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Why look for unification ?
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Scale-invariant jets
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Heinz & Sunyaev 2003 

radio emission is synchrotron from a continuous jet scaled to Rg 

dimensional analysis yields
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( with             favouring  
radiatively-inefficient accretion )

Fundamental plane of BH accretion
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1068 A. Merloni, S. Heinz and T. Di Matteo

Figure 5. The edge-on view of the ‘Fundamental Plane of black hole activity’. The solid line shows the best fitting function (5).

introduce a scatter in this relationship that is independent of M
and ṁ.

Because the expressions for ξM and ξṁ do not depend on the
shape functions ψ f , they are independent of the model details.
Any scale-invariant jet model that reproduces the observed radio
spectral index αR must satisfy equations (7) and (8). This im-
plies that (i) measurements of ξM and ξṁ cannot be used to con-
strain the functions ψ f , i.e. they cannot be used to distinguish be-
tween different jet models but that (ii) measurements of ξM and
ξṁ can be used to place constraints on the boundary conditions
at the base of the jet φ f , or in other words on the accretion disc
model.

While the black hole mass M is observable (see above), the ac-
cretion rate ṁ can only be inferred through radiation in other bands,
where the emission is dominated by the accretion disc. Thus, in
addition to a prescription of the boundary conditions φ f through
accretion disc theory, we must also provide a relation between the
accretion disc luminosity (or LX) and ṁ in order to model the ob-
served LR − ṁ correlation. We must therefore discuss the different
possible sources of the X-ray emission. We will start with those
models that describe X-ray emission as produced by an accretion
flow of some kind.

5.2 Accretion flow origin of X-ray radiation

For the accretion-powered X-ray luminosity we can write, in anal-
ogy to equation (9):

log LX = log M + q log ṁ + K2, (10)

where K 2 is a normalization constant. The efficiency coefficient q
need not be constant, though the linear correlation analysis from
Section 3 is limited to this case.

Using equations (7)–(9) together with equation (10), we obtain
the following general expression for the observable correlation co-
efficients as defined in equations (3) and (4):

ξRM = 2p + 13 + 2αR

p + 4
+ ∂ lnφB

∂ ln M

(

2p + 13 + αR p + 6αR

p + 4

)

− ∂ lnφB

∂ ln ṁ

[

2p + 13 + αR p + 6αR

q(p + 4)

]

ξRX = ∂ lnφB

∂ ln ṁ

[

2p + 13 + αR p + 6αR

q(p + 4)

]

. (11)

Different accretion models imply different values of q and differ-
ent scalings of the magnetic energy density at the base of the jet
φB with M and ṁ, resulting in different values of ∂lnφB/∂ln M
and ∂ lnφB/∂ ln ṁ. In the next two sections we calculate the
expected scalings for radiatively efficient and inefficient flows
(the results of the calculations are summarized in Table 3). For
the case of radiatively efficient accretion, we will consider the
X-ray emission to be produced by a standard, geometrically thin
and optically thick disc coupled with a hot corona. In the case
of radiatively inefficient accretion flows, for the sake of clarity
we will describe a detailed spectral modelling in the framework
of a pure advective disc (advection dominated accretion flows –
ADAF). Currently this is the simplest existing dynamical model
of a radiatively inefficient flow from which we can derive detailed
spectral energy distributions. However, one should keep in mind
that radiatively inefficient flows may be significantly modified by
convection or outflows (see below). We do not, however, expect
the arguments laid out below to be significantly modified in such
cases.

As a result of our calculations, we will show how the physical
properties of radiatively inefficient and efficient discs do indeed

C⃝ 2003 RAS, MNRAS 345, 1057–1076
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Flickering in accreting objects
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Accretion induced variability in CVs 2857

where σ is the rms value, F is the flux in e− s−1, whilst k and C
are the fit parameters. This linear model fits the general shape of
the majority of our flux-sorted segments reasonably well, although
occasionally large χ2 values are recovered, implying that there
exists some intrinsic scatter. This scatter can be caused by any non-
stationarity in the variability processes which causes variations in
the rms–flux relation on the 10-day time-scale of the segments.
Furthermore, the presence of any frequency-varying QPO could
break the linear rms–flux relation by varying the power spectrum
over the frequency range used to measure the rms. In Fig. 3 we
show the noise-subtracted PSD of the four coloured, independent,
sections shown in the light curve of Fig. 1. The time-scales used
to measure the rms are those at frequencies higher than 10 min,
marked by the dashed black line in Fig. 3. For each segment, these
rms values will respond to flux variations on longer time-scales,
down to the 10-day length of the segment.

The PSDs shown in Fig. 3 show possible candidate QPOs at low
frequencies and breaks just above 10−3 Hz. From the modelling
performed by Arévalo & Uttley (2006), these breaks can be asso-
ciated with the viscous time-scale at the innermost edges of the
accretion disc. Above the break frequency, no annuli contribute sig-
nificant variability power, and the PSD bends downwards. Given
that the four different quadrants appear to display shifts in the
break frequency, it is possible that mass accretion rate variations
are displacing the inner edges of the accretion disc. Furthermore, at
frequencies below the break, there appears to be candidate QPOs.
These features at low frequencies, and the PSD break shifts, will
be analysed and discussed in a paper in preparation: here we are
only concerned with the high-frequency component observed in
MV Lyrae.

Another interesting feature observed in MV Lyrae concerns the
evolution of the rms–flux relation with both flux and time. In Fig. 4
we show the best-fitting lines for the rms–flux relations in all of our
10-day segments. In order to give a feel for the temporal evolution
of the rms–flux relation, each colour represents a different section
in the light curve, with the colours in Fig. 1 associated with those in

Figure 3. Power spectral distribution obtained from the MV Lyrae light
curve shown in Fig. 1. The colour coding is analogous to that in Fig. 1, so
that each independent PSD was obtained by the corresponding light-curve
segment. The Poisson noise level, ranging between 2 and 3× 10−5, has been
subtracted. In this paper we analyse frequencies higher than those marked
by the black dashed line.

Fig. 4. Specifically, there appears to be a hysteresis-like behaviour in
the evolution of the rms–flux relation within the broad-band noise
of MV Lyrae. After about 150 days, the rms–flux relations seem
to change behaviour and detach from the original trend (marked
by blue lines in Fig. 4) and move to higher fluxes maintaining
similar rms variability. In proximity of the peak flux in Fig. 1,
after about 250 days of observations, the rms–flux relations seem to
change behaviour once again during their flux descent (red lines),
seemingly looping back to their original track after having reached
a maximum rms variability of about 6 per cent. This behaviour
has not been observed in any other accreting compact binary or
AGN, and it is not clear at the time of writing what the physics
behind this phenomenon is. In Fig. 5 we show the gradient and
intercept for the best-fitting lines in Fig. 4, colour coded in the same
way. Similar to the results obtained on the BH binary Cyg X-1
by Gleissner et al. (2004), the gradient and intercept in MV Lyrae
seem to be correlated as well. This suggests that some fundamental
and analogous process is giving rise to the rms–flux behaviour in
both XRBs and CVs. Interesting is also the fact that in the gradient
versus intercept plane there seem to be two distinct ‘tracks’: the rms–
flux relations obtained from the blue and red light-curve segments
seem to have a systematic offset in the gradient when compared
to the green and magenta segments. Although we cannot properly
quantify this behaviour at the moment with the available data, the
evolution in Fig. 4 also seems to suggest that the rms–flux behaviour
systematically changes during the light-curve evolution.

Finally, we also examined the flux distribution within the MV
Lyrae light curve. Specifically, the observed fluxes in XRBs and
AGN which do show the rms–flux relation are log-normally dis-
tributed. In order to perform this test, we produced a histogram
of fluxes from the last 233 days (marked by the magenta region in
Fig. 1) of the MV Lyrae light curve. We then fitted the histogram
with both a symmetric Gaussian and a three-parameter log-normal
model. The number of flux measurements per bin (N) was required
to be at least 50 for the fits, with bin error assigned as

√
N . We per-

formed this exercise on the last 233 days of the light curve, as these
appear to be the most stationary in mean flux: a requirement for the
log-normal behaviour to be expected (see Uttley et al. 2005; Gandhi
2009). Statistically, the Gaussian fit resulted in the goodness-of-fit
parameter χ2/d.o.f. of 18 802/269, whilst the log-normal fit resulted
in 334/269. MV Lyrae clearly exhibits a log-normal flux distribu-
tion. The excess residual of our fit can be explained by the weak
non-stationarity of the light curve, as also explained in Uttley et al.
(2005) and Gandhi (2009).

3 D ISCUSSION

We showed how the accreting WD MV Lyrae obeys a linear rms–
flux relation like many other BH/NS compact interacting binaries
and AGN. This is the first time that such a correlation was found
in an accreting object other than a BH/NS X-ray binary or AGN.
Furthermore, we showed how the rms–flux relation evolves with
time, displaying what appears to be a hysteresis-like behaviour. The
physics of this phenomenon is not yet understood, and it is the
first time that it has been observed in an accreting compact object.
Additionally, we confirmed our findings by ascertaining that the flux
distribution of MV Lyrae follows a log-normal distribution, as seen
in other accreting compact objects displaying the linear rms–flux
relation.

The leading interpretation of the rms–flux relation is that of a
fluctuating accretion disc (Lyubarskii 1997), where variations in
the accretion rate occur at all radii and then propagate inwards on

C⃝ 2012 The Authors, MNRAS 421, 2854–2860
Monthly Notices of the Royal Astronomical Society C⃝ 2012 RAS
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Fundamental plane of black hole variability
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McHardy+2006

GRS 1915

Cyg X-1
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Fundamental plane of accretion variability
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Scaringi+ 2015

⌫b ⇠
Ṁ
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break frequency actually scales as

what sets the scaling ?!



Physics common to accreting objects
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Flock+ 2011

Romanova+ 2004

Tchekhovskoy 2016

disk magnetosphere interaction

accretion flows

outflows: winds & jets



1. magnetospheric radius 

2. stellar radius 
3. corotation radius 

4. light cylinder radius

Disk-magnetosphere interaction
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Disk-magnetosphere interaction
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dwarf novae & neutron star XRBs in outburst, novae-like

intermediate polars, accreting X-ray pulsars, T Tauri, ULXs

AE Aqr, transitional ms pulsars? 

black widows, !-ray binaries,  transitional ms pulsars

Romanova+2008 



Simulations interface well with observations

Dubus, Porquerolles 9/2017

boundary layer funnel flow

propeller pulsar

• magnetospheric radius ? 

• column accretion ? 

• variability ? 

• outflows ? 

• torques ?

Parfrey Tchekhovskoy 2017 



Understanding accretion flows
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semi-analytical numerical

Petrucci, Ferreira Zhu & Stone 2017



The basic unifying theory of accretion flows
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angular momentum transport

turbulent viscosity parametrised as

Shakura Sunyaev 1973           radiatively-efficient thin disks

cooling balances heating

i.e. stress is
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Evidence for thin disks in binaries
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Baptista & Horne 1994

30 C. Done et al.

Fig. 15 A range of soft-state spectra at different luminosities from the BHB 4U 1655-40 from RXTE PCA
and HEXTE data showing that the hard tail is indeed negligible in this state (left). The right panel shows
LMC X-3 from ASCA (black and red), BeppoSAX (green) and RXTE PCA (cyan and blue) data. The
disc peak is clearly well covered by the instruments with softer response, and these give results which are
consistent with those derived from RXTE data (Davis et al. 2006)

Fig. 16 Luminosity–temperature relations for the black holes with disc dominated spectra fit with diskbb
for those which span the largest range in luminosity. Grey points show the range of uncertainty due to mass
and distance estimates
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Done+ 2007

30 C. Done et al.

Fig. 15 A range of soft-state spectra at different luminosities from the BHB 4U 1655-40 from RXTE PCA
and HEXTE data showing that the hard tail is indeed negligible in this state (left). The right panel shows
LMC X-3 from ASCA (black and red), BeppoSAX (green) and RXTE PCA (cyan and blue) data. The
disc peak is clearly well covered by the instruments with softer response, and these give results which are
consistent with those derived from RXTE data (Davis et al. 2006)

Fig. 16 Luminosity–temperature relations for the black holes with disc dominated spectra fit with diskbb
for those which span the largest range in luminosity. Grey points show the range of uncertainty due to mass
and distance estimates
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Evidence for thin disks in AGNs ?
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thin disk signature harder to find, if present at all

Kishimoto+ 2008 Davis+ 2007

disk bb in quasar polarised light UV continuum does not follow expectations

⌫1/3

of Tin are obtained for low values of M and high Eddington ra-
tios (i.e., high ṁ). As a result, the sources in our sample with the
highest Tin (and, therefore, low vMg) tend to occupy the low-Mvir,
low-L2200 corner of the plot. Since the observed slopes are pre-
dominant functions of L2200 with redder slopes at lower luminos-
ities, these QSOs also tend to be redder than average. Of course,
bins with slight lower Tin also include low-L2200 objects, but the
average ! is still larger due to the increasing fraction of higher
Mvir and L2200 sources, which tend to be bluer. Therefore, the
problem of understanding the reddening at low Tin is intimately
connected to the question of why the mean slopes are predomi-
nantly functions of L2200 (rather than L2200 /Mvir) at long wave-
lengths, which we discussed in x 6.3.

6.5. Conclusions

We have shown how slopes from artificial SEDs of thin ac-
cretion disks (Hubeny et al. 2000) vary with black hole mass and
bolometric disk luminosity. As expected from naive models, we
find that the slope ! generally decreases as M increases at fixed
L. We have shown that the UV spectral slopes of models based
on radiative transfer calculations differ measurably from those
with simple blackbodies and considered how the slopes are mod-
ified by changes in the black hole spin.

We first compared the models against five broadband SEDs of
nearby, bright AGNs (Shang et al. 2005) which also have rever-
berationmappingmass estimates. For the more luminous sources,
the models can roughly reproduce the observed flux ratios in con-
tinuum windows at 1450, 2200, and 4000 8. At lower luminos-
ities, the short-wavelength slopes are substantially redder than
the model predictions and may indicate significant reddening by
dust local to the source or host galaxy. We then measured ! for
6352 QSOs, using these same continuumwindows.We find only
a weak trend with mass when virial estimates are used at short
(1450Y22008) or long (2200Y40008) wavelengths. Even if we
allow for errors in the mass estimates with a lognormal distribu-
tion and a standard deviation of 0.4 dex, a much stronger mass-
dependent trend is observed in the model slope distributions,
which is not consistent with the observations.

A possible explanation is that the mass estimates typically have
larger errors than our assumed distribution predicts. In support of
this possibility, we find that increasing the typical mass estimate
error to!0.8 dex is sufficient to erase most of the mass-dependent
trend in the model slopes. However, this increase alone is insuf-
ficient to bring the slope distribution into agreement with the
data.

The multitemperature blackbody models yield slopes which
are too red at short wavelengths for black holes withMk109 M".
With the exception of the longer wavelength slopes of the most
luminous QSOs, we always find that the observed slopes are
redder than the non-LTE atmosphere-based model predictions
for Schwarzschild black holes. The discrepancy is even greater
for spinning black holes, which are generally bluer than their non-
spinning counterparts. We suggest that much of this discrepancy
could be accounted for by dust reddening in the source or host
galaxy. If we use an SMC-like reddening curve (Richards et al.
2003), we require E(B# V )P0:03 and 0.055 in order to obtain
agreement between the short-wavelength slopes. Reddening
curves which are flatter at wavelengths shortward of 2200 8
(e.g., Czerny et al. 2004; Gaskell et al. 2004) would require a
greater color excess. If the reddening curve is as flat as that
derived by Gaskell et al. (2004) dust reddening will have little
impact on the short-wavelength slopes, and the observed slopes
should very nearly match the intrinsic slopes. In that case, the
models considered here would not be consistent with the ob-
served slopes.

At longer wavelengths (2200Y4000 8), the observed slopes
are generally bluer at high L2200 and redder at lower luminosities,
for a fixed ratio relative to the Eddington luminosity. The mod-
els, however, predict a trend which is predominantly determined
by Eddington ratio and are not consistent with this result. This
discrepancy remains even after we simulate the effects of dust
reddening. This discrepancy may partly arise from difficulties
in properly modeling emission near the Balmer edge, which
can significantly affect the flux at 4000 8. Improving the mod-
els at these (and longer) wavelengths is an important step for fu-
ture studies.

Fig. 10.—Distribution of flux ratios binned as a function of Tin for comparison with the results of Bonning et al. (2007). The right and left panels correspond to the
slopesmeasured from 1450 to 22008 and from 2200 to 40008, respectively.We calculate Tin from vMg using the relation log Tin ¼ 5:43# log (vMg /3000 km s#1). The
top axis displays the value of log vMg for comparison with Fig. 3. We plot the distributions of the observed SDSS flux ratios as thin curves. The solid curves show
distributions of model flux ratios based on theMonte Carlo distributions. We compute the thick curves using the sameMonte Carlo distribution plotted in the top panels
of Fig. 7 with a% ¼ 0 and "M ¼ 0:4 dex.

UV CONTINUUM OF QUASARS 697No. 2, 2007

model

obs.



Conditions in disks are NOT scale free

Dubus, Porquerolles 9/2017

 physical conditions in the disk depend on thermodynamics, opacities, etc.

self-gravity limits the disk size

radiation pressure very strong in AGNs

(Kawaguchi+ 2014)

(Shakura Sunyaev 1973)rrad/rS ⇡ 1400 ↵2/21
0.1 m2/21

8 ṁ16/21

rsg/rS ⇡ 620 ↵14/27
0.1 m�26/27

8 ṁ�8/27



Disk Instability Model (DIM)
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Thermal equilibrium of a thin ring shows hysteresis

Ṁ



Stability of a thin accretion disk to the DIM
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There is an S-curve for each radius and choice of α

R=108 cm 109 1010 1011Tc

GD 2003Σ (g/cm2)



Critical mass accretion rate for stability
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e.g. disc with a size > 1010 cm is unstable if mass transfer rate <1015 g s-1

R=108 cm 109 1010 1011

GD 2003

Ṁ = 1015 g s�1

Σ (g/cm2)



DIM drives changes in mass accretion rate
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X-ray binaries (Done+ 2007)

dwarf novae (Cannizzo+ 2012)

days

[DIM likely irrelevant in AGNs: Hameury+ 2009] 



DIM explains (in)stability of XRBs

Dubus, Porquerolles 9/2017

stability depends on mass transfer rate & disk size (& irradiation), not α

Coriat+ 2012

unstable
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Is the dwarf nova SS Cyg stable? YES
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M. R. Schreiber and J.-P. Lasota: The dwarf nova SS Cygni: what is wrong? 899

Fig. 2. The mean mass transfer rate of SS Cyg derived from the ob-
served visual magnitude as a function of distance (shaded region) com-
pared with the predictions of the DIM (horizontal lines). All values are
calculated for the range of system parameters derived by Bitner et al.
(2007). Agreement between DIM and observed visual magnitude re-
quires a distance of d ∼ 100 pc. At a distance of 166 pc the mean mass
transfer derived from the observations is above the critical transfer rate
and – according to the DIM – SS Cyg should be a nova-like.

will compare the value derived from the observations with the
prediction of the DIM.

According to the DIM, the mean mass-transfer rate can be
obtained from the relation

tqui ≈
ϵMD,max

Ṁtr − Ṁin
(4)

where the fraction of the disc’s mass lost during outburst is
ϵ = ∆MD/MD,max and Ṁin is the accretion rate at the disc’s inner
edge. Usually Ṁtr ≫ Ṁin and ϵ ∼ 0.1. Taking

MD,max = 2.7 × 1021α−0.83 M−0.38
wd R3.14

10 g, (5)

(see Lasota 2001), α = 0.02, and the system parameters derived
by Bitner et al. (2007) we obtain

Ṁtr = 2.6−4.2 × 1017 g/s. (6)

The above value should be compared with the mean mass trans-
fer rate derived from the observed visual brightness during
outburst. Following again Schreiber & Gänsicke (2002, their
Eq. (5)) but using the system parameters obtained by Bitner et al.
(2007), we derive a mean mass transfer rate as function of dis-
tance. For d = 166 pc we obtain

Ṁtr = 1.1−3.8 × 1018 g/s. (7)

The two values for the mean transfer rate, i.e. the one predicted
by the DIM and the one derived from the observations are com-
pared in Fig. 2. The grey shaded region represents the values re-
quired by mV = 8.6 ± 0.1 as a function of distance. The range
of mean mass transfer rates predicted by the DIM (Eq. (6)) and
the critical mass transfer rate (Eq. (2)) are shown as horizontal
lines. Again, the discrepancy between DIM and HST/FGS par-
allax is obvious: according to the DIM, at 166 ± 12 pc SS Cyg
should be nova-like system and not a dwarf nova. Even for
d ∼ 140 pc, the derived mean mass transfer rates are close to
the critical value and one would at least expect Z Cam-like be-
haviour. Again, agreement with the DIM requires a distance of
d ∼ 100 pc.

Fig. 3. The mean mass transfer rate of SS Cyg, three other dwarf no-
vae with HST/FGS distance, and six well known nova-like CVs as a
function of the outer radius of the disc during outburst. As binary pa-
rameters of SS Cyg we used again the values (and uncertainties) derived
by Bitner et al. (2007). The parameters and distances used for the nova-
likes are compiled and discussed in Table 1. Both, in order to make the
plot easier to read as well as because the broad ranges of possible pa-
rameters do not represent well-determined values with certain errors,
we use shaded boxes instead of error bars. The solid line represents the
critical mass transfer rate according to Eq. (1) assuming Mwd = 1 M⊙.
According to the DIM, this line should separate dwarf novae and nova-
like systems. Interestingly, to reach agreement with this prediction for
SS Cyg at d = 166 pc, the size of the disc needs to be similar to the one
in RU Peg (∼7 × 1010 cm). Even for the maximum mass of the white
dwarf (Mwd = 1.4 M⊙) this would require a disc larger than the Roche-
lobe radius of the primary (6.8 × 1010 cm).

Although the recently determined parameters significantly
increase the discrepancy between HST/FGS parallax and DIM
prediction, the problem has been mentioned and discussed ear-
lier. Schreiber & Gänsicke (2002) proposed as one possible so-
lution a revision of the DIM by assuming an increased value of
the critical mass transfer rate which would be equivalent to al-
lowing for dwarf nova outbursts for higher mass transfer rates.
However, as we will see in the next section the problem is not
with the DIM. At 166 ± 12 pc the mean mass-transfer rate of
SS Cyg is comparable or higher than that of nova-like binaries
with similar orbital parameters but unlike SS Cyg these systems
never show outbursts. If anything they show a so-called “anti-
dwarf-nova” behaviour.

4. Comparing SS Cyg with nova-like CVs

There is an overwhelming evidence that the accretion disc is the
site of dwarf-nova outbursts. The general picture of disc accre-
tion in CVs is that below a certain mass transfer rate the disc is
unstable and dwarf nova outbursts occur. For higher mass trans-
fer rates, the disc is stable and the corresponding class of CVs
are nova-like systems. In agreement with this picture, the mean
absolute magnitudes of dwarf novae have been found to be lower
than those of nova like systems (see Warner 1995, Fig. 9.8). To
check whether this agreement remains for a distance to SS Cyg
of 166 ± 12 pc, we compare the mean mass transfer rate de-
rived for SS Cyg with those obtained for a set of well observed
nova-like systems and three additional dwarf nova with mea-
sured HST/FGS parallax (see Tables 2 and 3).

big step forward from GAIA distances + Kepler/LSST lightcurves

Schreiber & Lasota 2007 (Smak 1982)

SS Cyg @ 117 pc 
(Miller-Jones+ 2013)



Getting the right lightcurve

requires additional ingredients: 

• change in α with temperature 

• truncation due to magnetosphere 

• switch from thin disk to hot accretion flow 

• irradiation by central object or inner disk 

• variable mass transfer from companion 

• tidal torques 

• stream impact heating 

• outflows 

• …

Dubus, Porquerolles 9/2017



Model outburst lightcurves
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α=0.04 αhot=0.2, αcold=0.04

higher α with T required in dwarf novae and transient LMXBs



Enhanced transport on hot branch
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Thermal equilibrium of a thin ring shows hysteresis

αcold=0.04

αhot=0.2



Basic unifying process: MRI-driven transport
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Turbulence generated by Magneto-Rotational Instability in weakly magnetised sheared flows

Measure α from local (shearing box) simulations [unification!]

1

H

Figure 2 – Modèle de la boite de cisaillement. Ce modèle représente une petite portion d’un disque d’accrétion
mince (droite) sur une épaisseur de l’ordre de l’échelle de hauteur du disque h. Le modèle comprend une rotation
globale ainsi qu’un cisaillement radial (centre). On étudie le développement de la turbulence dans ce modèle
pour en déduire le coe�cient ↵ (droite).

Résultats obtenus sur l’instabilité magnéto-rotationnelle

Geo↵roy Lesur et Pierre-Yves Longaretti apportent leurs compétences sur la modélisation de
l’instabilité magnéto-rotationnelle (MRI). Cette instabilité apparait dans les écoulements cisaillés en
rotation en présence d’un champ magnétique faible. Bien qu’identifiée depuis plus de 30 ans comme
un mécanisme prometteur de transport de moment cinétique dans les disques d’accrétion, la saturation
non-linéaire de cette instabilité ainsi que les propriétés statistiques de l’écoulement turbulent résultant
sont toujours le sujet d’intenses recherches. Les enjeux derrière cette problématique sont multiples :
de la formation des planètes dans les disques protoplanétaires jusqu’à l’émission de rayonnements
énergétiques au voisinage de trous noirs accrétants. Une des questions fondamentales est en e↵et de
relier les propriétés de la turbulence et en particulier le coe�cient de transport ↵ aux propriétés locales
du disque (pression, température, magnétisation, ionisation, etc).

Pour étudier ces processus, Geo↵roy Lesur et Pierre-Yves Longaretti ont développé un code spec-
tral résolvant les équations de la magnétohydrodynamique (MHD) incompressible (Snoopy). Ce code
décrit un écoulement cisaillé en rotation dans le modèle de la boite de cisaillement (« shearing box »)
qui capture la physique locale d’un disque d’accrétion mince (fig. 2). Cette approche permet d’avoir
une excellente dynamique d’échelle pour l’étude de la turbulence MHD tout en s’a↵ranchissant des
phénomènes globaux qui évoluent sur des temps longs comparés au temps de retournement de la tur-
bulence MRI. Le code que nous avons développé a ainsi permis de mettre en évidence la sensibilité
de la turbulence MRI au nombre de Prandtl magnétique (Pm) définit comme le rapport de la viscosité
cinématique et de la résistivité ohmique (Lesur & Longaretti 2007, Longaretti & Lesur 2010, figure
1). Nous avons par la suite interprété cet e↵et comme étant une signature de la non-localité de la cas-
cade turbulente (Lesur & Longaretti 2011), un e↵et déjà identifié dans le cas de la turbulence MHD
forcée (Alexakis, Mininni & Pouquet 2007).

Geo↵roy Lesur s’est par ailleurs intéressé aux e↵ets non idéaux dans le cas des disques proto-
planétaires où la fraction d’ionisation est extrêmement faible (inférieur à 10�10). Dans ce régime,
l’e↵et Hall, associé au di↵érentiel de vitesse entre les charges libres positives et négatives, joue un
rôle prépondérant et modifie fondamentalement la dynamique de l’écoulement. Ce projet, financé
par une bourse européenne Marie Curie, a permis de démontrer que la saturation de la MRI n’était
pas associée à de la turbulence mais à la formation de grandes structures qui stabilisaient localement
l’écoulement (Kunz & Lesur 2013, Lesur et al. 2014). Suite à ces résultats extrêmement intéres-

caveat emptor: numerical and physical convergence (e.g. Ryan+ 2017)

courtesy G. Lesur

Balbus Hawley 1991Wr� = h⇢(vrv� � vArvA�)i ⌘ ↵ hP i
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Hirose+ 2014

Evidence for α(T) in MRI simulations

• stratified shearing box 

• no net magnetic flux 

• radiative transfer 

• ideal MHD 

• opacities & thermodynamics 
appropriate to DN (& XRBs)

S-curve still present (Latter+ 2012) 

Increased α due to convection 
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Further evidence & non-ideal MHD sims
Scepi Lesur GD, submitted

• α is enhanced 

• role of convection unclear 

• resistivity (non-ideal MHD)  
quenches turbulence at low T 
(Gammie Menou 1998)

resistivity turned onideal MHD

no turbulence

Time

α



The good, the bad, the ugly
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Enhanced α connected to properties of MRI-driven turbulence

Lightcurves with α from MRI 
simulations don’t work well

No MRI-driven transport in quiescence ?!

3720 M. S. B. Coleman et al.

Figure 9. Visual magnitude light curves for six of the models listed in Table 1. The sawtooth-like features are reflares. The units for the listed mass transfer
rates are g s−1.

of the S-curve ends which leaves this point sensitive to αml. This
effect is even stronger on the critical point where the hot branch
starts, as this is where convection is the strongest. Higher values
of αml shift both critical points at which the S-curve bends closer
together, leading to a smaller Q"crit. This alters the global behaviour

of the disc and the outburst properties: the decay from the outburst
in a disc with αml = 6 starts at higher " and higher Teff, and less
mass is accreted and accumulated in the disc during the outburst
cycle. Therefore, more efficient convection produces outbursts that
are more frequent and of lower amplitude, and even lack quiescent

MNRAS 462, 3710–3726 (2016)
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Can a net vertical magnetic field help ?

Dubus, Porquerolles 9/2017

(1) <Bz>≠0 strongly enhances transport           

(2) may help sustain turbulence in 
quiescent branch (Fleming+ 2000) 

(3) messy: 

• origin & transport of <Bz>? 

• link to state changes ? 

• large-scale outflows ?

Accretion disc dynamos 861

Table 2. Fundamental properties of the MRI turbulence, all evaluated at
the disc mid-plane and time-averaged. From left to right the columns are:
simulation identification label, plasma-β̂ parameter, toroidal component of
β̂, poloidal component of β̂, effective α̂-viscosity parameter, Reynolds com-
ponent of α̂, and Maxwell component of α̂. Parentheses indicate the ±1σ

range on the last digit.

ID ⟨β̂mid⟩t ⟨β̂mid
y ⟩t ⟨β̂mid

p ⟩t ⟨α̂mid⟩t ⟨α̂mid
Rey⟩t ⟨α̂mid

Max⟩t

ZNVF 68(6) 81(7) 1.6(1)e3 0.0088(7) 0.0020(2) 0.0067(5)
NVF-β5 41(3) 49(3) 9.3(6)e2 0.014(1) 0.0034(3) 0.0111(8)
NVF-β4 17(1) 21(2) 2.9(4)e2 0.035(3) 0.008(1) 0.027(2)
NVF-β3 2.1(9) 3(1) 3(1)e1 0.3(1) 0.06(2) 0.22(9)
NVF-β2 0.4(1) 0.5(2) 7(2) 1.0(4) 0.16(8) 0.9(3)
NVF-β1 0.31(8) 0.5(1) 2.8(5) 1.1(3) 0.12(5) 1.0(3)

parametrized by the non-dimensional effective α-viscosity param-
eter (Shakura & Sunyaev 1973)

α = Txy

pgas
(15)

αRey = Txy,Rey

pgas
(16)

αMax = Txy,Max

pgas
, (17)

where Txy = Txy, Rey + Txy, Max is the xy (i.e. rφ) component of
the total stress tensor, with Reynolds stress and Maxwell stress
components,

Txy,Rey = ρvxv
′
y (18)

Txy,Max = −BxBy. (19)

For each simulation, Table 2 provides values for β̂ and α̂, along with
their individual components, all evaluated at the disc mid-plane and
time-averaged.

Fig. 1 shows the time evolution of α for each simulation. The
ZNVF shows a relatively small ⟨α⟩t = 0.015 ± 0.003 with little
temporal variability, consistent with the results from Davis et al.
(2010) and Simon et al. (2012). When a net vertical magnetic flux is
introduced, the rate of angular momentum transport becomes both
enhanced and more variable, achieving ⟨α⟩t = 2.3 ± 0.5 for the
simulation with the strongest net vertical magnetic flux NVF-β1.

Treating the initial value of β at the disc mid-plane as a control
parameter, Fig. 2 shows how α scales with βmid

0 . We find that the
scaling is well fitted by a single power law, which closely matches
the expected slope of −1/2. Our best fit has the form

⟨α⟩t = 1.1 × 101 (
βmid

0

)−0.53
. (20)

This relation holds over four orders of magnitude in βmid
0 (two orders

of magnitude in Bz), and covers almost the entire range of net fluxes
for which the flux (a) boosts the efficiency of transport as compared
to zero-net field simulations and (b) allows linearly unstable MRI
modes. Alternatively, we can choose to normalize the stress by the
magnetic pressure, αmag = ⟨Txy⟩V /⟨pB⟩V . With this definition, the
effective viscosity becomes essentially independent of βmid

0 ,

⟨αmag⟩t = 0.30
(
βmid

0

)−0.040
. (21)

These results are consistent with previous works that find power law
and nearly constant scalings with β for α and αmag (Hawley et al.

Figure 1. Time evolution of the effective viscosity parameter α =
⟨Txy⟩V /⟨pgas⟩V for each simulation: ZNVF (purple lines), NVF-β5 (blue
lines), NVF-β4 (green lines), NVF-β3 (orange lines), NVF-β2 (red lines),
and NVF-β1 (black lines). The vertical dashed line at time t = 25 orbits
marks the start of all time averaging in this work. The effective viscosity
parameter is relatively small for the ZNVF, but increases dramatically with
increasing net vertical magnetic flux, even exceeding unity for simulations
NVF-β2 and NVF-β1.

Figure 2. Time-averaged effective α-viscosity parameter as a function of
the initial disc mid-plane ratio of gas pressure-to-magnetic pressure for sim-
ulations with a net vertical magnetic flux. The angular momentum transport
rate ⟨α⟩t is set by βmid

0 , following a power-law relation with the net verti-
cal magnetic flux. Rather than normalizing the total stress by the gas pres-
sure, α = ⟨Txy⟩V /⟨pgas⟩V (circles), if we instead normalize by the magnetic
pressure, αmag = ⟨Txy⟩V /⟨pB ⟩V (squares), then αmag becomes essentially
independent of βmid

0 .

MNRAS 457, 857–874 (2016)
Downloaded from https://academic.oup.com/mnras/article-abstract/457/1/857/989734/Accretion-disc-dynamo-activity-in-local
by Biblio Planets user
on 05 September 2017

Salvesen+ 2016

zero net flux  
asymptote

↵ / (P0/B
2
0)

�0.5

no 
MRI

(Hawley+1995)



Flickering in accreting objects
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CV lightcurve (MV Lyr) flux-rms (Uttley & McHardy 2001)

Scaringi 2012



Propagating fluctuations
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Accretion fluctuations propagate inward, modulated at faster timescales at smaller R  

MRI-driven fluctuations too fast ?
(Lyubarskii 1997) 



MRI-driven variability ?
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Relevant timescale is MRI dynamo cycles (King+2004, Hogg & Reynolds 2016)

flux - rms from global MRI simulation

Hogg & Reynolds 2016

net flux, convection change dynamo timescale

<Bz>≠0 

<Bz>=0 

toroidal field reversals associated to dynamo

Salvesen+2017

[NB disk has h/r~0.1] (shearing box)



Grand Unification Theory feelings
• Scalings are puzzling 

• Unification by analogy: physical processes common to all objects 

– disk magnetosphere interaction 

– accretion flows 

– outflows & winds [?] 

• Many reasons for scalings to break: radiation, microphysics, thermodynamics… 

– consequences can be key to interpret observations (e.g. disk instability model) 

• Progress in connecting phenomenological models (& observations) with statistical 

properties of turbulence in disks from ab initio numerical simulations.
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