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Simulations of super-critical accretion disks
✤ Goal #1: Study super-critical accretion in the context of large, thin disks

✤ Particularly in the context of ultra-luminous X-ray sources (ULXs)
✤ Results may be applicable to growth of supermassive black holes 

✤ Goal #2: Assess the (quasi-)steady-state structure
✤ Advection dominated (“slim” disk) vs. Outflow dominated (“critical” disk)
✤ Role of thermal instability/magnetic support

✤ Goal #3: Study the interplay of radiation and magnetic pressure at extreme accretion rates

Matthew Middleton
University of Southampton 

Deepika Bollimpalli
India Institute of Technology Indore



Simulation setup
✤ Start from a large Shakura-Sunyaev/Novikov-Thorne disk
✤ General Relativistic Radiation Magnetohydrodynamic (GRRMHD) [Cosmos++]



Simulation setup
✤ Start from a large Shakura-Sunyaev/Novikov-Thorne disk
✤ General Relativistic Radiation Magnetohydrodynamic (GRRMHD) [Cosmos++]

✤ What about thermal instability?
✤ Use a radially extended quadrupolar field to provide magnetic support

introduces a second current sheet, neither is located in the
midplane of the disk, unlike the dipole case.

The third field configuration consists of multiple small
poloidal loops of alternating polarity distributed in concentric
rings moving outward through the disk midplane (fourth panel
of Figure 1). Each ring has a width comparable to the local disk
height. To achieve this, we start from the following vector
potential:
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For such a configuration, we do not expect the field to amplify
sufficiently to offer significant pressure support. This is because
the narrow radial range of each magnetic cell prevents
significant radial shear. Also, this configuration lacks any sort
of underlying guide field that can replenish the field lost to
reconnection. Ultimately, any amplification of this field is
limited to the action of the magnetorotational instability (MRI),
which typically saturates at βr 10 for zero-net-flux config-
urations (Turner 2004; Hirose et al. 2009), and therefore, we
expect to see thermal runaway (either collapse or expansion)

analogous to our earlier simulations with a similar field
configuration (Mishra et al. 2016). Nevertheless, we run this
simulation as a control case.
For the final configuration, we consider a net-flux, vertical

field threading through the disk (bottom panel of Figure 1),
such that, again, β is reasonably uniform throughout the
midplane. Here the vector potential is simply

( )A R . 102µf

Such a field configuration is subject to amplification due to
both the shearing at the interface between the disk and
background medium and the MRI inside the disk. In
nonradiative, shearing box simulations, such a configuration
can reach saturation field strengths of
βmid= Pgas,0/Pmag,0≈ 0.25 even for initially weak fields (Bai
& Stone 2013; Salvesen et al. 2016). If similar saturation
strengths could be reached in radiation-pressure-dominated
cases, then this may be enough to stabilize the disk
(Sadowski 2016b).
At the start of all our simulations, the magnetic fields are

normalized to match a specific target value for βmid. In the

Figure 1. Pseudocolor plots of the logarithm of gas density. The top panel shows the three-level mesh used in most of the simulations. The remaining panels show the
different magnetic field configurations that we consider, with black and white lines showing the different magnetic field polarities: zero net flux, single loop, or dipole
(S3Ed, second panel); zero net flux, two loop, or quadrupole (S3Eq, third panel); zero net flux, multiloop (S3Em, fourth panel); and net flux, vertical field (S3Ev,
bottom panel). We have truncated the vertical extent of each panel to make the details of the disk more easily visible.
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introduces a second current sheet, neither is located in the
midplane of the disk, unlike the dipole case.

The third field configuration consists of multiple small
poloidal loops of alternating polarity distributed in concentric
rings moving outward through the disk midplane (fourth panel
of Figure 1). Each ring has a width comparable to the local disk
height. To achieve this, we start from the following vector
potential:
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simulation as a control case.
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Figure 1. Pseudocolor plots of the logarithm of gas density. The top panel shows the three-level mesh used in most of the simulations. The remaining panels show the
different magnetic field configurations that we consider, with black and white lines showing the different magnetic field polarities: zero net flux, single loop, or dipole
(S3Ed, second panel); zero net flux, two loop, or quadrupole (S3Eq, third panel); zero net flux, multiloop (S3Em, fourth panel); and net flux, vertical field (S3Ev,
bottom panel). We have truncated the vertical extent of each panel to make the details of the disk more easily visible.
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Simulation setup
✤ Large radial domain ( )
✤ Long duration ( )
✤ 3 simulations

rmax = 1,000 rG
tstop ≥ 70,000 tG

2000GM/c2

Reference: Gu et al. 2016; Fragile et al. 2025

a9r5 0.9 5 1
a9r20 0.9 20 4
a9r50 0.9 50 10

a* rcr ·m

rcrrcr



Mass accretion onto the black hole
✤ Takeaway #1: All cases obey the Eddington limit ( )·mBH ≈ 1

Reference: Fragile et al. 2025

Eddington limit is real!

·MEdd = LEdd/(ηc2)

·m = ·M/ ·MEdd



Mass accretion onto the black hole
✤ Takeaway #1: All cases obey the Eddington limit ( )

✤ Could be problematic for supermassive black hole growth
✤ Whenever 

·mBH ≈ 1

·MBH ≈ ·MEdd

Reference: Bañados et al. 2018

MBH(t) = MBH(t0)et/τgrow

τgrow ≈ MBH(t0)/ ·MEdd

·MEdd = LEdd/(ηc2)

τgrow ≈ 4.4 × 108η yr



Mass accretion profiles
✤ Takeaway #1: All cases obey the Eddington limit ( )

✤ Outflow nearly matches inflow at each radius
✤ Residual gives net accretion

·mBH ≈ 1

Reference: Fragile et al. 2025

Outflow nearly matches 
inflow at every radius



Luminosity at equilibrium radius
✤ Takeaway #2: Total luminosity (measured at ) is req ≲ 10 LEdd

Reference: Fragile et al. 2025



Luminosity profiles
✤ Takeaway #2: Total luminosity is 

✤ Trapping radius is close to BH ( )
≲ 10 LEdd

rtr ≤ 10 rg

Reference: Fragile et al. 2025



Simulations are outflow dominated
✤ Takeaway #3: Simulations do match outflow-dominated solution

Reference: Fragile et al. 2025; Fukue 2004



Summary
✤ Takeaway #1: Eddington limit is real!

✤ At least for large, Keplerian accretion disks
✤ Could be problematic for SMBH growth

✤ Takeaway #2: Total luminosity is 
✤ Trapping radius is close to BH ( )

✤ Takeaway #3: Simulations do not match slim disk solution/Do match outflow solution
✤ Significant mass outflow
✤ Small trapping radius
✤ Nearly perfectly Keplerian velocity profiles

≲ 10 LEdd
rtr ≤ 10 rg
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X-ray polarization signatures of ULXs
✤ Imaging X-ray Polarimetry Explorer (IXPE)

✤ Cyg X-3 measured polarization degree 
✤ ULX beamed away from us
✤ High polarization from scattering off outflow wall

≥ 20 %
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Understanding the physical picture of the system is complicated 
by the diversity of models that can explain the X-ray spectra. The 
quiescent-state spectra (corresponding to a hard X-ray continuum) can 
be fitted well with (1) an intrinsically soft spectrum severely absorbed 
in the WR wind, (2) a hard spectrum due to the hot medium within the 
truncated cold accretion disk (this model is often discussed in the 
context of other hard-state sources) or (3) equal contributions from the 
incident spectrum and the reflected emission25,26. Early works identi-
fied the potential importance of scattering of intrinsic emission in the 
formation of the observed spectra27,28. The models invoke very different 
emission mechanisms and a wide range of inherent luminosities and 
accretion rates, preventing us from identifying the accretion–ejection 
mechanisms of this unusual binary. The astronomical puzzle called Cyg 
X-3 (ref. 17) remained unsolved for over 50 years after its discovery, 
even though the system is one of the most frequently studied sources 
in the X-ray sky.

We report here on the detection of the X-ray polarization from Cyg 
X-3. Observations with the Imaging X-ray Polarimetry Explorer (IXPE)29 
revealed the accretion–ejection geometry of the source. The first IXPE 
observation (hereafter referred to as ‘Main’) caught the source in the 
hard X-ray (radio-quiescent) state and consisted of two runs, 14–19 
October 2022 and 31 October to 6 November 2022 (Table 1). We found 
a high polarization degree PD = 20.6 ± 0.3% in the 2–8 keV range (Fig. 1). 
The polarization angle PA = 90.1∘ ± 0.4

∘ (which is determined by the 
direction of electric field oscillations, measured from north through 
east on the sky) is orthogonal to the position angle of the discrete radio 
ejections and the IR and submillimetre polarization (Table 2)13–15. The 
observed PD is constant over the 3.5–6 keV range. The PD is lower in 
the 6–8 keV range, where the fluorescent and recombination Fe Kα 
emission lines dominate, as well as below 3 keV (Fig. 1a and Methods). 
The fluorescent lines originate from the transitions of the electrons to 
lower atomic levels of iron, and the distribution of the resulting photons 
and their electric vectors is expected to be isotropic, giving unpolarized 
emission.

We performed an orbital-phase-resolved analysis of the pola-
rimetric data using the recent ephemeris (Methods). Note the large 
variations in the PA (Fig. 2) and a complex relation between the PA and 
PD variations (Methods and Extended Data Figs. 7 and 8). The pattern 
is not consistent with a model of scattering off optically thin plasma 
in an orbit with the X-ray source30, for example, scattering off the wind 
close to the surface of the WR star. In this case, the low inclination of the 
system would lead to sinusoidal variations of the PA with two peaks per 
orbital period (equivalent to a double loop in the normalized Stokes 
parameters Q/I–U/I plane). Furthermore, the PD of the primary X-rays 

Table 1 | Summary of contemporaneous X-ray and γ-ray 
observations

Facility Energy (keV) MJD − 59,800 Average flux 
(keV cm−2 s−1)

IXPE 2–8 66–71, 83–89 0.96

138–142 2.6

NICER 0.5–12 84–87 1.6

ART-XC 4–30 87 2.9

INTEGRAL 20–100 84–88 1.1

138 0.9

NuSTAR 3–50 65–66 3.5

138–139 6.0

AGILE 105 to 5 × 107 66–71, 83–89 <0.033

138–142 <0.22

Fermi 105 to 108 62–73 ≲0.01
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Fig. 1 | Orbital-phase averaged polarization properties from IXPE 
observations. a,b The energy dependences of the average PD (a) and average 
PA (b) are shown for the Main (blue lines) and ToO (orange lines) observations. In 
both cases, the PA is consistent with being constant across the energy range, and 
the PD is constant in the 3.5–6 keV band (null hypothesis probability values are 
91% and 78% for the Main and ToO observations, respectively). The decrease of 
PD above 6 keV is caused by the contribution of the unpolarized iron line(s). PD 
is also lower below 3 keV for the Main observation, which may be related to the 
unpolarized contribution of reprocessed emission by the funnel walls (Methods). 
Data are given as the mean values in the selected energy band and the error bars 
correspond to 1σ confidence level.

Table 2 | Summary of radio and submillimetre observations

Telescope Date  
MJD −  
59,800

Frequency  
(GHz)

Average  
flux (mJy)

Variance  
(mJy)

PD % PA  
(deg)

SMA 71 225 76 36 2.8 ± 1.1 −28 ± 12

85 225 86 35 2.2 ± 0.4 −6 ± 6

AMI-LA 63–90 15.5 106 27

137–139 15.5 126 24

Medicina 66–70 8.4 118 26

Effelsberg 61–70 8.3 99 16

61–70 6.3 99 12

RATAN 84–88 8.2 142 15

4.7 106 24

138 4.7 107 36

uGMRT 85–86 1.2 81 14
IXPE observations were performed on MJDs 59,866–59,871, 59,883–59,889 and 
59,938–59,942.

reflected off the star is expected to be <1%. For a distant reflector, the 
PD is small due to the small solid angle subtended by the star as seen 
from the compact object. For a higher solid angle of the scattering mat-
ter, namely if scattering proceeds within the WR wind, a low PD is also 
expected, as in this case the scatterers are nearly spherically symmetric.

The high, in excess of 20%, average PD and its orientation relative 
to the radio outflows suggest that the IXPE signal is dominated by 

Reference: Veledina et al. 2024
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to be obscured by a dusty torus with an inclination exceeding that of 
the host galaxy, i ≈ 65°, so that the reflected emission dominates over 
the direct emission in the IXPE band. The obscuration of a system with a 
low orbital inclination i ≈ 30° (refs. 18,22,23) is not naturally expected. 
Our finding of a high, energy-independent PD leads to an important 
implication for the accretion geometry of Cyg X-3. As the observer does 
not see the primary X-ray source, we infer the presence of an optically 
thick medium high above the orbital plane, shaped like a funnel (Fig. 4). 
For the Thomson scattering (equation (1)), the observed PD translates 
to the typical scattering angle ~38°, which is close to the orbital inclina-
tion. Our modelling of the X-ray polarization indicates a narrow funnel 
with half-opening angle α ≲ 15°. Figure 4b shows contour plots of the 
PD as a function of α and i (see also Extended Data Figs. 9 and 10). We 
identified two branches of solutions (red lines). However, we excluded 
the upper branch based on the dependence of the orbit-averaged PD 
on time (Extended Data Fig. 1 and Methods).

Optically thick and elevated envelopes are hallmarks of 
super-Eddington accretion rates32–34. We checked this hypothesis by esti-
mating the intrinsic X-ray luminosity of Cyg X-3 (Extended Data Fig. 9c). 
Assuming that the observed radiation comes from the visible inner part 
of the funnel, we can relate the reflected luminosity to the intrinsic one 
through the reflection albedo and the solid angle of the visible part of 
the funnel (alternatively, the scattering can proceed in the WR wind right 
above the funnel, but the resulting luminosities are the same; see more 
details in Methods). We found that the intrinsic luminosity exceeds the 
Eddington limit for a neutron star accretor at half-opening angles α ≈ 8°, 
whereas for α ≈ 15°, this limit is exceeded for a black hole of ten solar 
masses. Further, for the small opening angle of the funnel required by 
the polarimetric data, the apparent luminosity for an observer viewing 
down the funnel is L ≳ 5.5 × 1039 erg s%1 in the 2–8 keV range, which puts 
Cyg X-3 in the class of ultraluminous X-ray sources (ULXs)35.

To identify the properties of the accretion geometry that drive the 
soft to hard state transitions in the source, we performed an additional 
IXPE target of opportunity (ToO) observation as the source transitioned 
towards the soft state, as indicated by the X-ray and radio fluxes, on 25–29 
December 2022 (Methods). The ToO revealed a twice lower, largely 
energy-independent PD = 10.0 ± 0.5% at 2–8 keV, whereas PA = 90.6∘ ± 1.2

∘ 
is like the value found in the Main observation (orange symbols in  
Figs. 1–3). In particular, this suggests that we continue to see the reflected 
signal in this state but that the funnel parameters have changed. In 

particular, the decreased polarization may suggest that the reflection 
and reprocessing now operate in some volume of matter around the 
funnel (within the outflow material), rather than coming solely from its 
surface. This is consistent with the outflow becoming more transparent, 
which may be related to the drop of the mass-accretion rate. We expect 
that a further decrease of the matter supply would lead to a collapse of 
the funnel. This would reveal the X-ray emission from the inner parts of 
the accretion disk and would be accompanied by a drop in its polarization. 
The spectrum in this case should closely resemble the one produced by 
the multicolour disk32, which is indeed observed in Cyg X-3 during the 
so-called ultrasoft state. Our scenario suggests that this state corre-
sponds to a lower accretion rate compared to the hard X-ray and 
radio-quiescent state, even though the source appears brighter. Follow-
ing our findings, the whole complex of multiwavelength properties may 
need to be reconsidered in light of this renewed accretion geometry.

Narrow funnels have been used to explain the high apparent 
luminosity of ULXs35–38. However, determining the opening angles 
of the base of these ULX outflows has not been possible directly from 
observations, as the observer is close to the axis of the funnel and sees 
the strongly amplified radiation of the central source. Moreover, the 
Galactic supercritical counterparts are seen at high inclinations, such 
as i ≈ 78° for the persistent source SS 433 (ref. 39), 60° ≲ i ≲ 80° for the 
transient V404 Cyg, i = 66° ± 2° for GRS 1915+105 (refs. 40–42) and 
i = 72° ± 4° for V4161 Sgr (refs. 43,44), so that a thick outflow blocks 
the inner engine from our line of sight. The small inclination of Cyg X-3 
system allows one to see the reflected and scattered components from 
the inner surface of the funnel, and the properties of X-ray polarization 
enable robust conclusions about the source geometry.

The X-ray polarimetric data probe the accretion geometry of 
Cyg X-3. These data have revealed that this famous and long-studied 
Galactic source has been accreting in the super-Eddington regime. This 
discovery opens a new chapter in the study of this exceptional system 
and establishes it as an analogue of distant ULXs and supercritical tran-
sients, such as tidal disruption events. We have directly constrained the 
half-opening angle of the outflow funnel of Cyg X-3 to be ≲15°.

Methods
X-ray spectro-polarimetry analysis
The first attempt to detect the linear polarization of the X-rays from Cyg 
X-3 was made with the OSO-8 satellite45, but the presence of other bright 
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Fig. 4 | Geometry of the funnel and its polarization properties. a, Proposed 
geometry of the funnel with the primary emitting source marked by a filled black 
circle. The observer at inclination i sees the reflection from the inner surface of 
the funnel (down to point L). The primary source is obscured by the funnel walls. 
The half-opening angle of the funnel ζ is always smaller than the angle α, the latter 

being used as a proxy for ζ in the text. Radii are measured in units of the funnel 
base. b, Contour plot of constant PD for different observer inclinations i and 
parameter values α. Numbers in the lines denote polarization in per cent. The red 
contour marks the observed polarization of 23%.


