.05
a = 320 Rg



Quasi-Periodic Eruptions - Comparison
eRO-QPE1, M=105.8Msun

RX J1301.9, M=106.3Msun

e = 0.05
a = 355 Rg

e = 0.4
a = 50 Rg



Quasi-Periodic Eruptions - Complications
eRO-QPE2

Observations seems to hint an 
evolution of the recurrence time 

over 3 years



Quasi-Periodic Eruptions - Complications 
GSN069

QPE properties changed after 
re-brightening



Quasi-Periodic Eruptions - Complications 
GSN069

O-C analysis of QPE recurrence 
revealed a sinusoidal modulation 



Quasi-Periodic Eruptions - Complications 
RXJ1301

The complicated pattern of RXJ is still 
puzzling!!



Quasi-Periodic Eruptions - Complications 

The long term variability/modulation of the QPE pattern might be ascribed to different reasons

● Different nature of the secondary object: main sequence stars can experience mass ablation, 
this can give insight into the viscous drag in an accretion disc. Still stars can get tidally 
destroyed, in most of QPE objects stars are within the tidal radius

● Modulation of QPE pattern: The disc precession can impact the QPE timing and can be 
responsible for the modulation highlighted by the O-C analysis. The presence of a third object 
might also modulate the pattern. Disc precession is however expected to damp as the disc 
evolve over time. Longer observations might distinguish between different scenarios!



Quasi-Periodic Eruptions - Light curve 

Much effort has been directed into the characterisation of the QPE timing, but much less into the light 
curve modelisation

Existing estimated are based on analytical prescription or derived from semi-analytical calculations.
Those unfortunately cannot capture the full story!

Full hydrodynamical simulations could shed light onto the specific process causing the QPE



Quasi-Periodic Eruptions - Hydro simulation

● PN terms
● radiation pressure
● black body cooling

Preliminary

Franchini, Lupi, Bonetti in prep.

https://docs.google.com/file/d/13bY37S7aTTsmZinYWzGgnGuAlQPdWWy9/preview
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Quasi-Periodic Eruptions - Hydro simulationPreliminary

Franchini, Lupi, Bonetti in prep.



Conclusions

● In our model, QPEs can be produced by an EMRI companion that crosses a rigidly precessing disc on a 
prograde orbit with low inclination with respect to the disc, the emission is generated by an optically thick 
cloud of gas that is pulled out from the disc and adiabatically expands, emitting as a black body. The luminosity 
decline is due to the cloud expansion 

● The combination of the apsidal and nodal precession frequency of the EMRI and the nodal precession 
frequency of the disc can reproduce the observed variety of QPE periodicities

● The observed systems however show a quite large of complexities that call for different explanations and 
modelisations might be increased to capture the underlying physics (external perturbations, hydro sims …)

● QPEs can help in constraining the EMRI populations, possibly giving estimates for rates of LISA detection


