
Radiation Transport Simulations
of Quasiperiodic Eruptions
from Star–Disk Collisions

Indrek Vurm
Tartu Observatory, University of Tartu

in collaboration with

Itai Linial, Brian D. Metzger
(Columbia University)

Nordic-Baltic Astronomy Days

Turku 2026



Quasi-periodic eruptions (QPE) from galactic centers

• Periodic flares from centers of low-mass galaxies lasting 
tens of minutes to hours

• Recurrence times from hours to days (duty cycle ~0.1)
• Peak luminosities 1041 – 1043 erg s-1

• Quasi-thermal spectra with kTobs ~ 100 – 200 eV
• Asymmetric light curves, broader and peaking later at 

lower energy bands
• Hysteresis loops on hardness-luminosity plane 
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1st observed QPE: GSN 069 (Miniutti et al. 2019) 
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Linial & Metzger (2023)

QPE = collisions between an orbiting body and the SMBH accretion disk
(e.g. Suková et al. 2021; Xian et al. 2021; Franchini et al. 2023; Linial & Metzger 2023)



Disk-star interaction
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• Observed radiation temperatures:

• Theoretical predictions

• With full thermalization: blackbody temperature at tdiff:

• With negligible photon production in the shocked disk material: 
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Trad in hot ejecta cloud: thermalized or photon-starved?



Star-disk interaction model

• Model
• Spherical geometry centered on the star
• Disk material impinging upon the stellar surface
• Three main phases

• Accumulation of shock-heated material on top of
the stellar surface during disk passage

• Shock breakout and transition to homologous expansion
• Passive expansion to transparency

• Method: Monte Carlo radiative transfer + hydrodynamics
• Radiation → matter coupling: source terms 

(energy/momentum) in hydro eq.-s from explicit MC 
interactions

• Matter → radiation coupling: 
emission/absorption/scattering coeffs. in local rest frame, 
assuming thermal plasma 

• Processes: Compton scattering, bremsstrahlung (free-free) 
emission



Passage through the disk: radiation-mediated shock (RMS)

Δτ ≈ c/vu

kTrad = kTe = 25 eV

v = vu = 0.1c

v = 0

“star”

kTrad ≈ 1 keV

kTrad → kTBB ≈ 100 eV

Unshocked 
disk

Shock 
transition

Shock-heated 
stratified layer

RMS structure in the star frame
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Breakout, free expansion, 
and emitted spectra

• Observed radiation originates from the diffusion surface 
that propagates inwards in mass coordinate, sampling the 
stratified ejecta set up by the RMS

• Spectrum: characteristic of (marginally) saturated
thermal Comptonization of a soft (free-free) photon source

• kTrad: rapid rise at shock breakout + gradual decay
• High L, kTrad ~100 eV requires v > 0.15c, R > 10RSun

IV, Linial & Metzger (2025)
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Light curves

Miniutti et al. (2019)

GSN 069

• Softer bands peak later and have broader light curves
• Ambiguity in rise phase due to simplified geometry



Arcodia et al. (2022)
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Hysteresis in hardness-luminosity evolution



Summary

• Main phases of star-disk collision:
1. passage of the star through the disk: dissipates kinetic energy via RMS and builds a hot stratified “cap” of 

material ahead of the star

2. shock breakout from the disk and transition to free expansion 

3. free (homologous, mostly passive) expansion: a fraction of the shock-deposited energy is released,

observable as an X-ray flare

• Gas and radiation not in equilibrium in general, necessitating explicit radiative transfer calculations for 

photon production and spectral formation

• Hard to soft evolution:
• photons escaping at shock breakout are hardest and most luminous

• softer emission from deeper layers emerges later; the bulk of radiated energy emerges over tdiff   

• light curves broader in softer bands

• Hysteresis loops in hardness-luminosity space, qualitatively similar to observations

• Observed flares with kT ≥ 100 eV and tobs ≥ 1000 s limit parameter space to high vcoll ≥ 0.15c,

low Σ ≈ 103 g cm-2, and large Rstar ≥ 1012 cm  



Supplementary slides



Observed radiation temperatures in R* - Σ space



Nicholl et al. (2020); Short et al. (2023)

TDE debris disk density profile

TDE

QPE

AT2019qiz: QPE following a TDE (Nicholl et al. 2024)
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Photon production: mechanism and characteristic energies



• The bulk of photon-production 
occurs at early stages of expansion

Free-free emission/absorption 
+ Comptonization



Shock breakout and transition to homologous expansion

• Rapid transition to homologous expansion post-breakout

• Number of photons per baryon freezes in after approx. 
one expansion time, (t – tbo) ~ tbo

´s
ta

r´

shock front 
(pre-breakout)

homologous, v ~ r





Bound-bound/bound-free vs free-free emissivities 
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