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cence between the 2004 outburst and the start of the
2008 outbursts (Galloway 2008). This estimate proved
to be accurate to within 1% of the recurrence period,
with the source returning to outburst on 2008 Aug 13
(Chakrabarty et al. 2008).
X-ray observations between the 2008 outbursts show

that IGR J00291+5934 reached a flux level consistent
with prior measurements during longer intervals of qui-
escence. On Aug 21 the Swift X-ray Telescope (XRT)
gave a 3 σ upper limit on the unabsorbed 2–10 keV flux
of 4.7×10−12 erg cm−2 s−1, and on Aug 25 an XMM ob-
servation detected the source at an unabsorbed 2–10 keV
flux of (1.4 ± 0.3) × 10−14 erg cm−2 s−1 (Lewis et al.
2010). In comparison, a Chandra observation nearly two
years after the 2004 outburst showed an unabsorbed 0.5–
10 keV flux of 1 × 10−13 erg cm−2 s−1 (Jonker et al.
2008). Because the accretion episodes during 2008 were
separated by a quiescent period during which accretion
was very low or halted entirely, we refer to them as two
separate outbursts, 2008a and 2008b.
In this paper, we present a detailed analysis of the 2008

outbursts of IGR J00291+5934 and the implications for
our understanding of recurrent X-ray transients. We de-
scribe the RXTE observations and data analysis in §2,
and we present the results of this analysis in §3. In §4 we
examine what the 2008 double outburst can tell us about
the theories of accretion disk instability. In §5 we con-
sider other evidence for changes in the accretion regime
at low fluxes, and in §6 we derive limits on the NS mag-
netic field. In §7 we discuss the long-term spin evolution
and the possible sources of torque on the NS. In a final
section, we summarize our results and conclusions.

2. OBSERVATIONS AND ANALYSIS

IGR J00291+5934 was found to be in outburst dur-
ing an RXTE monitoring observation on 2008 Aug 13
(Chakrabarty et al. 2008). RXTE observed the source
daily during this outburst (observation IDs 93013-07-*).
By Aug 22, the source had faded below the RXTE de-
tection threshold (∼1 × 10−11 erg cm−2 s−1). Intensive
RXTE observation ended on Aug 30, and the program
of twice-weekly ≈1 ks monitoring observations (obser-
vation IDs 93435-01-*) resumed. On Sep 18, an opti-
cal observation found the source to have unexpectedly
re-brightened, and a Swift XRT observation on Sep 20
confirmed that IGR J00291+5934 was again in outburst
(Lewis et al. 2008). Longer, more frequent RXTE obser-
vations resumed shortly thereafter. This second outburst
persisted through Oct 3. During the first outburst, 20
RXTE observations were taken, totaling 75.3 ks of ex-
posure; during the second, 12 observations were taken,
totaling 37.9 ks. Figure 1 shows the RXTE light curve
of these outbursts and the times of observations.
We analyzed the data from the RXTE Proportional

Counter Array (PCA; Jahoda et al. 1996), which com-
prises five identical, co-aligned proportional counter units
(PCUs) sensitive to 2.5–60 keV photons within≈1◦ of the
pointing axis. Due to the increased frequency of high-
voltage breakdowns in the PCUs (Jahoda et al. 2006),
an average of only 1.7 PCUs were taking usable data
during the observations. (For comparison, an average
of 2.8 PCUs were active during the 2004 outburst of
IGR J00291+5934.) The resulting mean effective area
during the 2008 outbursts was 2100 cm2.

Fig. 1.— The RXTE PCA light curve of the 2008 outbursts from
IGR J00291+5934. The horizontal dotted line shows the estimated
contribution from the nearby intermediate polar V709 Cas.

We derived outburst light curves using only PCU 2,
which was active throughout all the observations. We fit
each observation with an absorbed blackbody plus power
law model using XSPEC and the latest PCA response
matrix (version 11.7) to estimate the 2.5–25 keV flux
and its uncertainty. Note that the absorbed fluxes are
given throughout this paper (i.e., the flux as observed by
RXTE ). Instrumental background levels were estimated
using the FTOOL pcabackest.5

The large field of view of the PCA also admits photons
from the nearby intermediate polar V709 Cas, located 17
arcmin from IGR J00291+5934. For all observations the
RXTE science axis was pointed at IGR J00291+5934,
resulting in the PCA collimator admitting 70% of the
photons from V709 Cas (using the linear collimator
model from §8.3 of Jahoda et al. 2006). We estimated
its contribution using the monitoring observations of
the IGR J00291+5934 field that preceded and followed
the 2008 outbursts. The mean 2.5–25 keV flux was
0.68 × 10−10 erg cm−2 s−1 after subtracting the instru-
mental background, implying an unattenuated flux from
V709 Cas of 1.0 × 10−10 erg cm−2 s−1. Earlier obser-
vations suggest that its 2.5–25 keV flux varies within
(0.9–1.3)× 10−10 erg cm−2 s−1 (de Martino et al. 2001;
Falanga et al. 2005a; and references therein), consistent
with our results. The uncertainty in our V709 Cas
flux measurements sets a PCA detection threshold of
∼1 × 10−11 erg cm−2 s−1 for IGR J00291+5934. The
flux of V709 Cas is modulated by its 312.8 s rotational
period (Haberl & Motch 1995) with a fractional ampli-
tude of 20–30% (de Martino et al. 2001). When dividing
RXTE observations into shorter intervals, we chose in-
tegral multiples of the V709 Cas period to simplify the
estimation of its contribution.
For our coherent timing analysis, we included 2–15 keV

photons to maximize the signal to noise ratio. We shifted
the photon arrival times to the solar system barycenter
using the DE405 solar system ephemeris and the optical
and near-infrared position given by Torres et al. (2008):
R.A. = 00h29m03.s05±0.s01, decl. = +59◦34′18.′′93±0.′′05

5 http://heasarc.gsfc.nasa.gov/docs/xte/recipes/pcabackest.html
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�Hz⇥ and the new measurements of �H⇥ will be published in a paper currently
in preparation.

2. Results

In order to characterise the intensity of the magnetic field of a given star with a
single number, I use the average of all the measurements of its mean magnetic
field modulus, �H⇥av. This is justified by the fact that �H⇥ depends little on
the geometry of the observation (the angle between the magnetic axis and the
line of sight), and that in most cases, its amplitude of variation is fairly small
compared to its average value.

Figure 1. Observed average of the mean magnetic field modulus against rotation

period. Dots: stars with known rotation periods; triangles: stars for which only the

lower limit of the period is known. Open symbols are used to distinguish those stars

for which our measurements do not cover the whole rotation cycle. The horizontal

and vertical dashed lines, corresponding resp. to hHiav = 7.5 kG and to Prot = 150 d,

emphasise the absence of very strong magnetic fields in the stars with the slowest

rotation (see text for details).

In Figure 1, �H⇥av is plotted against the rotation period Prot for those stars
of the sample for which the latter, or at least a lower limit of it, could be
determined. This figure, which is an updated version of Fig. 50 of Mathys et
al. (1997), fully confirms the result inferred from the latter, that very strong
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(Chakrabarty et al. 2008).
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and its uncertainty. Note that the absorbed fluxes are
given throughout this paper (i.e., the flux as observed by
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resulting in the PCA collimator admitting 70% of the
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the IGR J00291+5934 field that preceded and followed
the 2008 outbursts. The mean 2.5–25 keV flux was
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vations suggest that its 2.5–25 keV flux varies within
(0.9–1.3)× 10−10 erg cm−2 s−1 (de Martino et al. 2001;
Falanga et al. 2005a; and references therein), consistent
with our results. The uncertainty in our V709 Cas
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(Chakrabarty et al. 2008).
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servation detected the source at an unabsorbed 2–10 keV
flux of (1.4 ± 0.3) × 10−14 erg cm−2 s−1 (Lewis et al.
2010). In comparison, a Chandra observation nearly two
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10 keV flux of 1 × 10−13 erg cm−2 s−1 (Jonker et al.
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We derived outburst light curves using only PCU 2,
which was active throughout all the observations. We fit
each observation with an absorbed blackbody plus power
law model using XSPEC and the latest PCA response
matrix (version 11.7) to estimate the 2.5–25 keV flux
and its uncertainty. Note that the absorbed fluxes are
given throughout this paper (i.e., the flux as observed by
RXTE ). Instrumental background levels were estimated
using the FTOOL pcabackest.5

The large field of view of the PCA also admits photons
from the nearby intermediate polar V709 Cas, located 17
arcmin from IGR J00291+5934. For all observations the
RXTE science axis was pointed at IGR J00291+5934,
resulting in the PCA collimator admitting 70% of the
photons from V709 Cas (using the linear collimator
model from §8.3 of Jahoda et al. 2006). We estimated
its contribution using the monitoring observations of
the IGR J00291+5934 field that preceded and followed
the 2008 outbursts. The mean 2.5–25 keV flux was
0.68 × 10−10 erg cm−2 s−1 after subtracting the instru-
mental background, implying an unattenuated flux from
V709 Cas of 1.0 × 10−10 erg cm−2 s−1. Earlier obser-
vations suggest that its 2.5–25 keV flux varies within
(0.9–1.3)× 10−10 erg cm−2 s−1 (de Martino et al. 2001;
Falanga et al. 2005a; and references therein), consistent
with our results. The uncertainty in our V709 Cas
flux measurements sets a PCA detection threshold of
∼1 × 10−11 erg cm−2 s−1 for IGR J00291+5934. The
flux of V709 Cas is modulated by its 312.8 s rotational
period (Haberl & Motch 1995) with a fractional ampli-
tude of 20–30% (de Martino et al. 2001). When dividing
RXTE observations into shorter intervals, we chose in-
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estimation of its contribution.
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Strong rapid variability in accreting 
magnetic stars

2 Hartman et al.

cence between the 2004 outburst and the start of the
2008 outbursts (Galloway 2008). This estimate proved
to be accurate to within 1% of the recurrence period,
with the source returning to outburst on 2008 Aug 13
(Chakrabarty et al. 2008).
X-ray observations between the 2008 outbursts show

that IGR J00291+5934 reached a flux level consistent
with prior measurements during longer intervals of qui-
escence. On Aug 21 the Swift X-ray Telescope (XRT)
gave a 3 σ upper limit on the unabsorbed 2–10 keV flux
of 4.7×10−12 erg cm−2 s−1, and on Aug 25 an XMM ob-
servation detected the source at an unabsorbed 2–10 keV
flux of (1.4 ± 0.3) × 10−14 erg cm−2 s−1 (Lewis et al.
2010). In comparison, a Chandra observation nearly two
years after the 2004 outburst showed an unabsorbed 0.5–
10 keV flux of 1 × 10−13 erg cm−2 s−1 (Jonker et al.
2008). Because the accretion episodes during 2008 were
separated by a quiescent period during which accretion
was very low or halted entirely, we refer to them as two
separate outbursts, 2008a and 2008b.
In this paper, we present a detailed analysis of the 2008

outbursts of IGR J00291+5934 and the implications for
our understanding of recurrent X-ray transients. We de-
scribe the RXTE observations and data analysis in §2,
and we present the results of this analysis in §3. In §4 we
examine what the 2008 double outburst can tell us about
the theories of accretion disk instability. In §5 we con-
sider other evidence for changes in the accretion regime
at low fluxes, and in §6 we derive limits on the NS mag-
netic field. In §7 we discuss the long-term spin evolution
and the possible sources of torque on the NS. In a final
section, we summarize our results and conclusions.

2. OBSERVATIONS AND ANALYSIS

IGR J00291+5934 was found to be in outburst dur-
ing an RXTE monitoring observation on 2008 Aug 13
(Chakrabarty et al. 2008). RXTE observed the source
daily during this outburst (observation IDs 93013-07-*).
By Aug 22, the source had faded below the RXTE de-
tection threshold (∼1 × 10−11 erg cm−2 s−1). Intensive
RXTE observation ended on Aug 30, and the program
of twice-weekly ≈1 ks monitoring observations (obser-
vation IDs 93435-01-*) resumed. On Sep 18, an opti-
cal observation found the source to have unexpectedly
re-brightened, and a Swift XRT observation on Sep 20
confirmed that IGR J00291+5934 was again in outburst
(Lewis et al. 2008). Longer, more frequent RXTE obser-
vations resumed shortly thereafter. This second outburst
persisted through Oct 3. During the first outburst, 20
RXTE observations were taken, totaling 75.3 ks of ex-
posure; during the second, 12 observations were taken,
totaling 37.9 ks. Figure 1 shows the RXTE light curve
of these outbursts and the times of observations.
We analyzed the data from the RXTE Proportional

Counter Array (PCA; Jahoda et al. 1996), which com-
prises five identical, co-aligned proportional counter units
(PCUs) sensitive to 2.5–60 keV photons within≈1◦ of the
pointing axis. Due to the increased frequency of high-
voltage breakdowns in the PCUs (Jahoda et al. 2006),
an average of only 1.7 PCUs were taking usable data
during the observations. (For comparison, an average
of 2.8 PCUs were active during the 2004 outburst of
IGR J00291+5934.) The resulting mean effective area
during the 2008 outbursts was 2100 cm2.

Fig. 1.— The RXTE PCA light curve of the 2008 outbursts from
IGR J00291+5934. The horizontal dotted line shows the estimated
contribution from the nearby intermediate polar V709 Cas.

We derived outburst light curves using only PCU 2,
which was active throughout all the observations. We fit
each observation with an absorbed blackbody plus power
law model using XSPEC and the latest PCA response
matrix (version 11.7) to estimate the 2.5–25 keV flux
and its uncertainty. Note that the absorbed fluxes are
given throughout this paper (i.e., the flux as observed by
RXTE ). Instrumental background levels were estimated
using the FTOOL pcabackest.5

The large field of view of the PCA also admits photons
from the nearby intermediate polar V709 Cas, located 17
arcmin from IGR J00291+5934. For all observations the
RXTE science axis was pointed at IGR J00291+5934,
resulting in the PCA collimator admitting 70% of the
photons from V709 Cas (using the linear collimator
model from §8.3 of Jahoda et al. 2006). We estimated
its contribution using the monitoring observations of
the IGR J00291+5934 field that preceded and followed
the 2008 outbursts. The mean 2.5–25 keV flux was
0.68 × 10−10 erg cm−2 s−1 after subtracting the instru-
mental background, implying an unattenuated flux from
V709 Cas of 1.0 × 10−10 erg cm−2 s−1. Earlier obser-
vations suggest that its 2.5–25 keV flux varies within
(0.9–1.3)× 10−10 erg cm−2 s−1 (de Martino et al. 2001;
Falanga et al. 2005a; and references therein), consistent
with our results. The uncertainty in our V709 Cas
flux measurements sets a PCA detection threshold of
∼1 × 10−11 erg cm−2 s−1 for IGR J00291+5934. The
flux of V709 Cas is modulated by its 312.8 s rotational
period (Haberl & Motch 1995) with a fractional ampli-
tude of 20–30% (de Martino et al. 2001). When dividing
RXTE observations into shorter intervals, we chose in-
tegral multiples of the V709 Cas period to simplify the
estimation of its contribution.
For our coherent timing analysis, we included 2–15 keV

photons to maximize the signal to noise ratio. We shifted
the photon arrival times to the solar system barycenter
using the DE405 solar system ephemeris and the optical
and near-infrared position given by Torres et al. (2008):
R.A. = 00h29m03.s05±0.s01, decl. = +59◦34′18.′′93±0.′′05

5 http://heasarc.gsfc.nasa.gov/docs/xte/recipes/pcabackest.html

Unusual X-ray Outbursts (compared 
with black hole binaries)

Accretion flow/B field interaction 
changes stellar properties

Changes in stellar properties 
reveal accretion flow physics
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Channelled accretion onto strong B field

Free-falling, spherically-
symmetric gas: 

B controls gas dynamics 
when Pmag ~ Pfree fall:

[Romanova et al. 2003]
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Channelled accretion onto strong B field

Free-falling, spherically-
symmetric gas: 

B controls gas dynamics 
when Pmag ~ Pfree fall:

[Romanova et al. 2003]

BUT: differential 
rotation between 

star and disc

Rm – magnetospheric radius

µ = B⇤R
3
⇤
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  Field lines anchor in ionized 
disc
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Differential rotation shears field

  Field lines anchor in ionized 
disc
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Field lines inflate and open, 
severing connection to star
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Field lines inflate and open, 
severing connection to star

Differential rotation shears field

  Field lines anchor in ionized 
disc
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and does not address stellar jets. The disk in this model is
threaded by the pulsarÏs magnetic �eld. Flow in the disk far
from the star is dominated by viscous stresses and is essen-
tially Keplerian. At closer radii, magnetic stresses begin to
play a role, resulting in a broad transition zone in which the
Ñow ceases to be Keplerian and makes a transition to coro-
tation. Finally, close to the star, the magnetic stresses domi-
nate, the disk is truncated, and plasma Ñows along magnetic
�eld lines onto the star.

Ghosh & Lamb invoke di†usive(1978, 1979a, 1979b)
instabilities in the disk to prevent the �eld lines that thread
the transition zone from continuously wrapping up. This is
an important assumption, as will be shown later, and allows
the torque on the star to be determined by the location of
the corotation point, the point at which the plasma in the
disk is in corotation with the star, with respect to the tran-
sition zone. Ghosh & Lamb point out that there may be no
steady solution to the Ñow should the frozen-in Ñux approx-
imation hold in the transition zone.

et al. hereafter examined theLovelace (1995, LRBK)
magnetic accretion model of Ghosh & Lamb under the
condition of very high conductivity and predicted that dif-
ferential rotation between the star and the disk would cause
the �eld connecting the two to become twisted, inducing an
azimuthal component and rapidly inÑating the poloidal
component of the �eld. This prediction is consistent with
the work of and & Kuijpers TheZylstra (1988) Aly (1990).
work of as well as the work presented here, ignoresLRBK,
the issue of how the magnetic �eld manages to thread the
accretion disk initially.

show that if the star and disk are rotating atLRBK
di†erent rates and if magnetic di†usion in the disk is com-
parable to or less than the hydrodynamic viscosity, then the
magnetic �eld lines will be wrapped up. This wrapping of
the �eld induces an azimuthal component, The induc-BÕ.
tion of an azimuthal �eld increases the overall magnetic
energy density. Given that the plasma above the disk is thin
but conducting, the excess magnetic energy density (or mag-
netic pressure) will work to ““ pu† out ÏÏ the �eld lines con-

FIG. 2.ÈAfter poloidal �eld that initially connects the star to aLRBK;
region of the accretion disk that is rotating at a di†erent rate is wrapped
up, inducing a component that increases the total B �eld. This increaseBÕin magnetic energy density causes the loops that connect the star to the
disk to inÑate rapidly.

necting the star to the disk. This is illustrated in IfFigure 2.
the plasma above and below the disk is sufficiently thin and
cold so that the Alfve⇢ n speed B/(4no)0.5 is much greater
than the sound speed, the expansion can be thought of as an
evolution through a series of force-free con�gurations, each
with higher energy than its predecessor.

predict that the rapid expansion of poloidal �eldLRBK
leads to three �eld regions close to the star : a closed stellar
magnetosphere, a region of e†ectively open �eld that con-
nects to the poles of the star, and a region of e†ectively open
�eld that threads the disk (see While the open-�eldFig. 3).
lines that thread the disk may actually connect to the star
via a very long and extended loop (if the system is in iso-
lation and only a �nite amount of evolution has occurred),
they may be thought of as e†ectively open in that it is
difficult to transfer magnetic stresses from the star to the
disk, and disk plasma has no easy magnetic access to the
star. go on to estimate the impact of the �eld con-LRBK
�guration shown in on accretion/torque relations.Figure 3

do not describe the transient magnetic �eld con-LRBK
�guration associated with the expansion, but it will be
shown in following sections that the expansion process itself
drives an outÑow. As the loops that connect the star to the
disk expand, plasma attached to those loops is driven either

FIG. 3.ÈFinal magnetic �eld con�guration close to the star, as predicted by The �eld has three distinct regions : a closed stellar magnetosphere, anLRBK.
e†ectively open disk �eld, and an e†ectively open stellar �eld. Note that plasma attached to open disk �eld lines has no magnetic access to the star.

[Lovelace et al. 1995]

Rm = �1/5(16GM⇤)
�1/10r3/10c µ2/5Ṁ�1/5

Global Field Topology

rc =

✓
GM⇤
�2

⇤

◆1/3

Rm depends on Co-
rotation radius: 

Keplerian disc rotation = 
stellar spin
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Dynamic picture of 
accretion/outflow 
supported by 
simulations

e.g. Miller & Stone 1997, Hayashi 
et al. 1996, Goodson et al. 1997, 
Romanova, Lovelace, Ustyugova, 

Lii et al. 2002-2013, Zanni & 
Ferreira 2013 

Uncertainties:
• How much field 
reconnects?
• How quickly can field 
diffuse through disc?
• How is an outflow 
launched? how much 
material is expelled? 

Romanova et al. 2009
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Romanova et al. 2009
Need FULL MHD 

SIMULATIONS to answer these 
questions: stellar B field interacts 

with MRI in disk: these now 
possible (Romanova et al. 2012)
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Rm <  Rcorot:
•Angular momentum is 

extracted from the disc
•Accretion onto star
•Spin-up

Rm > Rcorot:

•Angular momentum is added 
to the disc
•Spin-down of the star
•Expelled outflow (?)
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Centrifugal barrier to accretion
Rm > Rcorot: star spins faster than disc – ‘propeller’

Illarianov & Sunyaev 
(1975)
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Centrifugal barrier to accretion
Rm > Rcorot: star spins faster than disc – ‘propeller’

vs.

Illarianov & Sunyaev 
(1975) Spruit & Taam (1993); D’Angelo & Spruit (2010)
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Centrifugal barrier to accretion
Rm > Rcorot: star spins faster than disc – ‘propeller’

Most gas is not necessarily 
expelled!

vs.

Illarianov & Sunyaev 
(1975) Spruit & Taam (1993); D’Angelo & Spruit (2010)
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Accretion discs without accretion

Dead disc: angular momentum 
added by disc-field interaction 
carried out through disc
 (Sunyaev & Shakura, 1977)

Mass is stored in disc 
around Rm

If relative velocity between 
disc and star is not large 
(rm<1.3 rc): not enough 
energy to expel gas
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Episodic Accretion Bursts

1
*

M

Rcorot
R6

M1
*

1
K

>

Centrifugal 
barrier piles up 

gas near Rcorot...

Thursday, January 23, 14



Episodic Accretion Bursts
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6 C. R. D’Angelo & H. C. Spruit
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Figure 3. Instability map in [ṁ,∆r/rin], keeping ∆r2/rin = 0.014
fixed. The shaded regions denote unstable simulations. The instability oc-
curs in two nearly disconnected regions of the parameter space.In this
slice, one (RI) is present over a large range in∆r/rin and ṁ, the other
in a small region in∆r/rin at ṁ ! ṁc (RII).
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Figure 4. Instability map in [ṁ,∆r2/rin], keeping ∆r/rin fixed at 0.05,
with shaded areas denoting unstable cases. The two regions of the instability
are more clearly separated than in the slice of fig. 3. RI only occurs for
very small values of ∆r2/rin while RII occurs around ṁ ! ṁc, over a
large range in∆r2/rin, extending beyond the region of the graph.

the range ∆r/rin = [0.02, 0.28] and ṁ/ṁc = [10−6, 6.]. Fig-
ure 4 surveys the same range in ṁ and the range ∆r2/rin =
[0.004, 0.14], keeping∆r/rin fixed at 0.05. The figures (especially
figure 4) show that there are two distinct regions in which the in-
stability is active, which we call RI and RII.

The instability has different properties in the two regions: the
period, shape and amplitude of the outburst are all qualitatively dif-
ferent, as we demonstrate further below.

The first instability region (RI) appears in a small range
of ∆r2/rin = [0.002, 0.03], but over a considerable range in
∆r/rin (up to 0.25) and five orders of magnitude in accretion rate:
ṁ/ṁc ! [10−6, 10−1]. This instability region was the focus of
our study in DS10a, where we discussed in detail the appearance
of the instability. (The phenomena summarized below can be seen
in figs. 4,5 and 6 of that paper.) The instability is characterized by
large amplitude outbursts followed by long periods of quiescence
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Figure 5. The accretion instability in RII, the second instability region for
∆r/rin = 0.05 and ṁ = 1.05ṁc. The instability only manifests around
ṁ ! ṁc, but occurs over a large range in ∆r2/rin, the transition length
between accreting and non-accreting states. Unlike the RI instability, the ac-
cretion rate never drops to zero during the quiescent phase of the instability.

in which the accretion rate drops to zero. The duty cycle for the in-
stability depends on all three parameters, decreasing significantly
as the mean accretion rate drops (and mass takes longer to accumu-
late to power another cycle). The outburst profile generally takes
the shape of a relaxation oscillator, with an initial accretion peak
followed by a tail of much lower amplitude accretion. Additionally,
during the long phase of the outburst suboscillations sometimes ap-
pear in the accretion profile. These suboscillations have a much
higher frequency than the overall burst, and appear to be the sec-
ond instability (RII) superimposed on the outburst while the mean
acccretion rate onto the star is temporarily higher. As the mean ac-
cretion rate is decreased, the outburst becomes shorter and shorter,
until finally it simply appears as a single spike of accretion followed
by a long period of quiescence. (very nicely said!)

The second instability region (RII) occurs only around
ṁ/ṁc ! 1, in a relatively small range of ∆r/rin = [0.01, 0.07],
but over a large range in∆r2/rin. (We have truncated the figure off
at∆r2/rin to make RI more prominent, but additional simulations
show that the instability continues to larger values of ∆r2/rin, up
to at least 0.4). Fig 5 shows four sample simulations for RII taken
from the output of our [∆r2, ṁ] set of simulations. The simula-
tions all have ṁ = 1.05ṁc and ∆r/rin = 0.05, with increasing
∆r2/rin from bottom to top: ∆r2/rin = [0.028, 0.05, 0.1, 0.15].
The instability has a different character from the RI instability.
The quiescent phase is absent and there is always some accretion
onto the star, even during the low phase of the cycle. The shape of
the instability is also significantly different from the RI instability:
there is no adiitional higher frequency oscillation, and the out-
burst profile is smoother. In particular, the initial spike of accretion
seen in RI is completely absent. The profile is nearly sinusoidal
for small values of∆r2/rin (although the duty-cycle is always less
than 0.5). For larger values of ∆r2/rin, the outburst is character-
ized by a rapid rise, followed by a decaying plateau and then rapid
decline to the low phase of the cycle.

c© 2010 RAS, MNRAS 000, 1–14

[D’Angelo & Spruit, 2012]

Accretion burst

Time [tvisc,Rstar]

Storing matter

Examples of accretion bursts
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‘Effective’ coupled region between star and disc 
(angular momentum transfer to disc)

Transition region between spin-up and spin-down solutions
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‘Effective’ coupled region between star and disc 
(angular momentum transfer to disc)

Transition region between spin-up and spin-down solutions

Can this mechanism 
explain observed variability 

in accreting magnetic 
stars?
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Accretion Variability in Young Stars

 TTauri star with outburst every 2-3yrs 
- 2008 outburst: x100 increase in 
luminosity V 10 mag (quiescent: 13-14)
- Duration ~300 days
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Qualitative agreement with 
D’Angelo & Spruit (2010, 2012) 
model: accretion rate, burst shape, 
burst duration, recurrence time

Juhasz et al. 2012

EX Lupi
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Qualitative agreement with 
D’Angelo & Spruit (2010, 2012) 
model: accretion rate, burst shape, 
burst duration, recurrence time

Juhasz et al. 2012

EX Lupi

EXors: extreme of common 
behaviour? [Lorenzetti+ 2012] 

New IR variability surveys 
[Scholz 2012]

Similar behaviour in other sources: 
V2492 Cyg, [Hillenbrand+ 2013]

V1647 Ori [Mosoni + 2013]
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Accreting ms X-ray Pulsars

• Transient X-ray binaries (Lx 1032-1038 
ergs/s)

• Neutron star host with small magnetic 
fields (108-109 G) and coherent 
pulsations (proof of magnetospheric 
accretion); sometimes transient 
pulsations (Aql X-1)

• Except for coherent pulsations, 
resemble Atoll sources (NS hosts with 
undetected fields): suggest disc 
truncation could be common 
(especially at low accretion rates)
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NGC 6440 X-2: QPOs and recurrent outbursts�!���'������(
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Instability Timescales
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Weak Recurrent Outbursts?
New evidence for dead disc: 

weak, rapidly recurring 
outbursts

Gas remains in inner disc during 
brief quiescence

IGR J00291+5934 (Hartman et 
al. 2011)

NGC 6440 X-2 shows similar 
behaviour

(Heinke et al. 2010)

Reflares in SAX J1808.4-3658

Persistent NS sources?

2 Hartman et al.

cence between the 2004 outburst and the start of the
2008 outbursts (Galloway 2008). This estimate proved
to be accurate to within 1% of the recurrence period,
with the source returning to outburst on 2008 Aug 13
(Chakrabarty et al. 2008).
X-ray observations between the 2008 outbursts show

that IGR J00291+5934 reached a flux level consistent
with prior measurements during longer intervals of qui-
escence. On Aug 21 the Swift X-ray Telescope (XRT)
gave a 3 σ upper limit on the unabsorbed 2–10 keV flux
of 4.7×10−12 erg cm−2 s−1, and on Aug 25 an XMM ob-
servation detected the source at an unabsorbed 2–10 keV
flux of (1.4 ± 0.3) × 10−14 erg cm−2 s−1 (Lewis et al.
2010). In comparison, a Chandra observation nearly two
years after the 2004 outburst showed an unabsorbed 0.5–
10 keV flux of 1 × 10−13 erg cm−2 s−1 (Jonker et al.
2008). Because the accretion episodes during 2008 were
separated by a quiescent period during which accretion
was very low or halted entirely, we refer to them as two
separate outbursts, 2008a and 2008b.
In this paper, we present a detailed analysis of the 2008

outbursts of IGR J00291+5934 and the implications for
our understanding of recurrent X-ray transients. We de-
scribe the RXTE observations and data analysis in §2,
and we present the results of this analysis in §3. In §4 we
examine what the 2008 double outburst can tell us about
the theories of accretion disk instability. In §5 we con-
sider other evidence for changes in the accretion regime
at low fluxes, and in §6 we derive limits on the NS mag-
netic field. In §7 we discuss the long-term spin evolution
and the possible sources of torque on the NS. In a final
section, we summarize our results and conclusions.

2. OBSERVATIONS AND ANALYSIS

IGR J00291+5934 was found to be in outburst dur-
ing an RXTE monitoring observation on 2008 Aug 13
(Chakrabarty et al. 2008). RXTE observed the source
daily during this outburst (observation IDs 93013-07-*).
By Aug 22, the source had faded below the RXTE de-
tection threshold (∼1 × 10−11 erg cm−2 s−1). Intensive
RXTE observation ended on Aug 30, and the program
of twice-weekly ≈1 ks monitoring observations (obser-
vation IDs 93435-01-*) resumed. On Sep 18, an opti-
cal observation found the source to have unexpectedly
re-brightened, and a Swift XRT observation on Sep 20
confirmed that IGR J00291+5934 was again in outburst
(Lewis et al. 2008). Longer, more frequent RXTE obser-
vations resumed shortly thereafter. This second outburst
persisted through Oct 3. During the first outburst, 20
RXTE observations were taken, totaling 75.3 ks of ex-
posure; during the second, 12 observations were taken,
totaling 37.9 ks. Figure 1 shows the RXTE light curve
of these outbursts and the times of observations.
We analyzed the data from the RXTE Proportional

Counter Array (PCA; Jahoda et al. 1996), which com-
prises five identical, co-aligned proportional counter units
(PCUs) sensitive to 2.5–60 keV photons within≈1◦ of the
pointing axis. Due to the increased frequency of high-
voltage breakdowns in the PCUs (Jahoda et al. 2006),
an average of only 1.7 PCUs were taking usable data
during the observations. (For comparison, an average
of 2.8 PCUs were active during the 2004 outburst of
IGR J00291+5934.) The resulting mean effective area
during the 2008 outbursts was 2100 cm2.

Fig. 1.— The RXTE PCA light curve of the 2008 outbursts from
IGR J00291+5934. The horizontal dotted line shows the estimated
contribution from the nearby intermediate polar V709 Cas.

We derived outburst light curves using only PCU 2,
which was active throughout all the observations. We fit
each observation with an absorbed blackbody plus power
law model using XSPEC and the latest PCA response
matrix (version 11.7) to estimate the 2.5–25 keV flux
and its uncertainty. Note that the absorbed fluxes are
given throughout this paper (i.e., the flux as observed by
RXTE ). Instrumental background levels were estimated
using the FTOOL pcabackest.5

The large field of view of the PCA also admits photons
from the nearby intermediate polar V709 Cas, located 17
arcmin from IGR J00291+5934. For all observations the
RXTE science axis was pointed at IGR J00291+5934,
resulting in the PCA collimator admitting 70% of the
photons from V709 Cas (using the linear collimator
model from §8.3 of Jahoda et al. 2006). We estimated
its contribution using the monitoring observations of
the IGR J00291+5934 field that preceded and followed
the 2008 outbursts. The mean 2.5–25 keV flux was
0.68 × 10−10 erg cm−2 s−1 after subtracting the instru-
mental background, implying an unattenuated flux from
V709 Cas of 1.0 × 10−10 erg cm−2 s−1. Earlier obser-
vations suggest that its 2.5–25 keV flux varies within
(0.9–1.3)× 10−10 erg cm−2 s−1 (de Martino et al. 2001;
Falanga et al. 2005a; and references therein), consistent
with our results. The uncertainty in our V709 Cas
flux measurements sets a PCA detection threshold of
∼1 × 10−11 erg cm−2 s−1 for IGR J00291+5934. The
flux of V709 Cas is modulated by its 312.8 s rotational
period (Haberl & Motch 1995) with a fractional ampli-
tude of 20–30% (de Martino et al. 2001). When dividing
RXTE observations into shorter intervals, we chose in-
tegral multiples of the V709 Cas period to simplify the
estimation of its contribution.
For our coherent timing analysis, we included 2–15 keV

photons to maximize the signal to noise ratio. We shifted
the photon arrival times to the solar system barycenter
using the DE405 solar system ephemeris and the optical
and near-infrared position given by Torres et al. (2008):
R.A. = 00h29m03.s05±0.s01, decl. = +59◦34′18.′′93±0.′′05

5 http://heasarc.gsfc.nasa.gov/docs/xte/recipes/pcabackest.html

Hartman et al., 2011

Interplay between 
ionization instability and 

disc-field interaction
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Long-term Evolution of a Dead Disc
What happens when accretion rate decreases?

Propeller: disc is expelled; Rm moves far from Rcorot
Dead Disc: inner disc stays near Rcorot – spin-down can 
continue indefinitely

Relevant Timescale:
ratio of viscous and 

spin-down 
timescale in the disc
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Figure 4. The evolution from an accreting to a non-accreting disc, for increasing (top to bottom) ratios of Tvisc/TSD (with∆r/rin = 0.1,∆r2/rin = 0.04).
From top to bottom, the ratio Tvisc/TSD is 2.5× [10−9, 10−7, 10−5, 10−4]. As the ratio between the two timescales decreases, the disc is not able to move
outwards as quickly before the star begins to spin down, so that rin will always remain close to rc.
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Figure 6. Discs starting outside corotation and spreading inward. Evolution
of rin/rc for different initialrout. From top to bottom: rout,0 = 10rin,0
(dotted curve), 102 (dashed curve), 103 (dash-dotted curve), and 104 (triple
dash-dotted curve) rin at t = 0. Larger discs have a larger reservoir of
matter, so that they can sustain a larger ṁ (so smaller rin) as rc increases
due to spindown of the star.

cally. In the largest disc, rout,0/rin,0 = 104, the evolution is the
same as in the smaller discs at early times, but rin/rc continues to
decline for much longer until it reaches a minimum at around 107t∗
when it finally turns over.

The minimum value of rin/rc is determined by the amount of
mass in the disc available for accretion. The larger discs have more
mass, which sustains the accretion rate onto the star for a longer
time before the drop in surface density causes rin to move outward
again.

The bottom panel of Fig. 7 shows the evolution of rin and
rc for rout,0 = 10 rin,0. The evolution is qualitatively the same
as we derived in the analytic approximation in Sec. 4.3. Initially
rin remains fixed as rc starts to evolve outwards, until rc moves
close enough to rin that accretion can begin. The inner radius then
evolves outward at approximately the same rate as rc as the star
spins down. The variation between different simulations is empha-
sized in the top panel of Fig. 7. Here we plot the evolution of
rc (thick curves, red) and rin (thin curves, black) for the discs
with rout,0/rin,0 = [102, 103, 104], divided by the solution for
rout,0/rin,0 = 10. For larger discs the accretion rate is higher, so
that rin can move closer to rc. In the three smaller discs, the ac-
creted mass adds a negligible amount of angular momentum to the
star, so that as rin moves closer to rc. As a result, the spin-down
torque simply becomes more efficient, and rc spins down faster.
After 107t∗ rc for the disc with rout,0/rin,0 = 103 is more than

c© 2010 RAS, MNRAS 000, 1–14
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time before the drop in surface density causes rin to move outward
again.

The bottom panel of Fig. 7 shows the evolution of rin and
rc for rout,0 = 10 rin,0. The evolution is qualitatively the same
as we derived in the analytic approximation in Sec. 4.3. Initially
rin remains fixed as rc starts to evolve outwards, until rc moves
close enough to rin that accretion can begin. The inner radius then
evolves outward at approximately the same rate as rc as the star
spins down. The variation between different simulations is empha-
sized in the top panel of Fig. 7. Here we plot the evolution of
rc (thick curves, red) and rin (thin curves, black) for the discs
with rout,0/rin,0 = [102, 103, 104], divided by the solution for
rout,0/rin,0 = 10. For larger discs the accretion rate is higher, so
that rin can move closer to rc. In the three smaller discs, the ac-
creted mass adds a negligible amount of angular momentum to the
star, so that as rin moves closer to rc. As a result, the spin-down
torque simply becomes more efficient, and rc spins down faster.
After 107t∗ rc for the disc with rout,0/rin,0 = 103 is more than
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Ap stars are slow rotators: residual dead discs?

Final spin rate depends on 
initial disc conditions 

(inclination, disc size, effective 
viscosity)

Could (qualitatively) explain 
observed spin rates of Ap 

stars

218 G. Mathys

�Hz⇥ and the new measurements of �H⇥ will be published in a paper currently
in preparation.

2. Results

In order to characterise the intensity of the magnetic field of a given star with a
single number, I use the average of all the measurements of its mean magnetic
field modulus, �H⇥av. This is justified by the fact that �H⇥ depends little on
the geometry of the observation (the angle between the magnetic axis and the
line of sight), and that in most cases, its amplitude of variation is fairly small
compared to its average value.

Figure 1. Observed average of the mean magnetic field modulus against rotation

period. Dots: stars with known rotation periods; triangles: stars for which only the

lower limit of the period is known. Open symbols are used to distinguish those stars

for which our measurements do not cover the whole rotation cycle. The horizontal

and vertical dashed lines, corresponding resp. to hHiav = 7.5 kG and to Prot = 150 d,

emphasise the absence of very strong magnetic fields in the stars with the slowest

rotation (see text for details).

In Figure 1, �H⇥av is plotted against the rotation period Prot for those stars
of the sample for which the latter, or at least a lower limit of it, could be
determined. This figure, which is an updated version of Fig. 50 of Mathys et
al. (1997), fully confirms the result inferred from the latter, that very strong
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Accreting Compact Binaries at low luminosity
Unknown how accretion works at 
low accretion rates 
(‘Radiatively-Inefficient Flows’)

Neutron star vs. Black Hole:
boundary (surface of star) and magnetic field (truncates disk)

Magnetospheric accretion can be used 
to test RIAFs

Accretion flows in XRB 43

Fig. 23 Two spectral states of an atoll 4U 1705–44 from RXTE. The panels show
unfolded and unabsorbed X-ray spectra, together with the best-fitting models ex-
trapolated below the lower PCA bandwidth limit (3 keV) in order to demonstrate
the soft component. (a) the hard (island) state (observation id. 40051-03-12-00)
fitted by a blackbody (dotted red curve), its thermal Comptonization (dashed
blue) with reflection (dash-dot green). (b) the soft (banana) state (observation id.
40051-03-14-00) fitted by a disc blackbody (dotted red), thermal Comptonization
of unseen seed photons hotter than the disc (dashed blue) and reflection (dash-dot
green).

Fig. 24 Left: Colour–colour and colour–luminosity diagrams for all low column
atolls and millisecond pulsars in Gladstone et al (2007). Right: a comparison of
BHB (black) and neutron star (red) spectral evolution. Plainly there are significant
differences between these two types of object, consistent with the existence of an
event horizon in black holes, in contrast with the known surface of the neutron star
(after Done & Gierliński 2003).

exactly equivalent to the ones used for the BHB in Fig. 22, so can be directly
compared (Done & Gierliński 2003, right panel of Fig 24). The very similar
gravitational potential and very similar range in L/LEdd give rise to very
different spectral evolution between BHB and neutron stars.

This difference can be interpreted by using the same truncated disc model,
outlined in Secs. 3.4 and 6, but taking into account the presence of the
solid surface (see Gierliński & Done 2002; Done & Gierliński 2003). This
can impact the spectrum in two separate ways, firstly through its direct
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Cen X-4 and quiescent LMXBs: Accretion puzzles at low M

‘Quiescent’ NS: 
Lx ~ 1032-1033 erg/sX-ray and UV correlation in the quiescent emission of Cen X-4, evidence of accretion and reprocessing 5
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Figure 1. Light curves for Cen X-4 in three different energy ranges. 0.3–10 keV, X-ray (top), UVW1, 2600Å (center) and V, 5468Å (bottom). For plotting
purposes we selected the reference time as 2012-05-01 07:47:32.44 UTC, which corresponds to the second Swift pointing. The only two pointings which are
not plotted here correspond to t= 0 d and t= −2066.8 d.

e.g. Do et al. 2009, and reference therein). The structure function is
related to the autocorrelation function and the power spectrum and
is an alternative way of determining the power at a given timescale.
In our case we have a light curve that is not evenly sampled, thus
determining the power spectrum becomes complicated. The struc-
ture function provides us with a straight-forward method in the time
domain.

Here, we used (for the very first time) the structure function to
define the quiescent variability of Cen X-4. We compute the struc-
ture function for the three light curves (X-ray, UVW1, and V) in
Fig. 1. The structure functions are computed after having normal-
ized the light curves to their average values (this allows for a direct
comparison of the intensity of the variability among the three light
curves). For this structure function analysis we also included the
point at t = 0 in the lightcurve (not shown in Fig. 1, so the light
curve covers a total of ∼ 104 days. The first-order structure func-
tion is here defined as:

V (τ ) = 〈[s(t+ τ )− s(t)]2〉 (1)

where the bracket denotes an average quantity, s(t) is a set of mea-
sures (the count rate in each band) performed at the time t. Since
our data is unevenly sampled, we measured [s(t + τ )− s(t)]2 for
all the existing couples of time lags. Then we binned the time lags,
with a variable bin size in order to have a comparable number of
points in each bin with a minimum number of points equal to 40.
The center of each bin is the time lag for that bin, while the aver-
age of V (τ ) is the value of the structure function for each bin at
that time lag. The error associated to each bin is the standard devi-
ation of the structure function V (τ ) divided by the square root of
the number of points in the bin (σbin/

√
Nbin). The three structure

functions are showed in Fig. 2. The shape of an ideal structure func-
tion is expected to follow a shape consisting of two plateaus, the
first one at the timescale of the noise and the second at a timescale

longer than the inspected physical process, connected to each other
by a power-law which provides a measure of the timescale of the
variability (see, e.g. Hughes, Aller & Aller 1992, for a clear de-
scription and example). The slope of the structure function is re-
lated to the slope of the power spectrum. For instance, a power
spectrum with P (f) ∝ f−2 will show a first-order structure func-
tion where V (τ ) ∝ τ 1 (e.g., Hughes, Aller & Aller 1992). We
find the power law index of the structure function of Cen X-4 to
be 1.0 ± 0.1 and 0.8 ± 0.1 and 0.3 ± 0.1 in the case of the X-
ray, UVW1, and V respectively, for 11 < τ < 60. The fit was
performed in the time lag range of 11–60 days (where the power
law extends) and gives χ2

ν = 1.36, χ2
ν = 1.70, and χ2

ν = 0.86
(16 d.o.f.) respectively. The slope of the X-ray and UVW1 band
is consistent with a power spectrum with index −2 (red noise also
known as random walk noise) as typically seen in accreting sys-
tems, while the slope of the V band is different and, consequently,
it may be associated with another underlying process. The structure
function also shows that the amplitude of the variability is greater in
the X-ray band than in others, and the UVW1 amplitude is greater
than in the V band (matching the results of the Fvar analysis). The
timescale of the variability goes from 10 days up to at least 60 days
(there is only one point in the light curve a longer timescale). How-
ever, an excess is present at about 4-5 days. This is likely linked to
the rise and decay time of the peaks in the light curve. So, variabil-
ity is also detected at this timescale.

4.3 Long timescale correlation

We studied the correlation between the X-ray count rate and that of
all UV and optical bands on a timescale corresponding to the XRT
exposure, t= 1 − 5 ks (t≤ 5 ks hereafter). This means to compare
the average count rate of each XRT pointing with that of the simul-
taneous O and UV bands summed snapshots (see Fig. 3). In order to
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Figure 1. Light curves for Cen X-4 in three different energy ranges. 0.3–10 keV, X-ray (top), UVW1, 2600Å (center) and V, 5468Å (bottom). For plotting
purposes we selected the reference time as 2012-05-01 07:47:32.44 UTC, which corresponds to the second Swift pointing. The only two pointings which are
not plotted here correspond to t= 0 d and t= −2066.8 d.

e.g. Do et al. 2009, and reference therein). The structure function is
related to the autocorrelation function and the power spectrum and
is an alternative way of determining the power at a given timescale.
In our case we have a light curve that is not evenly sampled, thus
determining the power spectrum becomes complicated. The struc-
ture function provides us with a straight-forward method in the time
domain.

Here, we used (for the very first time) the structure function to
define the quiescent variability of Cen X-4. We compute the struc-
ture function for the three light curves (X-ray, UVW1, and V) in
Fig. 1. The structure functions are computed after having normal-
ized the light curves to their average values (this allows for a direct
comparison of the intensity of the variability among the three light
curves). For this structure function analysis we also included the
point at t = 0 in the lightcurve (not shown in Fig. 1, so the light
curve covers a total of ∼ 104 days. The first-order structure func-
tion is here defined as:

V (τ ) = 〈[s(t+ τ )− s(t)]2〉 (1)

where the bracket denotes an average quantity, s(t) is a set of mea-
sures (the count rate in each band) performed at the time t. Since
our data is unevenly sampled, we measured [s(t + τ )− s(t)]2 for
all the existing couples of time lags. Then we binned the time lags,
with a variable bin size in order to have a comparable number of
points in each bin with a minimum number of points equal to 40.
The center of each bin is the time lag for that bin, while the aver-
age of V (τ ) is the value of the structure function for each bin at
that time lag. The error associated to each bin is the standard devi-
ation of the structure function V (τ ) divided by the square root of
the number of points in the bin (σbin/

√
Nbin). The three structure

functions are showed in Fig. 2. The shape of an ideal structure func-
tion is expected to follow a shape consisting of two plateaus, the
first one at the timescale of the noise and the second at a timescale

longer than the inspected physical process, connected to each other
by a power-law which provides a measure of the timescale of the
variability (see, e.g. Hughes, Aller & Aller 1992, for a clear de-
scription and example). The slope of the structure function is re-
lated to the slope of the power spectrum. For instance, a power
spectrum with P (f) ∝ f−2 will show a first-order structure func-
tion where V (τ ) ∝ τ 1 (e.g., Hughes, Aller & Aller 1992). We
find the power law index of the structure function of Cen X-4 to
be 1.0 ± 0.1 and 0.8 ± 0.1 and 0.3 ± 0.1 in the case of the X-
ray, UVW1, and V respectively, for 11 < τ < 60. The fit was
performed in the time lag range of 11–60 days (where the power
law extends) and gives χ2

ν = 1.36, χ2
ν = 1.70, and χ2

ν = 0.86
(16 d.o.f.) respectively. The slope of the X-ray and UVW1 band
is consistent with a power spectrum with index −2 (red noise also
known as random walk noise) as typically seen in accreting sys-
tems, while the slope of the V band is different and, consequently,
it may be associated with another underlying process. The structure
function also shows that the amplitude of the variability is greater in
the X-ray band than in others, and the UVW1 amplitude is greater
than in the V band (matching the results of the Fvar analysis). The
timescale of the variability goes from 10 days up to at least 60 days
(there is only one point in the light curve a longer timescale). How-
ever, an excess is present at about 4-5 days. This is likely linked to
the rise and decay time of the peaks in the light curve. So, variabil-
ity is also detected at this timescale.

4.3 Long timescale correlation

We studied the correlation between the X-ray count rate and that of
all UV and optical bands on a timescale corresponding to the XRT
exposure, t= 1 − 5 ks (t≤ 5 ks hereafter). This means to compare
the average count rate of each XRT pointing with that of the simul-
taneous O and UV bands summed snapshots (see Fig. 3). In order to
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RIAF vs. Thin Disk

• larger Rin than for thin disk (easier for 
field to ‘push back’)

• Inhibit field advection (needed to launch 
jet)

• Stronger outflows (flow barely bound)

• Block pulsations from surface, obscure 
radio emission in quiescence
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Conclusions
Rm > Rcorot does not 
always result in 
‘propeller’ solution: dead 
discs are possible 

6 C. R. D’Angelo & H. C. Spruit
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Figure 3. Instability map in [ṁ,∆r/rin], keeping ∆r2/rin = 0.014
fixed. The shaded regions denote unstable simulations. The instability oc-
curs in two nearly disconnected regions of the parameter space.In this
slice, one (RI) is present over a large range in∆r/rin and ṁ, the other
in a small region in∆r/rin at ṁ ! ṁc (RII).
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Figure 4. Instability map in [ṁ,∆r2/rin], keeping ∆r/rin fixed at 0.05,
with shaded areas denoting unstable cases. The two regions of the instability
are more clearly separated than in the slice of fig. 3. RI only occurs for
very small values of ∆r2/rin while RII occurs around ṁ ! ṁc, over a
large range in∆r2/rin, extending beyond the region of the graph.

the range ∆r/rin = [0.02, 0.28] and ṁ/ṁc = [10−6, 6.]. Fig-
ure 4 surveys the same range in ṁ and the range ∆r2/rin =
[0.004, 0.14], keeping∆r/rin fixed at 0.05. The figures (especially
figure 4) show that there are two distinct regions in which the in-
stability is active, which we call RI and RII.

The instability has different properties in the two regions: the
period, shape and amplitude of the outburst are all qualitatively dif-
ferent, as we demonstrate further below.

The first instability region (RI) appears in a small range
of ∆r2/rin = [0.002, 0.03], but over a considerable range in
∆r/rin (up to 0.25) and five orders of magnitude in accretion rate:
ṁ/ṁc ! [10−6, 10−1]. This instability region was the focus of
our study in DS10a, where we discussed in detail the appearance
of the instability. (The phenomena summarized below can be seen
in figs. 4,5 and 6 of that paper.) The instability is characterized by
large amplitude outbursts followed by long periods of quiescence
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Figure 5. The accretion instability in RII, the second instability region for
∆r/rin = 0.05 and ṁ = 1.05ṁc. The instability only manifests around
ṁ ! ṁc, but occurs over a large range in ∆r2/rin, the transition length
between accreting and non-accreting states. Unlike the RI instability, the ac-
cretion rate never drops to zero during the quiescent phase of the instability.

in which the accretion rate drops to zero. The duty cycle for the in-
stability depends on all three parameters, decreasing significantly
as the mean accretion rate drops (and mass takes longer to accumu-
late to power another cycle). The outburst profile generally takes
the shape of a relaxation oscillator, with an initial accretion peak
followed by a tail of much lower amplitude accretion. Additionally,
during the long phase of the outburst suboscillations sometimes ap-
pear in the accretion profile. These suboscillations have a much
higher frequency than the overall burst, and appear to be the sec-
ond instability (RII) superimposed on the outburst while the mean
acccretion rate onto the star is temporarily higher. As the mean ac-
cretion rate is decreased, the outburst becomes shorter and shorter,
until finally it simply appears as a single spike of accretion followed
by a long period of quiescence. (very nicely said!)

The second instability region (RII) occurs only around
ṁ/ṁc ! 1, in a relatively small range of ∆r/rin = [0.01, 0.07],
but over a large range in∆r2/rin. (We have truncated the figure off
at∆r2/rin to make RI more prominent, but additional simulations
show that the instability continues to larger values of ∆r2/rin, up
to at least 0.4). Fig 5 shows four sample simulations for RII taken
from the output of our [∆r2, ṁ] set of simulations. The simula-
tions all have ṁ = 1.05ṁc and ∆r/rin = 0.05, with increasing
∆r2/rin from bottom to top: ∆r2/rin = [0.028, 0.05, 0.1, 0.15].
The instability has a different character from the RI instability.
The quiescent phase is absent and there is always some accretion
onto the star, even during the low phase of the cycle. The shape of
the instability is also significantly different from the RI instability:
there is no adiitional higher frequency oscillation, and the out-
burst profile is smoother. In particular, the initial spike of accretion
seen in RI is completely absent. The profile is nearly sinusoidal
for small values of∆r2/rin (although the duty-cycle is always less
than 0.5). For larger values of ∆r2/rin, the outburst is character-
ized by a rapid rise, followed by a decaying plateau and then rapid
decline to the low phase of the cycle.
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Figure 1. Light curves for Cen X-4 in three different energy ranges. 0.3–10 keV, X-ray (top), UVW1, 2600Å (center) and V, 5468Å (bottom). For plotting
purposes we selected the reference time as 2012-05-01 07:47:32.44 UTC, which corresponds to the second Swift pointing. The only two pointings which are
not plotted here correspond to t= 0 d and t= −2066.8 d.

e.g. Do et al. 2009, and reference therein). The structure function is
related to the autocorrelation function and the power spectrum and
is an alternative way of determining the power at a given timescale.
In our case we have a light curve that is not evenly sampled, thus
determining the power spectrum becomes complicated. The struc-
ture function provides us with a straight-forward method in the time
domain.

Here, we used (for the very first time) the structure function to
define the quiescent variability of Cen X-4. We compute the struc-
ture function for the three light curves (X-ray, UVW1, and V) in
Fig. 1. The structure functions are computed after having normal-
ized the light curves to their average values (this allows for a direct
comparison of the intensity of the variability among the three light
curves). For this structure function analysis we also included the
point at t = 0 in the lightcurve (not shown in Fig. 1, so the light
curve covers a total of ∼ 104 days. The first-order structure func-
tion is here defined as:

V (τ ) = 〈[s(t+ τ )− s(t)]2〉 (1)

where the bracket denotes an average quantity, s(t) is a set of mea-
sures (the count rate in each band) performed at the time t. Since
our data is unevenly sampled, we measured [s(t + τ )− s(t)]2 for
all the existing couples of time lags. Then we binned the time lags,
with a variable bin size in order to have a comparable number of
points in each bin with a minimum number of points equal to 40.
The center of each bin is the time lag for that bin, while the aver-
age of V (τ ) is the value of the structure function for each bin at
that time lag. The error associated to each bin is the standard devi-
ation of the structure function V (τ ) divided by the square root of
the number of points in the bin (σbin/

√
Nbin). The three structure

functions are showed in Fig. 2. The shape of an ideal structure func-
tion is expected to follow a shape consisting of two plateaus, the
first one at the timescale of the noise and the second at a timescale

longer than the inspected physical process, connected to each other
by a power-law which provides a measure of the timescale of the
variability (see, e.g. Hughes, Aller & Aller 1992, for a clear de-
scription and example). The slope of the structure function is re-
lated to the slope of the power spectrum. For instance, a power
spectrum with P (f) ∝ f−2 will show a first-order structure func-
tion where V (τ ) ∝ τ 1 (e.g., Hughes, Aller & Aller 1992). We
find the power law index of the structure function of Cen X-4 to
be 1.0 ± 0.1 and 0.8 ± 0.1 and 0.3 ± 0.1 in the case of the X-
ray, UVW1, and V respectively, for 11 < τ < 60. The fit was
performed in the time lag range of 11–60 days (where the power
law extends) and gives χ2

ν = 1.36, χ2
ν = 1.70, and χ2

ν = 0.86
(16 d.o.f.) respectively. The slope of the X-ray and UVW1 band
is consistent with a power spectrum with index −2 (red noise also
known as random walk noise) as typically seen in accreting sys-
tems, while the slope of the V band is different and, consequently,
it may be associated with another underlying process. The structure
function also shows that the amplitude of the variability is greater in
the X-ray band than in others, and the UVW1 amplitude is greater
than in the V band (matching the results of the Fvar analysis). The
timescale of the variability goes from 10 days up to at least 60 days
(there is only one point in the light curve a longer timescale). How-
ever, an excess is present at about 4-5 days. This is likely linked to
the rise and decay time of the peaks in the light curve. So, variabil-
ity is also detected at this timescale.

4.3 Long timescale correlation

We studied the correlation between the X-ray count rate and that of
all UV and optical bands on a timescale corresponding to the XRT
exposure, t= 1 − 5 ks (t≤ 5 ks hereafter). This means to compare
the average count rate of each XRT pointing with that of the simul-
taneous O and UV bands summed snapshots (see Fig. 3). In order to
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