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Gas flows in an active galactic nucleus – I. Two-phase gas inflow
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ABSTRACT
We perform two-dimensional hydrodynamic simulations to study the non-rotating gas flow in
the region from 1 to 1000 pc. This region connects the galaxy scale and the accretion disc scale.
The gas is irradiated by the photons generated by the accretion disc system near the central
black hole with 108 solar mass. We assume that the luminosity of the central accretion system
is constant and equals to 0.3 Eddington luminosity. Gas with density higher than 10−24 g cm−3

is found to be thermally unstable. Two phase, cold and hot, gas flow will form due to thermal
instability. We calculated the ratio of cold gas accretion rate to hot gas accretion rate. This
ratio is a function of gas density and generally increases with the increase of gas density.
The maximum value of this ratio is 16, when gas density is 10−21 g cm−3. Gas with density
lower than 10−24 g cm−3 is found to be thermally stable and the gas flow is one-phase. The
applications of the results are briefly discussed.

Key words: accretion, accretion discs – black hole physics – galaxies: active – galaxies:
nuclei.

1 IN T RO D U C T I O N

It is generally believed that an active galactic nucleus (AGN)
is composed by a super massive black hole at the centre (see
Heckman & Best 2014, for reviews), a surrounding accretion disc,
and at larger scales broad line region and narrow line region (NLR).
The dynamics of accretion disc/flow have been studied extensively
by numerical simulations (e.g. Stone, Pringle & Begelman 1999;
McKinney & Gammie 2002; Narayan et al. 2012; Yuan, Bu & Wu
2012; Yuan et al. 2015).

In this paper, we focus on the region from ∼1 to 1000 pc, which is
roughly the NLR. There are several motivations for this paper. The
first motivation is about the gas supply to the accretion disc/flow
located at smaller scale. As introduced above, there are many
works studying the accretion disc/flow. In these simulations, the
outer boundary is usually located at several hundreds/thousands
Schwarzschild radius. The gas reservoir to form an accretion
disc/flow is put by hand at hundreds/thousands Schwarzschild
radius. Actually, the gas to form the central accretion disc/flow
comes from pc scale. How does the gas fall from the pc scale to the
accretion disc/flow scale is poorly studied. To study the gas infall
from pc scale to hundreds/thousands Schwarzschild radius, we need
‘proper’ boundary conditions for gas at pc scale. The inner boundary
of the simulations in this paper is located at 1 pc. Therefore, the
results in this paper can be used as the boundary conditions to study
gas infall from pc to accretion disc/flow scale.
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The second motivation is to study how and under what conditions
can cold clumps (or filaments) form in the NLR. The kinematic
studies of the cloud in the NLRs in some nearby Seyfert galaxies
have shown that cold clumpy outflows are present (Crenshaw &
Kraemer 2000; Ruiz et al. 2001; Das et al. 2005, 2006; Crenshaw
et al. 2010; Fischer et al. 2010, 2011). The outflow is accelerated
from v = 0 at r ∼ 0 pc to ∼1000 km s−1 at one hundred to several
hundreds pcs. At even larger radii, the velocity of outflow decreases
linearly with increase of radius to 0. The mass outflow rate and
kinetic power of the cold clumpy outflow also first increase and
then decrease with radius. There are several works studying the
acceleration mechanisms of the cold clumpy outflow in the NLRs
(Das, Crenshaw & Kraemer 2007; Mou, Wang & Yang 2017).
In these works, it is assumed that cold clumpy gas is present.
However, how the cold clumpy gas is formed has not been studied.
In this paper, we study how does the cold clumpy gas form in the
NLRs. The radiation from the region very close to the central black
hole can propagate through the NLR. The gas in the NLR can be
ionized. The gas can also be heated up by Compton heating and
photoionization heating. The cooling mechanisms of gas include
recombination cooling, line cooling, and bremsstrahlung cooling.
Under some conditions, the gas in this region is thermally unstable.
The consequence of thermal instability is that two phase (hot and
cold) medium can form and exist (Mościbrodzka & Proga 2013;
Proga & Waters 2015; Waters & Proga 2019). We study under what
gas conditions, can two phase medium form in the NLR.

Mościbrodzka & Proga (2013, hereafter MP13) studied the
thermal instability of gas in the NLRs. There are big differences
between MP13 and this work. First, in MP13, it is assumed that
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there is only X-ray radiated out from the central region very close
to the black hole. MP13 only considers the X-ray heating/cooling
processes and the radiation pressure due to X-rays is neglected. In
reality, most of the photons emitted by an AGN are in UV bands.
In this paper, we consider more realistic case. We assume that
95 per cent of the photons produced by the central AGN are UV
photons. The left 5 per cent of photons are X-rays. In addition to the
radiative heating/cooling processes, we also consider the radiation
pressure of the photons from the central region. Secondly, in MP13,
the authors only focus on gas with initial density and temperature
to be 10−23 g cm−3 and 105 K, respectively. Therefore, the results in
MP13 cannot tell when initial density and temperature change, what
the results will change correspondingly. In this paper, we perform
simulations with different initial gas densities and temperatures. We
study under what gas conditions, can two phase medium form.

Now, we introduce the third motivation of this paper. In some
large-scale numerical simulations studying galaxy formation (Di
Matteo et al. 2008; Dubois et al. 2010), the Bondi radius cannot
be resolved. In this case, it is impossible to directly calculate the
accretion rate of the central black hole. In these works, in their
sub-grid models of AGN feedback, the authors usually boot up the
accretion rate by assuming that the central black hole accretion is
dominated by an unresolved cold phase. The Bondi radius can be
expressed as RB ≈ 150(MBH/108 M�)(T∞/105K)−1 pc, with MBH,
M�, and T∞ being black hole mass, solar mass, and gas temperature
at infinity, respectively. According to the parameters adopted in this
paper, we can well resolve the Bondi radius. In this paper, we
will show that under what conditions, can cold phase accretion be
important. We will also give the ratio of cold gas accretion rate to
hot gas accretion rate as a function of gas properties. These results
in this paper can be used in the sub-grid models of AGN feedback
in these kinds of galaxy formation simulations.

The structure of this paper is as follows. In Section 2, we present
the equations, numerical settings, physical assumptions, and initial
and boundary conditions of the simulations. In Section 3, we present
our results. We provide the discussions in Section 4. In Section 5,
we introduce the applications of our results. We summarize our
results in Section 6.

2 N U M E R I C A L M E T H O D

We set the mass of the central black hole to be MBH = 108 M�.
We adopt a simple physical set-up. We assume that the angular
momentum of the gas is zero. To keep the problem as simple as
possible, we assume that the luminosity of the black hole accretion
disc/flow, which is not resolved, is fixed. We assume that the
bolometric luminosity of the black hole accretion disc/flow is Lbol =
0.3LEdd, with LEdd being Eddington luminosity. We do not calculate
the luminosity of the black hole accretion disc/flow based on the
accretion rate at the inner radial boundary. The reasons are as
follows. Our inner radial boundary is located at 1 pc, which is
far from the inner most stable orbit where most of the radiation
is produced. To calculate the luminosity, we first need to assume
the accretion mode of the accretion disc/flow. Secondly, to calculate
the luminosity self-consistently, we also need to assume a radiative
efficiency. Both of the two steps will complicate the problem.

We use the ZEUS-MP code (Hayes et al. 2006) to perform two-
dimensional simulations in spherical coordinates (r, θ , φ). The
hydrodynamic equations solved are as follows:

dρ

dt
+ ρ∇ · v = 0, (1)

ρ
dv

dt
= −∇p − ρ∇� + ρ Frad, (2)

ρ
d(e/ρ)

dt
= −p∇ · v + ρĖ. (3)

In these equations, ρ is the density, v is the velocity, e is the internal
energy per unit volume, p is the gas pressure, � is the gravitational
potential of the central black hole, Frad is the radiation pressure force
due to Thomson scattering, and Ė is the net heating/cooling rate
per unit mass. To close the equations, we adopt ideal gas equation
of state p = (γ − 1)e, with γ = 5/3.

For the accretion disc/flow model in an AGN, it is generally
believed that a cold thin disc at the mid-plane is surrounding the
black hole. Above and below the thin disc, there is a compact hot
corona (Reis & Miller 2013; Uttley et al. 2014; Chainakun et al.
2019). The cold thin disc mainly emits photons in UV band. The
compact hot corona emits X-ray photons. We assume that the cold
thin disc emits 95 per cent of the bolometric luminosity in UV band.
In total, 5 per cent of the bolometric luminosity is in X-ray band and
is emitted by the compact corona. Oservations to some luminous
AGNs show that the X-rays only contribute5 per cent or less to the
total luminosity. In Liu et al. (2013), it is also assume that X-ray
contributes 5 per cent of the total luminosity. As in previous works,
we assume that the X-ray photons are emitted spherically (Proga,
Stone & Kallman 2000; Liu et al. 2013), with the X-ray flux to
be FX = 0.05Lbolexp (− τX)/4πr2. τX = ∫ r

0 ρκesdr is the X-ray
scattering optical depth, with κes = 0.4 cm2 g−1 being the Thomson
scattering opacity. As done in Proga et al. (2000), we assume that
the flux of UV photons is FUV = 2fUVcos (θ )Lbolexp (− τUV)/4πr2,
with fUV = 0.95 being the ratio of UV luminosity to the bolometric
luminosity. The flux of UV photons is maximum at the pole (θ =
0), it decreases towards the mid-plane (θ = π /2). At the mid-plane,
the flux of UV photons is zero. In this paper, we set τUV = τX.

Before introducing cooling/heating functions, we first define the
ionization parameter as follows:

ξ = 4πFX

n
= 0.05Lbol exp(−τX)/nr2, (4)

where n = ρ/μmp is the gas number density, with μ = 1 and mp

being mean molecular weight and proton mass, respectively.
When gas is illuminated by the X-ray photons, it can be

heated/cooled. The cooling/heating rates of the X-ray irradiated
gas used in this paper are same as those in Proga et al. (2000). The
cooling/heating rates are for gas with cosmic abundances. Blondin
(1994) studied the cooling/heating rates for gas illuminated by
a 10 kev bremsstrahlung spectrum. It is found that it is possible
to fit analytical formulae to the heating/cooling rates obtained
from detailed photonization calculations. The expressions for heat-
ing/cooling rates in this paper are by using Blondin (1994) results.
The gas can be heated/cooled by Compton process. The gas can
also be heated/cooled by the photoionization heating-recombination
cooling process. The Compton heating/cooling rate is

Sc = 8.9 × 10−36n2(TX − 4T)ξ erg cm−3 s−1. (5)

In this equation, TX is the Compton temperature of the X-ray
photons, T is the temperature of the accreting gas. As done by MP13,
we assume that TX = 1.16 × 108 K. The sum of photoionization
heating-recombination cooling rate is

Gx = 1.5 × 10−21n2ξ 1/4T−1/2(1 − T/TX) erg cm−3 s−1. (6)

The gas can also cool by the bremsstrahlung cooling

Br = 3.3 × 10−27n2
√

T erg cm−3 s−1 (7)
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Table 1. Models and results.

Model ρ0 (10−21g cm−3) T0 105 K τ Rτ = 1 Cold clumps ṀC/ṀH ṀC (M� yr−1)
(1) (2) (3) (4) (5) (6) (7) (8)

D21T5 1 1 14.9 1.2 pc Yes 16 1016
D22T5 0.1 1 11.7 1.2 pc Yes 14 906
D23T5 0.01 1 0.46 – Yes 2.2 33
D24T5 0.001 1 0.0017 – No 0 0
D21T6 1 10 13.4 1.26 pc Yes 14 903
D22T6 0.1 10 7.51 1.3 pc Yes 12 567
D23T6 0.01 10 2.44 1.5 pc Yes 5 600
D24T6 0.001 10 1.37 3.0 pc Yes 5 503
D25T6 0.0001 10 0.00015 – No 0 0
D21T7 1 100 13.4 1.2 pc Yes 14 831
D22T7 0.1 100 2.1 3.6 pc Yes 7 149
D23T7 0.01 100 10.2 1.2 pc Yes 13 974
D24T7 0.001 100 0.88 – Yes 5 163
D25T7 0.0001 100 0.00017 – No 0 0

Note. Col. 1: model names. Col 2: the density for initial condition. Col 3. the temperature for initial condition. Col 4. the time-averaged radial
optical depth along θ = 45◦, the optical depth is obtained by integration from the inner to the outer radial boundaries. Col 5. the radius at which
the optical depth along θ = 45◦ equals to 1. Col. 6: Whether can cold streams/clumps (T < 105 K) form. Col. 7: time-averaged ratio of cold gas
accretion rate to hot gas accretion rate. Col. 8: time-averaged accretion rate for cold gas (with T < 105 K).

and the line cooling

Lline = 1.7 × 10−18n2 exp(−1.3 × 105/T )/ξ/
√

T

+ 10−24n2 erg cm−3 s−1. (8)

In equation (3), the net heating/cooling rate ρĖ =
Sc + Gx + Br + Lline.

In this paper, the radiation pressure force due to electron scat-
tering (Frad) is also included. Because the inner radial boundary of
our simulations is significantly larger than the region where most
of the photons of an AGN are emitted out, we can treat the AGN
emitting region as a point source. The radiation force only has the
radial component:

Frad,r = κes

c
[FX + FUV] . (9)

2.1 Initial and boundary conditions

Initially, gas with uniform density (ρ0) and temperature (T0) is
put in the whole computational domain. Our radial computation
domain is 1 pc ≤ r ≤ 1000 pc. In θ direction, we have the domain
0 ≤ θ ≤ π /2. Our resolution is 192 × 64. In r direction, we adopt
logarithm grids to well resolve the inner region. In θ direction,
grids are uniformly spaced. At the inner radial boundary, we use
outflow boundary conditions. At the outer radial boundary, we set
the boundary conditions as follows. When gas has vr < 0 at the last
active zone at a given θ angle, then at this angle, we inject gas into
the computational domain. The density, temperature, of the injected
gas are equal to those for the initial condition. If we have vr > 0
at the last active zone at a given θ angle, then at this angle, we
employ outflow boundary conditions. This kind of outer boundary
conditions can continuously supply gas at the outer boundary. At
θ = 0, we use axis-of-symmetry boundary conditions. At θ = π /2,
reflecting boundary conditions are employed.

3 R ESULTS

We summarize all the models in Table 1. In this table, the second
and third columns give the density and temperature values for initial
condition and the outer boundary condition if gas flows inwards at

the outer boundary. The fourth column gives the time-averaged
radial optical depth along θ = 45◦, the optical depth is obtained by
integration from the inner to the outer radial boundaries. The fifth
column gives the radius at which the optical depth along θ = 45◦

equals to 1. The sixth column gives the information whether cold
gas streams/clumps (with T < 105 K) can form. The seventh column
gives the time-averaged ratio of cold gas accretion rate to hot gas
accretion rate. The eighth column gives the time-averaged accretion
rate for cold gas in unit of M� yr−1.

3.1 Models with T0 = 105 K

The linear stability analysis done by Field (1965) has shown that
the gas illuminated by X-ray is thermally unstable when

NP = ∂ζ/∂T |p < 0, (10)

where ζ is the cooling function. In this paper, we have ζ = −Ė

(see equation 3 for the definition of Ė). The thermal instability of
gas illuminated by X-rays is also studied by MP13 and Waters &
Proga (2019).

We first analyse model D21T5 with ρ0 = 10−21g cm3 and T0 =
105 K. In Fig. 1, we show the snapshot of the radial distribution of
NP at t = 5.15 × 107 yr when there is a peak in the mass accretion
rate of cold phase gas (T < 105 K, see the information next). In this
figure, the solid, dotted, dashed, and dot–dashed lines corresponds
to θ = 0◦, 30◦, 60◦, and 90◦, respectively. As can be seen, in
most of the computational domain (r > 6 pc), NP < 0, the gas is
thermally unstable. We point out that at other θ angles, the results
are quite similar that in the region (r > 6 pc), NP < 0. We have
also find that for the accretion flow at any other time, in most of the
computational domain (r > 6 pc), NP < 0. When the growth time-
scale of thermal instability is shorter than the gas infall time-scale
(Tinfall = r/vr), thermal instability can grow. The growth time-scale
of thermal instability is (Field 1965)

TTI = 1

NP/(2.5k/mp)
, (11)

where K is the Boltzmann constant. In Fig. 2, we show the snapshot
of the ratio of thermal instability growth time-scale to the gas infall
time-scale at 5.15 × 107 yr for model D21T5. The solid, dotted,
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Figure 1. Radial distributions of NP = ∂ζ /∂T|p at 5.15 × 107 yr for model D21T5. The solid, dotted, dashed, and dot–dashed lines corresponds to θ = 0◦,
30◦, 60◦, and 90◦, respectively. The right-hand panel is a vertical axis zoom in for the region 10–1000 pc. At this moment, we can see that in most of the radial
computational domain, NP is negative. We note that for other θ angles and for other snapshots, we also find that NP < 0 when r > 6 pc.

Figure 2. Radial distributions of the ratio of growth time-scale of thermal
instability to the gas infall time-scale in the region NP < 0 at 5.15 × 107 yr for
model D21T5. The solid, dotted, dashed, and dot–dashed lines corresponds
to θ = 0◦, 30◦, 60◦, and 90◦, respectively. We note that for other θ angles
and for other snapshots, we also find that TTI/Tinfall � 1.

dashed, and dot–dashed lines corresponds to θ = 0◦, 30◦, 60◦, and
90◦, respectively. From this figure, we can see that the thermal
instability growth time-scale is several orders of magnitude shorter
than the gas infall time-scale. We note that at other θ angles and for
other snapshots, the results are similar. The thermal instability can
grow.

The consequence of thermal instability is that the accretion gas
will form two phase, hot and cold, medium. Following MP13, we
define gas with T < 105 K as cold gas and gas with T > 105 K
as hot gas. In Fig. 3, we plot the two-dimensional properties at
5.15 × 107 yr for model D21T5. The left-hand panel plots logarithm
density (colour) and velocity vector (arrows). The right-hand panel
plots logarithm temperature (colour). It is clear that two-phase
accretion flow forms. Both the low-temperature (high density) and
high-temperature (low density) streams fall on to the centre.

Fig. 4 shows the time evolution of the mass accretion rate at
the inner boundary. The accretion rate is in unit of M� yr−1. The
fluctuating black and red lines correspond to the cold gas accretion
rate and the hot gas accretion rate, respectively. The horizontal
black and red lines correspond to the time-averaged values of cold
gas accretion rate and hot gas accretion rate, respectively. As found
by MP13, both cold gas accretion rate and hot gas accretion rate

fluctuate with time. When the dense cold gas streams formed due
to thermal instability across the inner boundary, we will observe
a peak in the black solid line. The time-averaged accretion rate of
cold phase gas is 16 times of the time-averaged accretion rate of the
hot phase gas.

Now, we study the dependence of the results on gas density.
According to the cooling function ζ , the cooling rate per unit mass
is positively correlated with the gas density. Different cooling terms
(equations 5–8) have different dependences on density. Gas with
higher density is easier to cool to a much lower temperature. In
other words, the thermal instability can be much easier to occur for
gas with higher density.

In model D22T5, the initial gas density is 10 times smaller
than that in model D21T5. Models D21T5 and D22T5 have same
initial gas temperature. In Fig. 5, we plot the snapshot of the radial
distribution of NP at t = 7.65 × 107 yr when there is a peak in the
mass accretion rate of cold phase gas (T < 105 K, see the information
next). In this figure, the solid, dotted, dashed, and dot–dashed lines
correspond to θ = 0◦, 30◦, 60◦, and 90◦, respectively. We note that
at other θ angles and for other snapshots, the results are similar.
Comparing Figs 1 and 5, we can find the following differences.
First, in model D21T5, at any radii in the region r > 10 pc, NP is
negative, the gas is thermally unstable. However, in model D22T5,
in the region r > 10 pc, Np can be either positive or negative. In
other words, in model D21T5, in the region r > 10 pc, thermal
instability can occur at any location. However, in model D22T5,
thermal instability can only occur at some radii. Secondly, in the
thermally unstable region (NP < 0) at radius r < 10 pc, the growth
time-scale of thermal instability in model D21T5 is shorter (see
equation 11 for the calculation of TTI).

In Fig. 6, we show the radial distribution of the ratio of growth
time-scale of thermal instability to the gas infall time-scale in the
region NP < 0 at 7.65 × 107 yr for model D22T5. In this figure, the
solid, dotted, dashed, and dot–dashed lines correspond to θ = 0◦,
30◦, 60◦, and 90◦, respectively. We note that at other θ angles and for
other snapshots, the results are similar. The lines are discontinuous.
This is because we just show the results for the region with NP < 0.
As can been seen that in the thermally unstable region, the growth
time-scale of thermal instability is significantly shorter than the gas
infall time-scale. In this model, two phase gas can form.

Fig. 7 shows the time evolution of mass accretion rate for both
cold gas (the black line) and hot gas (the red line) measured at the
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Figure 3. two-dimensional properties at 5.15 × 107 yr for model D21T5. The left-hand panel plots logarithm density (colour) and velocity vector (arrows).
The right-hand panel plots logarithm temperature (colour).

Figure 4. Time evolution of the mass accretion rate at the inner boundary
for model D21T5. The accretion rate is in unit of M� yr−1. The fluctuating
black and red lines correspond to the cold gas accretion rate and the hot gas
accretion rate, respectively. The horizontal black and red lines correspond
to the time-averaged values of cold gas accretion rate and hot gas accretion
rate, respectively.

inner boundary. Same as those in model D21T5, the mass accretion
rates for both cold and hot gas fluctuate with time. Comparing
Figs 4 and 7, we can see that the amplitude of fluctuation for the
cold gas accretion rate in model D22T5 is smaller. The amplitudes
of fluctuation for hot gas accretion rates in the two models are
similar. The time-averaged cold gas accretion rate in model D22T5
is slightly smaller. Lower density in model D22T5 makes the cooling
rate per unit mass in this model smaller. Therefore, compared to
model D21T5, it is harder to form dense cold gas in model D22T5.
Therefore, the cold gas accretion rate in model D22T5 is smaller.
The time-averaged hot gas accretion rate in model D22T5 is slightly
higher than that in model D21T5. In model D22T5, the ratio of time-
averaged cold gas accretion rate to hot gas accretion rate is 14. In
model D21T5, this value is 16.

In model D23T5, the value of ρ0 = 10−23 g cm−3, which is
10 times smaller than that for model D22T5. For this model, we
first show the time evolution of mass accretion rate in Fig. 8. It can
be seen that when time <1.6 × 108 yr, the cold gas accretion rate
is roughly equal to the hot gas accretion rate. After 1.6 × 108 yr,
the cold gas accretion rate gradually increases with time, and cold

gas accretion rate becomes larger than the hot gas accretion rate. In
this model, the gas density is much lower. The lower gas density
has two consequences. First, the region where NP < 0 is smaller
compared to models D21T5 and D22T5 (see Fig. 9). Secondly,
the growth time-scale of thermal instability becomes longer (see
Fig. 10). Compared to models D21T5 and D22T5, it takes longer
time for the thermal instability to grow in model D23T5. This is the
reason why in model D23T5, only after 1.6 × 108 yr, can the cold
gas accretion rate exceeds the hot gas accretion rate.

In model D24T5, the initial density is 10 times lower than that in
model D23T5. We find that in model D24T5, the density is too low
that the gas is thermally stable (NP > 0). Therefore, in this model,
no cold phase gas forms and the cold gas accretion rate is zero.

3.2 Models with T0 = 106 K and T0 = 107 K

For the models with T0 = 106 K and T0 = 107 K, our main findings
about the two-phase accretion are very similar as those in models
with T0 = 105 K. The findings are as follows (see also Table 1).
When ρ0 ≥ 10−24 g cm−3, thermal instability can occur and cold
phase gas can form. The ratio of time-averaged cold gas accretion
rate to hot gas accretion rate is a function of ρ0 (see Table 1 for
detailed values). Generally, this ratio increases with the increase of
ρ0. When ρ0 = 10−21 g cm−3, this ratio reaches its maximum value
of 16.

3.3 Effects of changing X-ray flux

To study the effects of X-ray flux, we perform two test simulations
D21T5-XL and D21T5-XH. The UV flux in the two test simulations
is set same as that in model D21T5. In model D21T5-XL, the X-ray
flux is five times lower than that in model D21T5. In model D21T5-
XH, the X-ray flux is five times higher than that in model D21T5.
The results of the two test simulations are listed in Table 2. We
calculated the ratio of cold gas accretion rate to hot gas accretion
rate. In model D21T5-XL, this ratio is 40. In model D21T5-XH,
this ratio is 10. In model D21T5, this ratio equals to 16. With the
increase of X-ray flux, less gas will be accreted in cold mode. This
is easy to be understood. More X-ray flux can have stronger heating,
more gas will tend to be in hot mode. In MP13, the authors also
studied the effects of changing X-ray flux. It is also found that with
the increase of X-ray flux, more gas will be accreted in hot mode.
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Figure 5. Same as Fig. 1, but for model D22T5 at t = 7.65 × 107 yr.

Figure 6. Radial distributions of the ratio of growth time-scale of thermal
instability to the gas infall time-scale in the region NP < 0 at 7.65 × 107 yr for
model D22T5. The solid, dotted, dashed, and dot–dashed line corresponds
to θ = 0◦, 30◦, 60◦, and 90◦, respectively. We note that at other θ angles
and for other snapshots, the results are similar.

Figure 7. Same as Fig. 4, but for model D22T5.

4 D ISCUSSIONS

In this paper, we assume that the luminosity of the central engine is
fixed. However, as previous works show that when the luminosity
is higher than ∼ 0.01 times the Eddington luminosity, the accretion
is unstable and the luminosity should vary with time (Ostriker et al.
1976; Cowie, Ostriker & Stark 1978; Ciotti & Ostriker 2001). If the

Figure 8. Same as Fig. 4, but for model D23T5.

luminosity changes with time, we would expect that the accretion
rate of cold gas should oscillate periodically around some mean
value with time. The reason is as follows. When the luminosity
is low, the Compton/photoionization heating is weak, the gas can
cool down. Then, cold gas will fall to the centre, the accretion
rate becomes high and consequently the central engine will have
a high luminosity. When the luminosity becomes high, the heating
becomes stronger, then the accretion gas may be heated to the
temperature higher than Virial temperature. The accretion rate and
luminosity decrease. The loop will always be present. In this case,
as we mentioned, we would expect the accretion rate of cold gas
oscillates periodically. However, it is hard to expect qualitatively
that whether the mean value of the cold gas accretion rate in a
realistic case is higher or lower than the value obtained in this
paper.

We discuss the possible influence of resolution on the size of
the cold clumps formed by thermal instability. Koyama & Inutsuka
(2004) studied the thermal instability of interstellar medium. They
found that in calculations without thermal conduction, the size of
the cold cloud is roughly the size of numerical grid. If thermal
conduction is included, the size of cold cloud can be invariant
with resolution of calculations. In the simulations with thermal
conduction, the ‘Field length’ should be well resolved. The Field
length is the characteristic length-scale of thermal conduction. The
field length is equal to

√
κT /ρĖ, with κ being the conductivity. The

conductivity κ = 2500
√

T erg cm−1 K−1 s−1. We take our fiducial
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Figure 9. Same as Fig. 1, but for model D23T5 at t = 4.6 × 108 yr.

Figure 10. Radial distributions of the ratio of growth time-scale of thermal
instability to the gas infall time-scale in the region NP < 0 at 4.6 × 108 yr for
model D23T5. The solid, dotted, dashed, and dot–dashed lines corresponds
to θ = 0◦, 30◦, 60◦, and 90◦, respectively. We note that at other θ angles
and for other snapshots, the results are similar.

model D21T6 as an example to calculate the field length. In this
model, the initial gas temperature is 106 K. We assume that the
cooling is bremsstrahlung. We find that the field length is roughly
1015 cm, which is three orders of magnitude smaller than the inner
boundary of our simulations. Therefore, to well resolve the field
length, our finest gird should be more than three orders of magnitude
smaller than the inner boundary. Currently, it is quite hard to do such
high-resolution simulations. There is the possibility that if the size
of the cold cloud is too small, the conduction may evaporate the
cloud given that the conduction time-scale is shorter than the gas
infall time-scale. In this case, the gas may be just one-phase. In
future, it is quite necessary to do high-resolution simulations with
the field length resolved to study the thermal instability.

5 A PPLICATIONS

Previous works studying the NLRs in some nearby Seyfert galaxies
have shown that cold clumpy outflows are present (Crenshaw &
Kraemer 2000; Ruiz et al. 2001; Das et al. 2005, 2006; Crenshaw
et al. 2010; Fischer et al. 2010, 2011). The formation of the cold
clumpy gas in the NRLs has not been fully understood. In this work,
our results show that in the NLRs, cold clumps can form by thermal
instability when gas density is higher than 10−24 g cm−3. How the
cold clumpy gas is pushed out to form the observed clumpy outflows

is interesting. In future, we plan to study the acceleration mechanism
of clumpy outflows in the NLRs to explain the observations.

AGN feedback is believed to play an important role in the galaxy
formation and evolution (Fabian 2012). Both radiation and wind
from an AGN can interact with its host galaxy (e.g. Ciotti &
Ostriker 2007; Ostriker et al. 2010; Ciotti et al. 2017; Yuan et al.
2018). The properties of AGN winds in these simulations are set
according to the results of simulations of accretion flows. Usually,
the outer boundary of the accretion flow simulations are located at
several hundreds to thousand Schwarzschild radius. How the gas is
accreted from pc scale to hundreds/thousands Schwarzschild radius
is unknown. AGN winds may also be generated when gas falls
from pc scale to hundreds/thousands Schwarzschild radius. There-
fore, it is necessary to perform simulations to study the gas accretion
and wind generation in the region from pc to hundreds/thousands
Schwarzschild radius. The winds generated from this region should
also be taken into account in future simulations with AGN feedback.
To study how the gas falls from pc scale to the accretion flow, one
needs to know the gas properties at pc scale. Results in this paper can
be used as outer boundary conditions in simulations studying gas
infall from pc scale to hundreds/thousands Schwarzschild radius.

In some simulations studying galaxy formation (Di Matteo et al.
2008; Dubois et al. 2010), the resolution is too low and it is hard to
directly calculate the accretion rate of an AGN. In these simulations,
to boost up the accretion rate obtained, it is usually assumed that
the central black hole accretion is dominated by an unresolved cold
phase. In this paper, we have shown that at parsec to kilo-parsec
scale, only when the density of gas is higher than 10−24 g cm−3, can
thermal instability occur and consequently cold gas forms. When
the gas density at this scale is smaller than 10−24 g cm−3, no cold
gas can form. We have also get the ratio of cold gas accretion rate
to hot gas accretion rate as a function of initial gas density and
temperature. These results can be used in future in the sub-grid
models of AGN feedback in galaxy formation simulations.

6 SU M M A RY

Two-dimensional hydrodynamic simulations are performed to study
the properties of gas flow irradiated by AGN photons in the region
from 1 to 1000 pc. We set the problem as simple as possible.
We assume that the luminosity of the central accretion system is
constant and equal to 0.3LEdd. We also assume that the angular
momentum of gas is zero. We find that when gas density is higher
than 10−24 g cm−3, the gas is thermally unstable. The consequence
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Table 2. Models and results.

Model ρ0 (10−21 g cm−3) T0 105 K τ Rτ = 1 Cold clumps ṀC/ṀH ṀC (M� yr−1)
(1) (2) (3) (4) (5) (6) (7) (8)

D21T5-XL 1 1 9.6 1.2 pc Yes 40 698
D21T5-XH 1 1 20 1.2 pc Yes 10 1215

Note. Same as Table 1, but for the two test simulations D21T5-XL and D21T5-XH. The two test simulations are performed to compare with
model D21T5. The UV flux in the two test simulations is set same as that in model D21T5. In model D21T5-XL, the X-ray flux is five times
lower than that in model D21T5. In model D21T5-XH, the X-ray flux is five times higher than that in model D21T5. The results are analysed in
Section 3.3.

of thermal instability is that two phase, cold and hot, gas will form.
We also study the accretion rate of the two phase gas. We find
that the ratio of cold gas accretion rate to hot gas accretion rate is
a function of gas density. Generally, this ratio increases with the
increase of gas density. The maximum value of this ratio is 16,
when gas density is 10−21 g cm−3. When gas density is smaller than
10−24 g cm−3, the gas is thermally stable and no cold clumpy gas
can form.
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