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Abstract

We investigate the stability of a neutrino-dominated accretion flow (NDAF) as the central engine of
gamma-ray bursts (GRBs). In the analyses, we assume that the viscosity parameter in an NDAF, α, being
proportional to the magnetic Prandtl number, Pm = ν/η, where ν is the kinetic viscosity and η is the
electric resistivity, and derive the condition for an NDAF to be dynamically unstable. As demonstrations
we perform simple one-dimensional simulations of an NDAF taking into account the effects of variable-α
and show that the mass accretion becomes highly time-variable. This mechanism may account for the
lightcurves of GRBs.
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1. Introduction

It is often discussed that gamma-ray bursts (GRBs)
are powered by hyperaccreting stellar-mass black holes,
which are formed after the gravitational collapse of mas-
sive stars or the mergers of compact binaries. The
mass accretion rate of such an accretion flow is so
high (0.01 − 1M⊙ s−1) that photons are completely
trapped and cannot cool the flow. Instead, due to
the high density (∼ 109−10 g cm−3) and high tem-
perature (∼ 109−11 K), the accretion flow can be effi-
ciently cooled via thermal neutrino emission, and that
is why it is often called as a neutrino-dominated accre-
tion flow, or an NDAF (Narayan et al. 1992; Popham
et al. 1999; Narayan et al. 2001). The structure, behav-
ior, and energy deposition mechanism of an NDAF have
been investigated by many researchers (Di Matteo et al.
2002; Kohri & Mineshige 2002; Kohri et al. 2005; Chen
& Beloborodov 2007; Kawanaka & Mineshige 2007; Za-
lamea & Beloborodov 2011; Kawanaka et al. 2013; Liu
et al. 2017).

One of the most characteristic features of GRBs is the
short-term variability of their prompt emissions, whose
timescale is as short as 10−3 − 10−1 s. The origin of
such violent behavior is often considered as the dynami-
cal instability of an NDAF (Janiuk et al. 2007; Masada
et al. 2007; Kawanaka & Kohri 2012; Kawanaka et al.
2013; Kimura et al. 2015). We should note that most of

these works are based on the α-viscosity model, where
the ratio of the shear viscosity to the isotropic pres-
sure in an accretion flow is constant (Shakura & Sun-
yaev 1973). Microscopically, the shear viscosity in an
accretion flow is believed to originate from the magneto-
hydrodynamic (MHD) turbulence operated by the mag-
netorotational instability (MRI; Balbus & Hawley 1991),
and then α should be determined by the saturation level
of the growth of MRI.
According to the recent numerical studies, the shear

viscosity due to MRI depends on the magnetic Prandtl
number, Pm = ν/η, where ν and η are the kinetic vis-
cosity and magnetic diffusivity, respectively (Fromang
et al. 2007; Simon & Hawley 2009 etc). Especially, the
ratio of the shear stress to the pressure is not a con-
stant but varies being proportional to the power of the
magnetic Prandtl number, i.e., α ∝ Pmβ , where β is a
positive number. In this work, we first discuss the sta-
bility of an NDAF taking into account Pm-dependent α-
viscosity, and investigate its time-dependent behavior by
one-dimensional simulations of an NDAF (see Kawanaka
& Masada 2019 for the detail).

2. Analysis

The structure of an NDAF can be evaluated by solv-
ing equations of mass conservation, angular momentum
conservation, hydrostatic balance, energy balance (tak-



ing into account neutrino cooling), and α-viscosity pre-
scription (see Kawanaka & Mineshige 2007; Kawanaka
et al. 2013 and references therein). We assume that α-
viscosity parameter is proportional to Pmβ , where Pm
is evaluated as a function of density and temperature by
fitting the results of Rossi et al. (2008):

Pm ≃ 4.5× 102T 2
11ρ

−1
10 , (1)

where T11 = T/1011 K and ρ10 = ρ/1010 g cm−3.
The condition for the secular instability of an accretion

flow can be generally described as

∂ (TrφH)

∂Σ
< 0, (2)

where Trφ is the shear viscous stress (Kato et al. 2008).
Using this condition and the description of Pm, we can
evaluate the criterion for β that the accretion flow cooled
dominantly by neutrino emissions would suffer from the
secular instability. In the case when the disk is optically
thin with respect to neutrinos, the criterion is

10

17
< β < 2, (3)

while in the case when the disk is optically thick the
criterion reads as

β >
2

5
. (4)

When an accretion flow becomes secularly unstable lo-
cally, the mass would accumulate in the unstable zone
and the surface density grows locally. As a result, the ac-
cretion flow would be gravitationally unstable and make
nonaxisymmetric density pattern, which transports an-
gular momentum outward. This causes intense mass ac-
cretion onto a black hole from that zone. Just after that,
the local surface density drops but due to the secular
instability the mass from the outer part would accumu-
late there again. In this way the intense mass accretion
occurs repeatedly, which may be the origin of the short-
term variability of GRBs (Fig. 1).

3. 1D Simulation of Disk Evolution

To confirm the scenario presented in the previous section,
we perform 1D numerical simulations of the NDAF with
Pm-dependent α-viscosity, taking into account the mass
conservation, angular momentum conservation, and en-
ergy conservation. Here we show the results where we set
the ceiling value and floor value of α as αmax = 0.1 and
αmin = 10−4, respectively. Fig. 2 depicts the temporal
evolution of the mass accretion rate in unit of M⊙ s−1

Fig. 1. Schematic picture of repeating mass accretion in the NDAF

predicted in our model.

for various values of β. We can see that with the lower
value of β the disk only gradually evolves to the equilib-
rium state, while with β = 0.75 the mass accretion rate is
highly variable with time. Actually in this case the inner
region of the accretion flow is optically thick with respect
to neutrinos and becomes secularly unstable when β is
large enough (see Eq. 4). Since the secular instabil-
ity leads to the mass accumulation, the surface density
starts to grow. As a result, Toomre’s Q parameter de-
creases with time and finally reaches Qcrit = 2, which
causes the gravitational instability, providing a drastic
mass accretion. We can see that the cycle of mass accre-
tion is ∼ 3 s, which corresponds to the viscous timescale
in the secularly unstable region, where α is reduced to its
floor value, 10−4. In addition to this period, we can find
the shorter time-variability with a duration ≲ 1 s in the
mass accretion rate. Although the origin of this period is
still unclear, we can consider two mechanisms as candi-
dates. One is the growth of the shorter wavelength mode
of the secular instability, which has a faster growth rate.
The other is the thermal instability occurring in the disk,
whose timescale is generally much shorter than the vis-
cous timescale. Actually, we can confirm that the NDAF
that is secularly unstable is always thermally unstable if
it is optically thick with respect to neutrinos. Obser-
vationally, it has been suggested that a GRB lightcurve
contains two components with different timescales (e.g.
Vetere et al. 2006), which may be produced by the mech-
anism shown in our simulations. To specify the origin of
the shorter-term variability we should perform multidi-
mensional simulations of an NDAF, which is one of the
main targets of our future work.

4. Summary

We investigate the stability of an NDAF as the cen-
tral engine of GRBs, taking into account the varia-
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Fig. 2. Temporal evolution of Ṁ in unit of M⊙ s−1. The mass

injection rate at the outer boundary is Ṁout ≃ 0.025 M⊙ s−1.

tion of α-viscosity depending on the magnetic Prandtl
number, which is implied by several MHD simulations.
We assume that α is proportional to Pmβ , and show
that within a certain range of β an NDAF would be
secularly unstable. To see the behavior of secularly
unstable NDAFs, we perform 1D simulations of an
NDAF with Pm-dependent α-viscosity, and we can re-
produce the intermittent mass accretion driven by secu-
lar instability and gravitational instability. Especially,
the time variation of mass accretion evaluated from
our simulations contains two components with different
timescales. These characteristics may account for ob-
served lightcurves of GRBs.
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