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ABSTRACT

Context. Recently, compact black hole X-ray binaries XTE J 1118+480 and A0620-00 have been reported to be experiencing a fast
orbital period decay, which is two orders of magnitude higher than expected with gravitational wave radiation. Magnetic braking of
4
an Ap/Bp star has been suggested to account for the period change when the surface magnetic field of the companion star Bs >
∼ 10 G.
However, our calculation indicates that anomalous magnetic braking cannot significantly contribute to the large orbital period decay
4
rates observed in these two sources even if Bs >
∼ 10 G.
Aims. Observations have provided evidence that circumbinary disks around two compact black hole X-ray binaries may exist. Our
analysis shows that, for some reasonable parameters, tidal torque between the circumbinary disk and the binary can eﬃciently extract
the orbital angular momentum from the binary, and result in a large orbital period change rate.
Methods. Based on the circumbinary disk model, we simulate the evolution of XTE J 1118+480 via a stellar evolution code.
Results. Our computations are approximatively in agreement with the observed data (the masses of two components, donor star
radius, orbital period, and orbital period derivative).
Conclusions. The mass transfer rate and circumbinary disk mass are obviously far greater than the inferred values from observations.
Therefore, it seems that the circumbinary disk is unlikely to be the main cause of the rapid orbital decay observed in some compact
black hole X-ray binaries.
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1. Introduction
There are 18 stellar-mass black hole X-ray binaries (BHXBs) in
our Galaxy (Remillard & McClintock 2006; Casares 2007). Half
of these have short orbital periods (<
∼0.5 d) and light donor stars
(of mass <
∼1.0 M ), and are classified as compact BHXBs (Lee
et al. 2002; Podsiadlowski et al. 2003; Ritter & Kolb 2003). At
present, the origin of compact BHXBs is still controversial, although it is accepted that these binaries must have experienced
common envelope evolution to account for current short orbital
periods. According the theory, low-mass stars, however, are not
able to eject the envelope of the black hole progenitors during the
common envelope evolution stage (Podsiadlowski et al. 2003).
Therefore, it was suggested that compact BHXBs may have
evolved from BHXBs with an intermediate-mass (>
∼2−3 M )
donor star, i.e., black hole intermediate-mass X-ray binaries
(BHIMXBs). This viewpoint was supported by the observation
of CNO-processed material in XTE J1118+480 (Haswell et al.
2002).
Generally, an intermediate-mass star with a radiative envelope cannot develop large-scale magnetic fields and undergo
magnetic braking (Kawaler 1988). During the evolution of
BHIMXBs, the orbital period should increase because material
is transferred from the less massive secondary to the more massive black hole. Short orbital periods imply that eﬃcient angular
momentum loss mechanism must take place during the evolution
of BHIMXBs.

As an alternative scenario, BHIMXBs with Ap/Bp stars, in
which the donor stars anomalously have strong magnetic fields
of 102 −104 G, could experience magnetic braking by the coupling between the magnetic field and the winds from the donor
star driven by X-ray irradiation from the black holes (Justham
et al. 2006). This can cause secular decrease in the orbital periods through tidal torques, although the eﬃciency of tidal interaction between the component with a radiative envelope and
the orbit is uncertain (Dervişoǧlu et al. 2010). Subsequently,
Chen & Li (2006) alternatively proposed that a circumbinary
disk around the BHXBs may oﬀer an eﬃcient mechanism to extract angular momentum from the binary, driving BHIMXBs into
compact BHXBs.
Recently, González Hernández et al. (2012) showed that the
compact BHXB XTE J1118+480 is undergoing rapid orbital decay at a rate Ṗ = −1.83 ± 0.66 ms yr−1 . Recently, the orbital
period derivative was updated to be Ṗ = −1.90 ± 0.57 ms yr−1
(González Hernández et al. 2014). It was found that the orbit of
A0620−00 is also shrinking, though at a slightly smaller rate,
i.e, Ṗ = −0.60 ± 0.08 ms yr−1 (González Hernández et al. 2014).
In Table 1, we list the physical parameters of these two compact
BHXBs.
In this work, we attempt to investigate whether the circumbinary disk can drive the rapid decay of the orbital period measured in these binaries. In Sect. 2 we estimate the orbital period
derivatives in the anomalous magnetic braking and circumbinary
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disk models, and show that the former is not likely to work for
reasonable wind loss rates. In Sect. 3, we simulate the evolutionary sequences of XTE J1118+480, based on the circumbinary
disk model. Section 4 contains a brief summary and discussion.

2. The orbital decay and possible angular
momentum loss mechanisms
We consider that a BHXB consists of a BH of mass Mbh and a
donor star of mass Md in a circular orbit. If the mass transfer is
conserved, the orbital period change is governed by the following equation:


J˙
Ṁd
Ṗ
Md
=3 −3
1−
,
(1)
P
J
Md
Mbh
where J = 2πa2 Mbh Md /(MT P) is the total orbital angular momentum of the binary, a = (GMT P2 /4π2 )1/3 is the binary separation, G is the gravitational constant, and MT is the total mass
of the binary. Since Ṁd < 0, and Md  Mbh , the second term
on the right side of Eq. (1) always causes the orbital period to
increase at a rate Ṗ ≈ −3P Ṁd /Md . For a mass transfer rate
∼10−9 M yr−1 , this would indicate a positive period derivative
of ∼0.24 ms yr−1 and ∼0.20 ms yr−1 for XTE J1118+480 and
A0620-00, respectively. Therefore, the observed rapid orbital decay implies that an eﬃcient angular momentum loss mechanism
exists during the evolution BHXBs.
2.1. Magnetic braking

Magnetic braking originated from the coupling between the stellar winds and the magnetic field of the donor star (Verbunt &
Zwaan 1981). It was proposed that the orbital decay of XTE
J1118+480 may be accounted for by magnetic braking if the
donor star possesses an anomalously strong magnetic field of
Bs ≥ 10−20 kG, and the irradiation-driven wind loss rate from
the donor star is comparable to the mass transfer rate (González
Hernández et al. 2012). According to Eq. (15) in Justham et al.
(2006), we can obtain the orbital period derivative caused by
magnetic braking as follows:
ṖMB = −

Ṁ 1/2 MT3/2 R15/4
3
d
2 1/2 d
B
P
ψ
,
s
2πG1/4
Mbh M 7/4 a7/2

(2)

d

where Rd is the radius of the Ap/Bp stars, ψ  10−6 c2 is a synthetic parameter taking into account the fraction of the X-ray
flux that intercepts the donor, the wind driving energy eﬃciency,
and the rest mass to energy conversion eﬃciency.
In Fig. 1, we plot the calculated rate of orbital period change
of XTE J1118+480 as a function of the mass transfer rate. One
can see that if the donor star has a strong surface magnetic field
of 104 G and the mass transfer rate is ∼7 × 10−9 M yr−1 , magnetic braking can indeed reproduce the observed period change.
According to Eq. (9) of King et al. (1996), the mass transfer rate
driven by magnetic braking can be written as

−2/3 
7/3  5/3
Mbh
Md
P
− Ṁd = 2 × 10−9
M yr−1 .
(3)
M
M
3h
For XTE J1118+480, the mass transfer rate is estimated to
be 1.6 × 10−11 M yr−1 . Meanwhile, Wu et al. (2010) found
that 3−200 keV peak luminosity of XTE J1118+480 is only
about 0.001 LEdd , which implied a low mass transfer rate of
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Fig. 1. Orbital-period change rate for XTE J1118+480 predicted by
anomalous magnetic braking as a function of the mass transfer rate.
The dashed and dotted curves correspond to the surface magnetic fields
of 104 G and 2 × 104 G, respectively. The horizontal solid line denotes
the observed value of J1118+480.

∼10−10 M yr−1 . In addition, the standard magnetic braking is
thought to terminate in stars with a mass of <
∼0.3 M , in which
the donor stars become completely convective (Rappaport et al.
1983; Spruit & Ritter 1983). Therefore, some uncertainties still
remain about whether the rapid orbital decay of XTE J1118+480
originates from magnetic braking.
2.2. Circumbinary disk

Muno & Mauerhan (2006) have detected the blackbody spectrum of compact BHXBs A 0620−00 and XTE J1118+480,
and found that the inferred areas of mid-infrared 4.5–8 μm excess emission are about two times larger than the binary orbital
separations. Recently, a detection with the Wide-field Infrared
Survey Explorer identified that XTE J1118+480 and A0620-00
are candidate circumbinary disk systems (Wang & Wang 2014).
These two works strongly support the existence of circumbinary
disks around compact BHXBs. For the origin of circumbinary
disks, the material outflow during the mass transfer may be an
alternative route (Dubus et al. 2004)1. If a fraction δ of the transferred mass feeds into the circumbinary disk at its inner radius
ri , tidal torque exerted on the circumbinary disk can extract the
orbital angular momentum from the BHXB. The angular momentum loss rate can be written as (Spruit & Taam 2001; Taam
& Spruit 2001)

 1/2

2πa2
t
˙
,
JCB = γ
δ Ṁd
P
tvi

(4)

√
where γ =
ri /a, t is the mass transfer timescale, and tvi
is the viscous timescale at the inner edge of the disk, tvi =
2γ3 P/(3παβ2 ), where α and β are the viscosity parameter and
the dimensionless parameter describing the scale height at ri ,
respectively (Shakura & Sunyaev 1973). Adopting the typical
parameters γ = 1.3, αSS = 0.01, β = 0.03 (Chen et al. 2006),
the orbital period derivative caused by the circumbinary disk is
1

Circumbinary disks were also suggested to be the remnant of fallback
disks formed in the supernovae (Wang et al. 2006; Cordes & Shannon
2008).
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Table 1. Observed parameters of XTE J1118+480 and A0620-00.
Sources
J1118+480
References
A0620-00
References

Mbh
(M )
+0.34
7.46−0.69
1
+0.23
6.61−0.17
1

Md
(M )
0.18 ± 0.06
1
0.40 ± 0.01
1

Rd
(R )
0.34 ± 0.05
1
0.67 ± 0.02
1,4

Porb
(d)
0.169934
1,2,3
0.3230142
1,5

Ṗorb
(ms yr−1 )
−1.90 ± 0.57
1
−0.60 ± 0.08
1

References. (1) González Hernández et al. (2014); (2) Torres et al. (2004); (3) González Hernández et al. (2012); (4) González Hernández (2011);
(5) McClintock & Remillard (1986).

losing orbital angular momentum, including gravitational radiation, magnetic braking, mass loss, and the eﬀect of circumbinary
disk. Therefore, the loss rate in the orbital angular momentum of
BHXB can be written as
(6)
J˙orb = J˙GR + J˙MB + J˙ML + J˙CB ,

Fig. 2. Orbital-period change rate for XTE J1118+480 caused by a circumbinary disk as a function of the mass transfer timescale. The dashed
and dotted curves correspond to the mass transfer rates of 10−9 and
10−8 M yr−1 , respectively. The horizontal solid line denotes the observed value of J1118+480.

given by
ṖCB


0.5  0.5
δ Ṁd,−9 MT
t
P
= −0.34
ms yr−1 ,
Mbh Md 142 yr
1d

(5)

where Ṁd,−9 is the mass transfer rate in unit of 10−9 M yr−1 . In
Fig. 2, we plot the changing rate of the orbital period for XTE
J1118+480 predicted by the circumbinary disk model (the mass
input fraction in the inner edge of circumbinary disk is δ = 10−3 )
as a function of the mass transfer timescale. As shown in this
figure, if the mass transfer rate is ∼10−9 M yr−1 , the evolution
can lead to a change rate of Ṗ ≈ −2.0 ms yr−1 at t = 109 yr.
For a small δ = 0.000345 (see also Sect. 3), a long mass transfer
timescale is expected.

3. Evolutionary simulation of XTE J1118+480
As shown in the previous section, an overly high mass transfer
rate of ∼10−8 M yr−1 is required to account for the rapid orbital decay in XTE J1118+480 and A0620−00 if magnetic braking works, while the circumbinary disk can address the period
derivative observed within a reasonable range of the input parameters. Therefore, based on the circumbinary disk model we
used an updated version of the stellar evolution code developed
by Eggleton (1971, 1972, 1973) to simulate the evolution of XTE
J1118+480. For the donor star, we adopt an initial solar chemical composition (X = 0.7, Y = 0.28, and Z = 0.02) and a
ratio of the mixing length to the pressure scale height of 2.0.
In our calculations, we considered four mechanisms that are

where four terms on the right-hand side denote angular momentum loss rate by gravitational radiation, magnetic braking, mass
loss, and the circumbinary disk. If the mass transfer rate is higher
than the Eddington accretion rate of the BH, we assume that the
redundant transferred matter is ejected in the vicinity of the BH,
forming isotropic winds and carrying away the specific orbital
angular momentum of the BH. When the donor star mass is in
the range of 0.3–1.5 M , we adopt an empirical angular momentum loss prescription for magnetic braking proposed by Sills
et al. (2000).
To fit the observed parameters ( mass and radius of the donor
star and orbital period) of XTE J1118+480, we calculated the
detailed evolutionary sequences of a BHXB with an initial orbital period of 0.9 d, which consist of a 5.0 M BH and a
3.0 M donor star. The calculation shows that if the fraction
of the transferred mass feeds into the circumbinary disk δ is
greater than 0.00035, the mass transfer becomes dynamically
unstable. If we take δ = 0.000345, the calculated evolution of
the BHXB is in agreement with the observations. For the other
result δ ≤ 0.00034, the eﬃciency of circumbinary disk the extracting angular momentum is relatively low and the final orbital
period of the binary is obviously higher than the observed value.
The detailed results are summarized in Table 2. One can see that
a high δ result in a high angular momentum loss rate, a rapid
mass transfer, and a compact orbit.
In Figs. 3 and 4, we show the detailed evolutionary sequences of a BHXB with an initial orbital period of 0.9 d, which
consist of a 5.0 M BH and a 3.0 M donor star. In our calculations, we assume that a relatively small fraction (δ = 0.000345)
of the transferred material forms a circumbinary disk. At the
age of t  157.2 Myr, rapid mass transfer initiates when the
donor star fills its Roche lobe. The H-rich material is transferred
onto the BH at a rate of ∼10−8 M yr−1 , which is lower than
the Eddington accretion rate of the BH. Because the material is
transferred from the less massive donor star to the more massive BH, the orbital period increases to 1.4 d after ∼70 Myr
mass transfer. Along with the mass transfer, the tidal torque
exerted by the circumbinary disk gradually enhances. When
ṖCB = ṖMT , the orbital period of BHXB begins to decrease and
the mass transfer enters a “plateau” phase of ∼400 Myr at a rate
∼10−9 M yr−1 . Once the donor star ascends the giant branch,
the mass transfer rate sharply increases to 3 × 10−8 M yr−1 , and
the orbital period rapidly decreases. At the age of t  812.5 Myr,
the orbital period decreases to 0.17 d, and the BH and donor
masses become 7.81 M and 0.185 M , respectively. Losing
most material, the radius of the donor star decreases to be
A108, page 3 of 5
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Fig. 4. Evolutionary tracks of BHXB with an initial orbital period of
0.9 d, which consist of a donor star of Md = 3.0 M and a black hole of
Mbh = 5.0 M . The solid and dotted curves represent the evolution of
the orbital period and orbital period derivative, respectively.

Fig. 3. Evolutionary tracks of BHXB with an initial orbital period of
0.9 d, which consists of a donor star of Md = 3.0 M and a black hole
of Mbh = 5.0 M . The solid and dashed curves represent the evolution of
the mass transfer rate, and the BH mass, in the top panel, and the donor
star mass and the donor star radius in the bottom panel, respectively.

0.336 R . The tidal torque caused by the circumbinary disk takes
away the orbital angular momentum at a rate −2.76 ms yr−1 ,
which is in general agreement with the observation. Our simulated results indicate that the circumbinary disk provide an alternative evolutionary channel to form compact BHXBs.
Recently, Fragos et al. (2009) have constrained the progenitor properties of XTE J1118+480, and concluded that the donor
star mass is 1.0−1.6 M , the BH mass is 6−10 M , and the
orbital period is 0.5–0.8 d at the beginning of Roche lobe overflow. Therefore, we also calculated the evolutionary sequences a
BHXB with a 6.0 M BH and a 1.5 M donor star, and an initial orbital period of 0.84 d. Similar to the donor star of 3.0 M ,
we also present the simulated result under diﬀerent input parameters δ in Table 3. One can see that the calculated results,
when δ = 0.00018, can fit the observations. Generally, the mass
transfer rates are lower for lower donor masses, at a rate of
∼10−10 −10−9 M yr−1 . In the final evolutionary stage, the mass
transfer rate reached a peak of ∼10−8 −10−7 M yr−1 . At the age
of t  2763 Myr, the system evolved into a compact BHXB with
an orbital period of 0.17 d, which includes a 7.31 M BH and a
0.182 M donor star. At this moment, the radius of the donor star
is 0.336 R and the orbital period derivative is −2.19 ms yr−1 .

4. Discussion and summary
In this work, we have investigated the origin of rapid orbital decay in two compact BHXBs. Our analysis shows that even if
A108, page 4 of 5

Fig. 5. Evolutionary tracks of BHXB with an initial orbital period of
0.84 d, which consists of a donor star of Md = 1.5 M and a black hole
of Mbh = 6.0 M . The solid and dashed curves represent the evolution
of the mass transfer rate and BH mass in the top panel, and the donor
star mass and donor star radius in the bottom panel, respectively.

the donor stars of BHXBs are Ap/Bp stars with a strong magnetic fields of 10–20 kG, anomalous magnetic braking scenario
still needs to solve two key problems: the mass transfer rate and
the cutoﬀ of magnetic braking below 0.3 M . Some observations indicate that circumbinary disks around compact BHXBs
XTE J1118+480 and A0620-00 may exist. It is a coincidence
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Table 2. Calculated result of BHXBs with a donor star of 3 M under
diﬀerent input parameters δ.
Item

δ

1∗
2∗
3
4
5

0.0002
0.0003
0.00034
0.000345
0.00035

Mbh
(M )
7.70
7.77
7.82
7.82
7.82

Md
(M )
0.29
0.23
0.18
0.18
0.18

Porb
(d)
48.97
9.58
0.54
0.17
0.15

Ṗorb
(ms yr−1 )
1.63
0.22
–0.12
–2.76
-2.30

Notes. (∗) When the binary system has already evolved into a detached
system, the donor star mass is still greater than 0.18 M .
Table 3. Calculated result of BHXBs with a donor star of 1.5 M under
diﬀerent input parameters δ.
Item

δ

1a
2a
3
4
5b

0.0001
0.00015
0.00017
0.00018
0.0002

Mbh
(M )
7.26
7.31
7.34
7.33
–

Md
(M )
0.25
0.21
0.18
0.18
–

Porb
(d)
12.17
2.19
0.59
0.17
–

Ṗorb
(ms yr−1 )
0.03
0.00
–0.01
–2.19
–

Notes. (a) When the binary system has already evolved into a detached
system, the donor star mass is still greater than 0.18 M . (b) The mass
transfer is dynamically unstable.

compact BHXBs. However, our simulations show that the mass
transfer rate is about ∼10−8 M yr−1 at the current stage of
XTE J1118+480, which is obviously two orders of magnitude
higher than the inferred value from observed luminosity (Wu
et al. 2010). Furthermore, there is a significant discrepancy
between our simulated mass and the observed mass of the circumbinary disk. If the material of the circumbinary disk does
not decrease during the evolution, the mass of the circumbinary disk can be estimated to be ∼10−9 M yr−1 × 109 yr ×
0.000345 (0.00018) = 0.000345 (0.00018) M . This mass are
five to six orders of magnitude higher than the inferred mass
(∼10−9 M ) of the circumbinary disk around XTE J1118+480
(Muno & Mauerhan 2006). Specially, Gallo et al. (2007) suggested that nonthermal synchrotron emission from a jet could
account for a significant fraction (or all) of the measured excess
mid-IR emission. Therefore, the circumbinary disk mass may be
even lower. The circumbinary disk should not be the main mechanism causing the rapid orbital decay observed in some compact
black hole X-ray binaries because the mass transfer rate and circumbinary disk mass are obviously far greater than the inferred
values from observations (González Hernández et al. 2012).
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