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Abstract

One of the main mechanisms that could drive mass outflows on parsec scales in active galactic nuclei (AGN) is
thermal driving. The same X-rays that ionize and heat the plasma are also expected to make it thermally unstable.
Indeed, it has been proposed that the observed clumpiness in AGN winds is caused by thermal instability (TI).
While many studies employing time-dependent numerical simulations of AGN outflows have included the
necessary physics for TI, none have so far managed to produce clumpiness. Here we present the first such clumpy
wind simulations in 1D and 2D, obtained by simulating parsec-scale outflows irradiated by an AGN. By combining
an analysis of our extensive parameter survey with physical arguments, we show that the lack of clumps in
previous numerical models can be attributed to the following three effects: (i) insufficient radiative heating or other
physical processes that prevent the outflowing gas from entering the TI zone; (ii) the stabilizing effect of stretching
(due to rapid radial acceleration) in cases where the gas enters the TI zone; and (iii) a flow speed effect: in
circumstances where stretching is inefficient, the flow can still be so fast that it passes through the TI zone too
quickly for perturbations to grow. In addition to these considerations, we also find that a necessary condition to
trigger TI in an outflow is for the pressure ionization parameter to decrease along a streamline once gas enters a
TI zone.

Unified Astronomy Thesaurus concepts: Active galactic nuclei (16); Hydrodynamical simulations (767)

1. Introduction

Thermal instability (TI; Field 1965) was long ago recognized
as a viable mechanism for producing multiple phases in active
galactic nuclei (AGN) winds (e.g., Davidson & Netzer 1979;
Krolik & Vrtilek 1984; Shlosman et al. 1985). Such winds are
observed, for example, in some Seyfert galaxies, where the
ultraviolet (UV) and X-ray absorbers have similar velocities,
strongly suggesting that very different ions are nearly cospatial
and therefore that different temperature regions coexist (e.g.,
Shields & Hamann 1997; Crenshaw et al. 1999; Gabel et al.
2003; Longinotti et al. 2013; Ebrero et al. 2016; Fu et al. 2017;
Mehdipour et al. 2017, and references therein).

While TI is well understood in a local approximation (e.g.,
Balbus 1995; Waters & Proga 2019), it has proven challenging
to quantitatively model clump formation in a dynamic flow.
Only in recent years has it become clear how the in situ
production of multiphase gas can be triggered using global
time-dependent hydrodynamical simulations—and only in the
context of accretion flows (Barai et al. 2012; Gaspari et al.
2013; Mościbrodzka & Proga 2013, hereafter MP13; Takeuchi
et al. 2013) or stratified atmospheres (e.g., McCourt et al. 2012;
Sharma et al. 2012). In an outflow regime, previous work has
focused on highlighting the importance of considering the
effects of clumpiness, but only on a qualitative basis (e.g.,
Nayakshin 2014; Elvis 2017).

Here, we present the first global simulations of an outflow
that is multiphase due to TI. Specifically, we show that there
exists a range of the so-called hydrodynamic escape parameter
(HEP), small yet relevant, for which the outflow can develop
regions with significant over- and under-densities and that the
over-densities can survive their acceleration over a relatively
large distance. We identify the physical effects that contribute
to making the HEP range small, and thus explain why a clumpy
outflow has not been identified in any previously published

results from the simulations of thermally driven outflows,
neither in 1D nor 2D simulations (e.g., Woods et al. 1996;
Proga & Kallman 2002; Luketic et al. 2010; Higginbottom &
Proga 2015; Dyda & Dannen 2017; Waters & Proga 2018). We
detail our numerical methods in Section 2. We present the
results from our calculations in Section 3 and a discussion in
Section 4.

2. Numerical Methods

We employ the magnetohydrodynamics code ATHENA++ J.
M. Stone et al. (2020, in preparation) to solve the equations of
non-adiabatic gas dynamics
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where ρ is the fluid density, v is the fluid velocity, =P Ip
with p the gas pressure and I the unit tensor, Φ=−GMBH/r is
the gravitational potential due to a black hole with mass MBH,

r r= + vE 1 2 2∣ ∣ is the total energy with g r= - - p1 1( )
the gas internal energy, =F rFrad rad ˆ is the radiation force, and
 is the net cooling rate. All of our calculations assume γ=5/
3. Although we have computed models with the radiation force
due to both electron scattering and line driving, in this Letter
we present only models with the force due to electron
scattering, i.e., Frad=GMBHρ Γ/r

2, where Γ=L/LEdd is the
Eddington fraction. Irradiation is thus assumed to be due to a
point source, as is appropriate when considering parsec scales
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in relation to the X-ray coronae and the UV-emitting regions of
AGN disks.

For the unobscured AGN spectral energy distribution (SED)
of NGC 5548 from Mehdipour et al. (2015), shown in the top
panel of Figure 1, D17 have tabulated the net cooling rate

x=  T ,( ), which is function of the gas temperature, T, and
the ionization parameter, defined as ξ=LX /nr2 where LX is
the luminosity integrated between 1–1000Ry, and

m r= -n mp
1( ) is the gas number density (with mp the proton

mass; we set μ=0.6 in this work). The ξ dependence on
distance plays an important role in determining the thermal
stability of the flow, as discussed in detail in Section 4. Also,
the ratio between the hard and soft X-ray energy bands is an
important characteristic affecting properties of TI (e.g., Kall-
man & McCray 1982; Krolik 1999; Mehdipour et al. 2015;
Dyda & Dannen 2017).

The solid line in the bottom panel of Figure 1 is the S-curve
corresponding to this SED, i.e., the contour where

X = T , 0( ) , where x pX º =p p ck T4rad B( ) is the pressure
ionization parameter, with prad the radiation pressure (equal to
FX/c in our models). For the adopted SED, gas is unstable by
the isobaric criterion for local TI in the two zones where the
slope of the S-curve is negative (these are the locations where

Field’s criterion for TI, ¶ ¶ < T 0p[ ] , is satisfied). Gas is
actually thermally unstable everywhere left of the dashed line
(hereafter referred to as the Balbus contour), as this region of
parameter space satisfies Balbus’ generalized criterion for TI,
¶ ¶ < T T 0p[ ( ) ] (Balbus 1986). Points corresponding to
the maximum value of Ξ on the cold stable branch of the
S-curve (i.e., for X =log 1.10c,max ) are dynamically the most
significant, as they mark the entry into a cloud formation zone
and dramatic changes in the flow profiles can occur there.
We present the results of 1D models run at both medium and

high resolution, all using a uniform grid spacing
D » -r r r Nrout 0[ ( ) ]. The standard resolution runs (Models
A-1x, B-1x, C-1x, and D-1x) have Nr=552, chosen such that
gradient scale heights l º q dq drq ∣ ∣ (where q is any
hydrodynamic variable) are adequately resolved with
λq/Δr≈3 for r1.1 r0 and λq/Δr>10 at all other points
in the wind except in the vicinity of the location where
X = Xc,max, where this ratio dips to about 1. The high-
resolution runs (Models A-8x, B-8x, C-8x, and D-8x) have
Nr=8×552, nearly an order of magnitude higher resolution
everywhere. The other relevant length scale to resolve is that of
the clumps, which have a size on the order of the local cooling
length scale l º c tscool cool, where = - t n mpcool

1( ) is the
cooling time while  is the cooling rate in units of -erg cm s3 1.
For γ=5/3,

l » ´ - -T n3 10 cm, 4cool
16

5
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1 ( )

where =T T 10 K5
5 , = -n n 10 cm3

3 3,
= - -  10 erg cm s23

23 3 1, and = = =T n C 15 3 23 are char-
acteristic values of the clumps. With Δr≈2×1015 cm for
our “-1x” runs, this length scale is adequately resolved.
We apply outflowing boundary conditions at the inner and

outer radii with the density fixed at the innermost active grid
point to the value of r0 in Table 1. The initial conditions are a
simple expanding atmosphere with r r= -r r0 0

2( ) and a β-
law velocity profile, = -v v r r1esc 0 , where the “0”
subscript is used to denote values at the inner radius of the
computational domain, r0. The pressure profile is set according
to the temperature, chosen so that the gas lies along the
S-curve, having a value Ξ0 at r0 (see Section 3).
The 2D model uses a 256×256 grid in r and θ, with

logarithmic spacing in r such that =+dr dr1.01i i1 and uniform
spacing in θ from 0 to π. At the inner boundary we assumed a
density profile r r q= +1 0.001 sin 20 [ ( )] to break spherical
symmetry. We apply reflecting boundary conditions at 0 and π.

3. Results

For a given MBH, just three parameters govern our solutions:
Γ, Ξ0, and the HEP, which sets the strength of thermal driving.
We define HEP as the ratio of effective gravitational potential
and thermal energy at r0,

=
- GGM

r c
HEP

1
. 5

s

BH

0 ,0
2

( ) ( )

We only present models with Ξ0=3, Γ=0.3, and
=M M10BH

6
, as HEP is the main governing parameter.

We note, however, that the choice of Ξ0 is not unimportant,
e.g., selecting one too large can cause the flow to miss relevant
regions. The dependence of stable wind solutions on Γ for

Figure 1. Top panel: SED intrinsic to NGC 5548, as determined by Mehdipour
et al. (2015). The energy range used to define ξ is marked by the two vertical
lines. This SED is relatively flat and has LX/L≈0.36 and mean photon energy
ná ñ = =h k T 34.8 keVB X (corresponding to Compton temperature
= = ´T T 4 1.01 10C X

8 K). Bottom panel: associated S-curve and Balbus
contour (the solid and dashed lines, respectively). Red dots mark the points
Xc,max, Ξ1, Ξ2, and Xh,min. Note that Xc,max (Xh,min) denotes the last (first) stable
point on the “cold phase branch” (“Compton branch”) of the S-curve. The
SED-dependent conversion to the other common ionization parameter
= FU c nH( ) (with ΦH the number density of H I ionizing photons) is

U≈ξ/42, so X =log 1.10c,max( ) , x =log 2.15c,max( ) , and =Ulog 0.53c,max( ) .
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various SEDs was explored in 1D by D17. In Table 1, we list
model parameters and summarize gross outflow properties.

After examining over 100 1D simulations, with the standard
resolution that span this parameter space, we arrived at four
qualitatively different 1D wind solutions that capture the
general behavior seen across all runs. These four cases illustrate
how the stability of the outflow depends on the HEP. We chose
the values of HEP for our modelsA and D such that they
closely bracket the parameter space leading to transonic,
clumpy winds (here represented by models B and C). For each
model, Figure 2 shows the models tracks on the phase diagram,
while Figure 3 shows radial profiles of ρ, v, T, and Ξ. The
phase diagrams reveal that all solutions pass through the lower
TI zone, but only modelsB and C with the standard resolution
actually trigger TI to become unsteady. Additionally, two
general trends are evident: (i) the range of Ξ decreases with

HEP and (ii) for large Ξ, the wind is not in thermal equilibrium;
the wind temperature is nowhere near that of the stable
Compton branch on the S-curve (the maximum temperature
shown in these plots is more than an order of magnitude lower
than TC). The first trend is due to the fact that for thermal
winds, the velocity is a decreasing function of HEP, and by
mass conservation for radial flows, ξ∝v in a steady state (i.e.,
v∝1/n r2, as is ξ). Trend (ii) is due to adiabatic cooling
(see D17), but note that the highest temperatures reached in all
four cases occupy thermally stable regions of the (T–Ξ)-plane
(namely, regions to the right of the Balbus contour). We now
examine the dynamics of these solutions in detail to understand
why ModelsB, C, and D-x8 are clumpy, while A and D-x1
are not.

Table 1
Summary of Key Parameters and Results

Model HEP r0 ρ0 tsc,0 t tcool sc á ñv á ñM Comment

(1018 cm) -10 18( g cm−3) (1012 s) (107 cm s−1) (1024 g s−1) 1x runs (8x runs)

A 13.3 1.01 2.68 3.4 0.47 (0.48) 6.4 (6.0) 1.2 (1.2) steady (steady)
B 11.9 1.13 2.15 3.9 0.54 (0.49) 3.4 (3.5) 3.2 (3.3) unsteady (unsteady)
C 9.1 1.48 1.26 5.0 0.41 (0.42) 2.5 (2.3) 5.9 (6.0) unsteady (unsteady)
D 8.1 1.67 0.98 5.7 0.41 (0.41) 2.4 (2.2) 6.6 (6.7) quasi-steady (unsteady)

Note. HEP is the hydrodynamic escape parameter. The inner radius is derived from the choice of HEP as = - G - -r GM1 HEP cs0 BH
1

,0
2( ) (see Equation (5)), while the

density at the base follows from the definition of ξ as r m x= - -m L rp0 X 0
1

0
2. The sound crossing time is defined as = -t r r csc,0 out 0 s,0( ) . The ratio t tcool sc is given at

the location where X = Xc,max. The average mass flux and velocity through rout are shown as á ñM and á ñv . Comment columns denote the state of the flow at late times.
Values/comments in parenthesis denote results for the 8x-resolution runs.

Figure 2. Phase diagram comparison of our four 1D models showing T as function of Ξ in relation to the thermal equilibrium curve (black solid line) and the Balbus
contour (black dashed line). The colored solid lines display time-averaged solutions and the less opaque lines a single snapshot at the end of the simulation (at
>t t3 sc,0). The top row presents our standard resolution (“-1x”) runs and the bottom row our high-resolution (“-8x”) runs. See Sections 3 and 4 for details about the

dynamics of each model.
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3.1. Unsteady, Clumpy Wind Solutions

A basic requirement for TI to operate once gas enters the TI
zone is for it to stay there long enough for initially small
perturbations to grow. In terms of timescales, the flow must
satisfy tcool<tsc on global scales, which it does (see Table 1).
However, Figure 2 shows that for the flow to remain in the TI
zone, it must also be the case that Ξ not increase downstream,
the normal tendency in disk winds, at least in the absence of
magnetic field pressure (Higginbottom & Proga 2015). This
normal Ξ-scaling is especially obvious in the 1D radial winds
studied by D17 that had constant radiation flux. In such winds,

Ξ∝1/p, and p tends to decrease radially outward in outflows,
the necessary condition for the pressure gradient to overcome
gravity. The increase in Ξ will therefore cause the gas to
quickly leave the TI zone (i.e., to cross to the right of the
dashed lines in Figure 2 once reaching Xc,max). What we see in
modelsB, C, and D, however, is that Ξ can decrease outward
through the TI zone (see the bottom panels in Figure 3).
Viewed in terms of the phase diagrams, gas not only enters and
stays in the TI zone, but even crosses through a large portion of
this zone. That a necessary condition for a clumpy wind
solution is for the gas pressure profile to be such that it leads to
a decrease of Ξ within a TI zone is the critical insight of this

Figure 3. Spatial flow profiles of our four 1D models run at both medium (“-1x” runs, the first and third columns of panels) and high (“-8x” runs, the second and
fourth column of panels) resolution. As in Figure 2, fully opaque curves show time-averaged profiles, while less opaque ones are snapshots from the end of the
simulation. The Xʼs mark sonic points of the time-averaged solutions. In the temperature panels, the dotted black line shows where = XT T c,max( ). Animations of
these runs are downloadable at doi:10.5281/zenodo.3739603 or watchable at http://www.physics.unlv.edu/astro/clumpywindsims.html.
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work. The criterion that Ξ decrease outward is hard to satisfy
(see Section 4), explaining why TI is absent in the thermally
driven wind models studied in the past.

In modelB, the inner gas is just slightly less gravitationally
bound than in modelA (HEP of 11.9 compared to 13.3), yet
this is enough for the flow to be twice as fast at small radii and
to follow the S-curve all the way to the TI zone. As the flow
enters this zone, we see formation of an initially thin layer
where the temperature increases rapidly (see the locations
marked by dotted lines in Figure 3). This heating is radiative
and is related to the gas being thermally unstable. We note that
the heating is localized, namely, the gas immediately interior
and exterior of this hot layer is relatively cool and dense, as it is
gas located on or just above the upper branch of the cold phase.
The separation of this cooler downstream flow that has entered
the TI zone from the cold phase upstream flow by the hot layer
is the origin of a dense clump that, in the animations of these
runs (see Figure 3 for a link), appears as an ejection of a layer
of cold gas.

We reiterate that this is not clump formation from a
condensation as in classical TI, as the role of TI here is
primarily to form a hot layer. This layer is initially cool, lying
above a stable cold region and below an unstable and
condensing cool region, but there is very little “room” in the
(T–Ξ)-plane for gas to condense, while there is a lot of room for
it to heat. With time, the hot layer expands and pushes the
colder, dense material outward. The ram pressure increases
somewhat the density of the cold gas, but it is not the cause of
the over-densities. It would be more appropriate to view this
process as the separation of layers of the atmosphere rather than
the condensation of cool clumps.

We note that TI operates here under nearly isobaric
conditions (the cold and hot phases in Figure 2 are connected
by nearly vertical lines at a given radius). In particular, the size
of the perturbation that grows, as well as the resulting clumps,
are both smaller than the pressure scale height, and therefore
they have nearly constant pressure. Despite having tcool<tsc
globally (i.e., on the scale of λp) as mentioned above, the
requirement for isobaricity (tsc<tcool) is satisfied locally.

Finally, while it is not obvious from Figures 2 and 3, we
found that generally as the flow accelerates, ξ increases, even
for the cold phase gas. This leads to heating and expansion of
the colder clumps, eventually causing them to enter the hot
phase. In modelC-1x, this expansion process operates over a
relatively small radial range and is well displayed in the figures
as a decrease in the density and temperature variations with
distance.

3.2. Smooth Wind Solutions Passing through a TI Zone

Models with HEP higher than that for modelB evolve
toward a steady, transonic and stable solution of a Compton-
heated wind, while all other models are unstable (and hence
unsteady) transonic solutions of a thermally driven wind heated
mainly by photo-absorption (the temperature at the sonic point
and even of the hottest gas is less than 106 K). ModelA
resembles the cases that we saw in the past (e.g., D17). At
small radii, the gas is subsonic with a density profile close to
that of a hydrostatic equilibrium solution for a temperature
profile tracing the cold branch of the S-curve. At »r r1.4 0,
where Xlog 1.1 , the flow undergoes runaway heating (see
the temperature panels in Figure 3 for Model B). The heat input
is relatively large and it results in a rapid flow acceleration, the

wind becoming supersonic at r≈2 r0. Similarly to the cases
described in D17, the increase in v is so significant that the
adiabatic cooling becomes faster than the radiative heating and
the flow does not evolve along the S-curve at large radii.
Two dynamical effects suppress TI in solutions with

relatively high HEP: (1) stretching (i.e., rapid radial accelera-
tion that causes rapid expansion of fluid elements) operating on
the timescale t = ¶ ¶v r1s ∣ ∣ and (2) high velocity. The latter
causes a gas parcel to “fly through” the TI zone on the
dynamical timescale t = r vd ∣ ∣, which is shorter than the
maximum growth rate of TI, tTI. These two effects are the main
reason for an accelerating flow to be thermally stable despite
satisfying Balbus’ generalized instability criterion (see the
discussions of this point in MP13 and Higginbottom &
Proga 2015 in the context of accretion flows and of thermal
disk winds, respectively).
ModelD-x1 seems similar to modelA-x1, insomuch as it

appears to reach a steady state, but modelD-x1 hosts
fluctuations at the level of 10%. This model is also a clear
example of a solution that follows the S-curve backward in the
(T–Ξ)-plane (see the upper-right panel of Figure 2); it occupies
the same region of the phase diagram as models B and C
without becoming noticeably unsteady. Our analysis of the
timescales shows that, although τTI is small compared to τs, the
perturbations that are triggered by grid scale noise do not stay
in the TI zone long enough to grow beyond the 10% level in
modelD-x1. However, modelD type solutions are unstable at
both higher resolution and to linear perturbations inserted by
hand, in contrast to modelA type solutions. Indeed, we
checked that adding random perturbations with 10−3δρ/ρ0
 10−1 at r0 cause modelD-x1 to behave similarly to
modelC-x1.

3.3. Clumpy Winds in 2D

We conclude the presentation of our results with one
example of a 2D simulation, the counterpart to modelB. The
bottom panels in Figure 4 shows the temperature and density in
cgs units, whereas the top panels show the relative difference
between these quantities and their time-averaged values (á ñT
and rá ñ) at a given location for a snapshot near the end of the
simulation. Notice that the flow is very clumpy at r r2 0 but
appears quite smooth at larger radii where the density is overall
smaller and clumps have begun to expand. This is apparent
from the density profiles in our 1D simulations, although not
altogether obvious. The maximum density/temperature con-
trast is never more than 10.
Compared to modelB in 1D, we found a significant scatter

of the 2D wind profiles at a given radius, which reflects the loss
of spherical symmetry. The amplitude of the scatter (i.e., the
variability in the θ direction) is of the same order as the
variation in the radial direction. This in turn shows that the
perturbations grow to a similar level in both directions.

4. Discussion

In this study, we identified a finite parameter space for which
a thermally driven wind is clumpy. The origin of the clumps in
our X-ray irradiated outflows is very similar to that of clumpy
accretion flows studied by Barai et al. (2012) and MP13: quite
simply, small perturbations are allowed to grow due to TI.
However, we found that because the flow enters the TI zone
near the cold phase, TI mainly serves to raise the temperature
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of perturbations. Therefore, the clumpiness is a result of the
separation of heated layers of gas from the cold, dense layers
near the base of the flow rather than the formation of dense
clumps within a more tenuous background plasma. Impor-
tantly, this formation of heated layers from TI requires that a
perturbation can stay in the TI zone long enough for it to
become nonlinear and that stretching due to rapid radial
acceleration does not stabilize the growth of such layers.

These two requirements represent necessary conditions for
TI to operate in dynamical flows and are due to velocity
gradients in the wind that are not accounted for in the classical
theory of TI. We similarly identified another necessary
condition that distinguishes dynamical TI from local TI, this
one arising from pressure gradients: Ξ must decrease once gas
enters a TI zone (see Section 3.1). Because Ξ is the ratio of two
pressures, both of which are decreasing functions of radius, Ξ
could be a non-monotonic function of radius. Specifically, the
models here have X µ r p1 2( ), and even though p decreases
with radius, this decrease could be slower than 1/r2 and Ξ can
decrease downstream.

To build intuition for when to expect a clumpy versus
smooth outflow, we could just consider the geometric effects
involved in the problem. For example, let us assume that the
radiation flux scales as r− q, where q is a constant. We then find
the following trend: the more q is less than 2, the more
solutions resemble those from D17, where the wind is steady
and monotonic and Ξ shows no “back tracking.” For
2.0q2.5, the wind is unsteady and the range of Ξ and
T is reduced compared to the cases presented here. For q2.5,
the flux drops so fast that the heating is very weak.
Consequently, Ξ and T are never large enough for the solution
to even approach the TI region and as a result the flow is
smooth.
We have explored many other test runs, e.g., with line

driving turned on or using a different SED. We found that
clumpy outflows develop as in the examples shown here but for
somewhat different HEP. We will report on the results from
these simulations in a follow-up paper.

Support for Program number HST-AR-14579.001-A was
provided by NASA through a grant from the Space Telescope

Figure 4. 2D version of modelB. Bottom panels: log-scale maps of T (left) and ρ (right) in cgs units. Top panels: the relative difference of T (left) and ρ (right)
computed using time-averaged values. Bright green contours display sonic surfaces.
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