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Abstract

An expansion of cross-sectional area directly impacts the mass flow along a coronal
loop, and significantly alters the radiative and hydrodynamic evolution of that loop as
a result. Previous studies have found that an area expansion from chromosphere to
corona significantly lengthens the cooling time of the corona, and appears to suppress
draining from the corona. In this work, we examine the fluid dynamics to understand
how the mass flow rate, the energy balance, and the cooling and draining timescales are
affected by a non-uniform area. We find that in loops with moderate or large expansion
(cross-sectional area expansion factors of 2, 3, 10, 30, 100 from photosphere to apex),
impulsive heating, for either direct thermal heating or electron beam heating, induces
a steady flow into the corona, so that the coronal density continues to rise during the
cooling phase, whereas a uniform loop drains during the cooling phase. The induced
upflow carries energy into the corona, balancing the losses from thermal conduction, and
continues until thermal conduction weakens enough so that it can no longer support the
radiative losses of the transition region (TR). As a result, the plasma cools primarily
radiatively until the onset of catastrophic collapse. The speed and duration of the
induced upflow both increase in proportion to the rate of area expansion. We argue
that observations of blue-shifted spectral lines, therefore, could place a constraint on a
loop’s area expansion.
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1. Introduction

Models of closed coronal loops have typically
assumed that the loops have a uniform cross-
sectional area, although it is not clear whether
this assumption is valid. Naively, one might ex-

reep@hawaii.edu

pect that loops must expand since the magnetic
field falls off with height from the solar surface
due to flux conservation, as in the solar wind
(e.g. Wang & Sheeley 1995). However, observa-
tions of loop widths, which are used as a proxy
for their cross-sections, have found that the ex-
pansion is quite limited along their lengths, sig-
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nificantly less than the change in magnetic field
strength would imply (Klimchuk et al. 1992;
Klimchuk 2000; Klimchuk & DeForest 2020).
Peter & Bingert (2012) suggested that this may
be because the temperature of the plasma is not
constant transverse to the field line, while loops
are typically observed in narrow temperature
bands, causing an apparent constant width. Di-
rect measurements of the coronal magnetic field
are likely required to resolve this contradiction
between theory and observation.
Assuming that the cross-sectional area of a

loop does expand with height, as required by
flux conservation, there must be a significant
impact on the radiative and hydrodynamic evo-
lution of that loop. The mass flow rate, Ṁ ≡
ρAv, is spatially constant in steady flow con-
ditions, so both the mass density ρ and bulk
velocity v are affected by changes in the area
A. The system of equations describing the long-
term evolution of a loop is highly non-linear,
and therefore this can drastically change the
lifetime, emission in various wavelengths, and
dynamic behavior of that loop. Cargill et al.
(2022) showed that the expansion does in fact
cause a large difference in (average) coronal den-
sities and temperatures, while increasing the
cooling time noticeably. Reep et al. (2022) sim-
ilarly found that the densities, temperatures,
and velocities are all significantly impacted in
the presence of expansion, depending on the lo-
cation and rate of expansion. Li (1991) and
the subsequent work by Emslie et al. (1992)
were the first to earnestly examine the impact of
cross-sectional area on chromospheric evapora-
tion. They focused on the early heating phase,
finding that the upflow speed is increased in
the presence of expansion, and that the thresh-
old for explosive evaporation depends weakly on
the expansion factor (∝ R

1/5
m , where Rm, the

magnetic mirror ratio, is their notation for ex-
pansion), in addition to the heating parameters
(Fisher et al. 1985; Reep et al. 2015).

Curiously, Reep et al. (2022) showed that it
was immediately apparent that loops with a
significant area expansion do not drain during
their cooling phase, in contradiction to the well-
known behavior of uniform area loops. The
commonly expressed T ∝ n2 scaling law relat-
ing the rate of cooling of the temperature T to
the rate of draining of the density n of a coro-
nal loop does not hold with area expansion. In
this paper, we focus on determining the cause of
this unintuitive result. We show that following
impulsive heating, an excess of thermal conduc-
tion induces an upflow into the corona, lasting
for significantly longer than the heating dura-
tion. The loop is unable to drain while that up-
flow continues, so the density increases while the
temperature decreases, unlike in a uniform loop
where both decrease during the cooling phase.
In this work, we examine the fluid dynam-

ics to show the pertinent equations describing
the velocity and Mach number for flows be-
tween the chromosphere and corona. The drain-
ing timescale becomes effectively infinite prior
to catastrophic cooling because the expansion
induces a steady upflow of material into the
corona during the radiative cooling phase. We
examine a set of numerical simulations to under-
stand the role of expansion on evaporation and
draining. Finally, we synthesize a few spectral
lines to understand how Doppler shifts might
be impacted, and comment briefly on how that
might be used to constrain whether and by how
much the area expands.

2. Fluid Dynamics

We wish to understand how flow speeds be-
tween the chromosphere and corona depend
on the area expansion. We first reiterate the
derivation for a steady state flow of a compress-
ible fluid in the presence of non-uniform cross-
sectional area and heat transfer (e.g. Section
6.8 of Saad 1985).
Consider the set of equations given by
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∂tρ+ ∂s(ρAv) = 0 (1)

∂t(ρv) +
1

A
∂s(Aρv

2) + ∂sP = 0 (2)

P − ρ

µ
kBT = 0 (3)

M ≡ v

cs
= v

√
ρ

γP
(4)

where the notation ∂x refers to the partial
derivative with respect to variable x. ρ is the
mass density, A the cross-sectional area, v the
bulk flow velocity, P the gas pressure, T the
temperature, kB the Boltzmann constant, µ the
average particle mass, cs the sound speed, and
γ the ratio of specific heats. These are the equa-
tions for the conservation of mass and momen-
tum in the direction of flow s, the equation of
state for an ideal gas, and the definition of Mach
number (or sound speed). We have neglected
the effects of gravity and viscosity in the mo-
mentum equation, and we have omitted the en-
ergy equation in favor of an assumed tempera-
ture profile T (s). From these equations, we can
derive a relation between the change in Mach
number M in terms of the change in area A and
change in temperature T , to better understand
flows in an expanding loop.
We first assume a steady state, that is, ∂t = 0.

We can then write the continuity equation as:

∂s(lnA) + ∂s(ln ρ) + ∂s(ln v) = 0 (5)

and the momentum equation:

∂sP + ρv2∂s(lnA) + v2∂sρ+ 2ρv∂sv = 0

∂sP + ρv∂sv = 0 (6)

where we have used the steady-state continuity
equation to simplify the result.
We next derive a relation between the change

in pressure, density, and temperature by differ-
entiating the equation of state:

∂s(lnP ) = ∂s(ln ρ) + ∂s(lnT ) (7)

and then similarly for the definition of the Mach
number:

∂s(ln v) = ∂s(lnM) +
1

2
∂s(lnT ) (8)

Equations 4 through 8 can then be combined
to find the following relation:

(1− γM2)∂s(lnM) =
(γM2 + 1

2

)
∂s(lnT )

− ∂s(lnA) (9)

This is Equation 6.81 of Saad (1985). This re-
lation generally shows that the change in Mach
number is proportional both to the change in
area and the change in temperature.
A simplified form of this equation is commonly

used, but does not apply to the chromosphere-
corona boundary. In the absence of heat flow,
the isentropic limit of the equation can be de-
rived from Equations 5, 6, and the definition of

sound speed at constant entropy, cS =
√

(∂P
∂ρ
)S

to give:

∂s(ln v) =
1

M2
S − 1

∂s(lnA), (10)

where MS = v/cS. In the adiabatic limit,
therefore, the change in flow speed v is directly
related to the change in area A. For subsonic
flows, the speed increases with decreasing area
and decreases with increasing area, and vice
versa for supersonic flows. Emslie et al. (1992)
cited the isentropic limit to examine chromo-
spheric evaporation due to heating from an elec-
tron beam, where material upflows from chro-
mosphere to corona. However, the temperature
jumps 2 to 3 orders of magnitude between those
heights, so this limit does not generally apply.
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Equation 9 represents the full relation be-
tween the area, Mach number, and tempera-
ture. Importantly, it does not depend on the
specifics of what causes the change in temper-
ature or area, so we do not need to specify the
exact forms of heating or cooling by radiation
or conduction. In this work, we are primarily
concerned with flows between the chromosphere
and corona, which are generally subsonic, and
so this equation can be further simplified.

2.1. Subsonic Limit

In the subsonic limit, M < 1, Equation 9 can
be simplified:

∂s(lnM) =
1

2
∂s(lnT )− ∂s(lnA) (11)

We can then integrate this from chromosphere
(1) to corona (2) to obtain:

ln
M2

M1

=
1

2
ln

T2

T1

− ln
A2

A1

M2 = M1

(T2

T1

) 1
2 A1

A2

(12)

For the corona-chromosphere transition, T2

T1
≳

100, so the Mach number should increase across
the TR and into the corona. With a uniform
area, the heat flow therefore dominates this
change. For an increasing area, A2 > A1, how-
ever, the Mach number in the corona can be
reduced significantly.
We can carry this argument further. Using

Equations 3 and 4, we can rewrite Equation 11
in terms of the flow speed:

∂s(ln v) = ∂s(lnT )− ∂s(lnA) (13)

and again integrating from chromosphere (1) to
corona (2)

v2
v1

=
T2

T1

A1

A2

(14)

The velocity in the corona is reduced due to an
area expansion, and increased for an area con-
traction (as with the isentropic limit). Note,
however, that the dependence on temperature
is linear. A factor of 10 increase in the temper-
ature would increase the velocity by 10, but the
Mach number only by about 3.
Furthermore, combining Equation 14 with the

continuity equation and ignoring gravity, we can
also write

T2

T1

=
ρ1
ρ2

(15)

which is equivalent to a condition of constant
pressure. The density profile changes inversely
with the temperature profile, but is otherwise
unaffected by any change in the cross-sectional
area.
Finally, we can combine the expressions for

velocity and Mach number to derive the change
in sound speed:

c2
c1

=
(T2

T1

) 1
2

(16)

which also follows directly from the definition

of the sound speed (cs ∝
√

P
ρ
∝

√
T ).

Assuming that the temperature jumps from
104 to 106 K between the chromosphere and
corona (T2

T1
≈ 100), the relations we have are

thus:

v2
v1

≈ 100
A1

A2

(17)

M2

M1

≈ 10
A1

A2

(18)

c2
c1

≈ 10 (19)

For a constant area expansion, A1 = A2, this
implies that the velocity in the corona is a factor
of 100 times that in the chromosphere, while the
Mach number and sound speed are both only 10
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times higher. However, consider an expansion
by a factor of 10, that is A2 = 10A1. In this
case, the Mach number is approximately con-
stant from chromosphere to corona, and the ve-
locity is only 10 times higher in the corona. The
flows effectively become slowed in the corona
due to the area expansion. This is apparent
from the simulations in Reep et al. (2022) and
the simulations in Section 3 of this work.

2.2. Sustained Upflows during the Cooling
Phase of Impulsively-Heated Expanding

Loops

During the cooling phase of an impulsively
heated coronal loop, there is a relation between
temperature and density, T ∝ nδ, where δ is
a parameter that relates how quickly the loop
cools versus drains. Early hydrodynamic mod-
eling found δ ≈ 2 during the radiative cooling
phase (Serio et al. 1991; Jakimiec et al. 1992),
while later results showed that the value of δ de-
pends on the shape of the radiative loss function
(Cargill et al. 1995). Bradshaw & Cargill (2005,
2010) derived a full expression: δ = γ − 1 + τv

τR
,

where γ is the ratio of specific heats, τv is the
draining timescale of the loop, and τR is the
radiative timescale. The draining rate is in-
timately tied to the cooling by radiation of a
coronal loop. For adiabatic cooling, τv → 0, so
δ = γ − 1, while for purely radiative cooling
τv → ∞, or δ → ∞.
All of these initial results were derived and

simulated, however, assuming that the coro-
nal loop had a uniform area across its length.
Recent work has begun to examine the conse-
quences of ignoring this assumption. Cargill
et al. (2022) noted that even modest area expan-
sion affects both thermal and enthalpy fluxes
between the corona and TR, and can lead
to radically different hydrodynamic evolution.
Reep et al. (2022) showed that for much larger
area expansions, the loop does not drain signif-
icantly during the cooling phase, implying that
the cooling occurs purely radiatively, or that

δ → ∞. In fact, with a large area expansion,
there is an induced upflow into the corona that
lasts for significantly longer than the heating
duration (see Figure 2 of Reep et al. 2022), sup-
plying mass and energy to the corona until it
ceases. The loop is unable to drain while there is
an upflow of material from the chromosphere, so
it is in a regime where the coronal density is ris-
ing marginally while the temperature is falling
due to radiation.
Why, then, does material continue to evap-

orate from the chromosphere after heating
ceases? The conductive heat flux vanishes at
the base of the TR, and as long as the upflow
persists the enthalpy flux is directed into the
corona, so the only term removing removing en-
ergy from the loop is radiation. The timescale
for the loop to cool is, therefore, bounded from
below by the total thermal energy in the loop
divided by the integrated radiative losses over
the whole loop. This cooling time is longer than
the timescale of any individual term in the en-
ergy equation, meaning that the plasma in the
loop is in approximate equilibrium. Neglecting
gravity and viscosity, the energy balance is ap-
proximately given by:

1

A
∂s

(
Av(P + E)

)
− 1

A
∂s

(
κ0AT

5/2∂sT
)

+ nenHΛ(T, Z) = 0 (20)

where the three terms are, respectively, the en-
thalpy flux, thermal conduction, and radiative
losses. P is the pressure, E the internal en-
ergy, κ0 the coefficient of thermal conductivity,
ne and nH the electron and hydrogen densities,
and Λ(T, Z) the radiative loss function, which
depends on the temperature T and abundances
Z. Using the chain rule, we can expand this as:

∂s

(
v(P + E)

)
− ∂s

(
κ0T

5/2∂sT
)
+ nenHΛ(T, Z)

+
[
v(P + E)− κ0T

5/2∂sT
]
∂s(lnA) = 0

(21)
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The first three terms are the energy balance
of a loop with uniform cross-sectional area.
However, the presence of non-uniform area in-
troduces an extra term for both thermal con-
duction and enthalpy flux that depend on the
rate of change of the area along the loop
length. Additionally, since conduction flows
from high temperature to low temperature
(corona to chromosphere), while the mass flows
from high pressure to low pressure (chromo-
sphere to corona), these two terms are oppo-
sitely directed.
As plasma evaporates into the loop, raising

the density significantly, the initially small con-
ductive timescale τC ∝ nL2

T 2.5 grows, while the

initially large radiative timescale τR ∝ T 1.5

n
falls.

The cooling eventually becomes driven primar-
ily by radiation, albeit weakly at first and grow-
ing with time. While that radiation is weak, we
can see that if the area expansion is sufficiently
large, so that ∂s(lnA) is large, the only way for
Equation 21 to hold is for the term multiplying
∂s lnA to vanish, i.e.,

[
v(P + E)− κ0T

5/2∂sT
]
≈ 0, (22)

so the energy carried by flows into the corona
approximately balances the energy lost due to
conduction. That is, these two terms cause no
net change in the energy of the system, but the
flows into the corona must be maintained to bal-
ance the conductive cooling, which continues as
long as the radiative loss term is relatively small
in the energy balance equation.
This balance between the heat flux and the

enthalpy flux does not hold in the TR, where
the enthalpy flux (which scales with the sound
speed) becomes small and radiation becomes
large. However, because the mass flux is con-
served along the lower portion of the loop, the
upflow implied by the coronal enthalpy flux ex-
tends all the way to the chromosphere. The
induced upflow is effectively a coronal heating

term that balances conductive cooling. The in-
creased cooling time in expanded loops is thus
due to energy loss being only from radiation,
rather than a combination of radiation and en-
thalpy losses (as in Bradshaw & Cargill 2010).
Additionally, for a heating event of equal mag-
nitude, the coronal density is lower in loops
with larger expansion (see Cargill et al. 2022,
Reep et al. 2022, or Figure 1), so the radiative
timescale is somewhat larger with expansion.
Since the radiative loss function Λ(T, Z) grows

as the temperature falls and since the density is
being consistently raised by upflows, the radia-
tion term, nenHΛ(T, Z), grows large during the
cooling phase. At the TR, where the conductive
flux supplies the heat necessary to maintain the
radiation, it eventually grows large enough that
conduction cannot maintain it. When this oc-
curs, the upflows cease, and the corona begins
to drain, so that the enthalpy flux begins to
then carry energy out of the corona (becomes a
cooling term). The conductive flux continues to
carry energy out of the corona, as well, so the
approximate parity in the flux terms in Equa-
tion 22 is then broken. This marks the onset of
catastrophic cooling and the loop collapses in
short order.
This suggests that with an area expansion,

the evolution of an impulsively heated loop
proceeds in a different regime from the usual
paradigm. In uniform area loops, the cool-
ing is initially dominated by thermal conduc-
tion, gradually transitioning to radiative and
enthalpy-driven cooling, before a catastrophic
collapse (Cargill et al. 1995; Bradshaw & Cargill
2005, 2010). During this cooling, however, a
uniform loop also drains significantly, leading to
the T ∝ nδ scaling. Conversely in an expand-
ing loop, the induced upflow prevents draining
as flows carry mass and energy into the corona,
while the loop slowly cools through radiation.
The result is that the cooling time is length-
ened in proportion to ln (A), while draining be-
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gins at the onset of catastrophic collapse. This
was shown in Reep et al. (2022), and will be
explored further in the next section.

3. Modeling

We now use hydrodynamic modeling to ex-
plore the behavior of flows in loops with area ex-
pansion. In the derivations in Section 2, we have
made simplifying assumptions that the flows
are approximately in steady state, and we have
neglected the effects of gravity and viscosity.
To get away from those assumptions, we use
a model that treats the physics more fully to
understand the behavior of the system.
We have run the simulations with the open

source HYDrodynamics and RADiation code
(HYDRAD1; Bradshaw & Cargill 2013). The
code solves the Navier-Stokes equations for
plasma constrained to move along a magnetic
flux tube, including the effects of variable cross-
sectional area. The full equations with area ex-
pansion were detailed in Reep et al. (2022). The
code, written in C++, is robust, lightweight,
and capable of being run on a desktop com-
puter. The radiative losses have been calculated
with the CHIANTI atomic database (Dere et al.
1997), version 10 (Del Zanna et al. 2021), as-
suming equilibrium ionization populations.

3.1. Impulsive heating

We first examine the behavior of loops heated
with an impulsive burst of energy. We show
a brief comparison of the evolution of loops of
varying area expansion, with two sets of simu-
lations showing heating with an electron beam
(Figure 1) and with a purely thermal impulse
(Figure 2). We assume that the loops have
area expansion factors of 1 (uniform), 2, 3,
10, 30, and 100 from footpoint to apex, using
a functional form of A(s) = 1 + A0 sin

2 ( πs
2L
),

for s the curvilinear coordinate and 2L the to-
tal loop length. We choose values of A0 =

1 https://github.com/rice-solar-physics/HYDRAD

[0, 1, 2, 9, 29, 99] to give the maximal areas,
where the magnitudes are based on the range
of values inferred from magnetic extrapolations
(see the appendix of Reep et al. 2022). We use
as a shorthand the notation Rm (mirror ratio)
from Emslie et al. (1992) to denote the ratio of
footpoint-to-apex expansion (occasionally Γ has
also been used in the literature).
In Figure 1, we impulsively heat these loops

with a moderate electron beam for 20 s on a
triangular profile, peaking at 5 × 1010 erg s−1

cm−2, which raises the coronal temperature to
around 10 MK and drives evaporative flows into
the corona. The top row shows the compari-
son of the evolution of the apex temperatures
(left) and densities (right). The bottom two
rows show a comparison of the spatiotemporal
variation of the electron density ne (left) and
bulk flow velocity v (right) for the uniform loop
(middle row) and expansion of 10 (bottom row).
The x-axis shows position along the loop, while
the y-axis shows time evolution. Blue flows are
towards the apex, while red are away from the
apex.
We can see that the cooling times are signif-

icantly lengthened with area expansion. Addi-
tionally, with expansion, we see that there is an
upflow that lasts significantly longer than the
heating period (which lasted for 20 s). The du-
ration of this upflow, moreover, is directly re-
lated to the expansion factor. After 200 s, the
evaporation has essentially ceased in the uni-
form case, has weakened with an expansion of
10, and is still strong with an expansion of 100.
With expansion, the coronal density continues
to increase, rather than drain, during the radia-
tively cooling phase, in direct contrast to the
gradual draining that occurs in a uniform-area
loop. These results can be compared to Reep
et al. (2022), which examined the dynamics and
resultant radiative output more directly.
In Figure 2, we show a similar comparison of

six loops heated with a thermal pulse. We as-
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Figure 1. A comparison of the evolution of loops heated impulsively with an electron beam for 20 s. The
top row shows the apex temperatures and densities of four 40 Mm loops, with expansion factors of 1, 10,
30, and 100 from footpoint to apex. The middle and bottom rows show the spatiotemporal evolution of the
electron densities and bulk velocities for the cases with uniform area (middle) and expansion of 10 (bottom).
With area expansion, there is an induced upflow that lasts for significantly longer than the heating phase,
that gradually raises the density of the loop during the radiative cooling phase. Note that the color bar on
the velocity plots saturate at ±50 km s−1, though the speeds reach higher values.
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sume the same total energy injection rate as the
beam heating case, for 20 s of total heating, but
in this case, the heating is distributed uniformly
over the length of the loop. As a result, the
temperatures and densities reach higher values
than the beam-heated case. The long-lasting
upflow is similarly present for expanding loops
in this case, showing that the qualitative be-
havior does not depend directly on the assumed
heating mechanism (which also could’ve been
intuited from the results of Cargill et al. 2022).
We therefore expect similar flow behavior ought
to occur in both quiescent coronal loops and
flaring loops.
Finally, as one more point of comparison, we

include a case where we heat the set of loops
with a beam lasting for a total of 100 s dura-
tion, with a triangular profile ramping up over
50 s and down over 50 s. Figure 3 shows this
comparison, with plots similar to the previous
two figures. In this case, the induced upflow
reaches higher speeds, but lasts for a similar
amount of time. As a result, the plasma reaches
higher temperatures and densities than in Fig-
ure 1, and so the loops cool more quickly. In the
case of uniform loops, the heating duration is di-
rectly tied to the upflow duration (Reep et al.
2018), whereas here it appears that expansion
is the more important factor.

3.2. Steady-state Flows

The derivations in Section 2 assumed that the
flows were steady state. When we examine the
flows between the corona and chromosphere in
the simulations, we find that the initial evapora-
tion, the induced upflow, and the draining dur-
ing catastrophic collapse do show steady state
behavior, namely that the mass flow rate ρAv
is spatially constant (∂s(ρAv) ≈ 0). We now
show that this assumption holds well for all
cases during catastrophic collapse, and holds
approximately during evaporation and the in-
duced upflow, particularly for loops with larger
expansion factors.

In Figure 4, we show plots of the mass flow
rate, ρA|v|, for the 300 s after the onset of heat-
ing (which lasts 20 s) in three of the loops shown
in Figure 1, along with plots of the bulk ve-
locity and hydrogen density (= ρ

µ
) at the same

times. The columns show loops with uniform
area (left), and expansions of Rm = 10 (center)
and Rm = 100 (right) from footpoint to apex.
The colors, ranging from dark blue to yellow in
time, show the evolution at a 5-s cadence. In
the cases with expansion, the evaporation ini-
tially develops with non-steady flows, but grad-
ually tends towards steady state after 30 s or
so, so that the mass flow rate becomes approxi-
mately constant from the top of the TR through
a point high up in the corona. With larger ex-
pansion, the upflows are steadier. In contrast,
the uniform case is generally not steady at any
time, and the flows fade quickly after heating
subsides. Additionally, the induced long-lasting
flow that develops in the cases with expansion
forms and remains steady for much longer than
the heating duration. The loop is then divided
into three sections: the chromosphere, which is
never in steady state; the steady-state region,
which forms between the TR and some criti-
cal point in the corona; and a region around
the apex, where the flow ends, and is never in
steady state. Gradually, the steady flow dissi-
pates as the radiation grows stronger, and as a
result breaks the parity in Equation 22.
Figure 5 similarly shows the flow behavior

during 300 s near the onset of the catastrophic
collapse of each of the loops in Figure 4 (be-
ginning at 1450, 2000, and 3000 s past heat-
ing onset, respectively). In all three cases, the
catastrophic collapse occurs in steady state be-
tween the TR through a point near the apex of
the loop, with larger expansions having steadier
flows. As before, the flows in the chromosphere
are never steady state, while there is also a re-
gion near the loop apex where the steady state
assumption breaks down.
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Figure 2. A comparison of the evolution of loops heated impulsively with a thermal pulse for 20 s. Similar
to Figure 1. The densities and temperatures reach higher values in this case, but in loops with expansion
there is again a long-lasting upflow during the cooling period that prevents draining. That is, the flow
behavior does not depend on the heating mechanism.
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Figure 3. A comparison of the evolution of loops heated impulsively with a beam for 100 s. Similar to
Figure 1. The induced upflow is stronger, but of similar duration, to that induced by the shorter duration
beam. The loops reach higher temperatures and densities, and as a result collapse more quickly.
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Figure 4. Flow behavior for the simulations in Figure 1 during the initial 300 s after the onset of heating.
The top row shows the mass flow rate (ρA|v|) as a function of position, with time at a 5-s cadence from
dark blue through yellow. The middle row shows the bulk velocity v at the same times, with positive flows
defined as moving to the right. The bottom row shows the hydrogen density nH(∝ ρ). The columns show
a uniform area loop, along with expansion factors of 10 and 100 from footpoint to apex, respectively. With
expansion, the evaporative upflows tend towards steady state between the TR and at a point high in the
corona (∂s(ρAv) = 0), and are steadier for larger expansion factors. The induced upflow seen in the cases
with expansion is steady.

Since the heating was relatively modest in
these simulations, we additionally show the flow
properties during a stronger evaporation event,
for the simulations in Figure 3, for 100 s of beam
heating. Figure 6 shows the flow properties of
these simulations in detail. The mass flows in all
three cases quickly tend to a steady state flow,
and the cases with expansion once again show
a long-lasting induced upflow. Comparing these
simulations to Figure 4, we see that the stronger
heating produces relatively steadier flows, and
the steady state is reached sooner.
In Figure 7, we briefly examine the evolution

of the energy terms for enthalpy flux (blue),
conduction (teal), radiation (pink), and heating
(black). In each case, we add together the con-
tributions to both the electron and hydrogen en-
ergy equations in HYDRAD. The three columns

show the three simulations examined in Figures
1 and 4, corresponding respectively to expan-
sion factors Rm = 1, 10, 100. The four rows
then show the evolution of the energy terms in
each case, at times that correspond to the heat-
ing phase, early in the cooling phase, late in
the cooling phase, and after the onset of catas-
trophic collapse. Solid lines are used to indicate
where each term is positive, while dotted lines
indicate where a term is negative.
During the heating phase (first row), all three

simulations are similar. The heating terms are
positive everywhere, and drive an upflow into
the loop. The enthalpy flux is therefore pos-
itive everywhere in the corona, as it fills the
loop. Conduction carries energy out of the
corona, while the radiation is completely neg-
ligible. After the heating ceases shortly into the
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Figure 5. Flow behavior during the 300 s after the onset of catastrophic collapse (≈ 900, 1600, 2400 s into
the simulations, respectively), for the same loops as in Figure 1. The catastrophic draining occurs in steady
state between the TR and a point near, but not at, the loop apex.

Figure 6. Flow behavior for the simulations in Figure 3, strongly heated for 100 s. Similar to Figure 4.
For the stronger heating events here, and thus stronger evaporation, the flows are significantly steadier. The
induced upflows form once again in the cases with area expansion.
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Figure 7. The evolution of the energy terms for enthalpy, thermal conduction, radiative losses (see Equation
21), and heating for the three simulations in Figure 4. The columns show the loops with expansion factors
Rm = 1, 10, 100, respectively. The rows show four times respectively corresponding approximately to the
heating period, early in the cooling phase, the late cooling phase, and after the onset of catastrophic collapse.
Solid lines indicate an energy term is positive, while dotted lines indicate it is negative.
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cooling phase (second row), the simulations di-
verge. The cases with expansion have a large,
positive enthalpy flux centered at the loop apex,
approximately balancing the losses due to con-
duction, while the radiation term is negligible.
This is the sustained upflow, showing that there
is indeed an approximate balance between con-
duction and enthalpy (Equation 22). In the uni-
form case, however, the enthalpy is negative at
the apex, as the loop has begun to drain. Late
in the cooling phase (third row), the sustained
upflows have ceased in the expanding cases, and
the loops are now cooling as radiation and con-
duction slowly carry energy out of the corona.
The uniform loop has continued to drain, with
a strong negative enthalpy flux over the whole
corona dominating the evolution at this time.
Finally, after the onset of catastrophic collapse
(fourth row), all cases show both a strong ra-
diative loss and enthalpy flux carrying energy
rapidly out of the corona.
Finally, we also briefly show the evolution of

the enthalpy flux, v(P+E), and conductive heat
flux, κ0T

5/2∂sT , for the same times and simula-
tions in Figure 8. In the two cases with expan-
sion, when there is a sustained upflow (second
row), the two terms are approximately equal
and opposite, confirming Equation 22. The par-
ity is slowly broken over the course of the cool-
ing phase, and disappears entirely during catas-
trophic collapse. Without expansion, that par-
ity does not generally exist, and so the duration
of upflows is tightly tied to the duration of heat
deposition (see also Reep et al. 2018).

3.3. Cooling from a hot, static loop

To separate out the effects of heating from
cooling, we now present a case where we ini-
tialize the model with a hot loop that we sim-
ply allow to cool. In the case of an impulsively
heated loop, a large rise in the pressure due to
the heating drives evaporation of material into
the corona, and this increased pressure in the
chromosphere may be partially responsible for

the apparent sustained upflow. In this case, we
simply assume that a loop has been pre-heated,
perhaps steadily, to reach a static equilibrium,
and then we let it cool in order to see whether
it develops similar upflows.
Figure 9 shows the behavior of six such loops.

We examine loops of 50.1 Mm length, and vary
the cross-sectional area expansion by a factor of
1, 2, 3, 10, 30, and 100, assuming a sin2 pro-
file, as previously discussed in Section 3.1. The
loops are assumed to be pre-heated, so that the
initial coronal profile is hot ≈ 10 MK and dense
≈ 1011 cm−3. We do not use any heating events
in these simulations, nor coronal background
heating, and simply allow the loops to cool. The
top row of Figure 9 shows the apex tempera-
tures (left) and densities (right) as a function
of time as the loops cool. The uniform loop
cools slightly faster, but all have similar cooling
times. Before the onset of catastrophic cooling,
at about 20 minutes, the expanded loops only
drain a minimal amount. The other rows show
a comparison of the spatiotemporal evolution of
the electron densities (left) and bulk velocities
(right) for the uniform loop (center row) and
loop with expansion of 10 (bottom). We can
see that there are no significant differences in
the evolution between the different cases, except
perhaps that sound waves are more noticeable
in the uniform loop (as noted also by Reep et al.
2022).
Unlike prior cases where we have heated the

loops, the evolution of loops with and without
expansion is quite similar. There is no long-
lasting induced upflow that we see with strong
impulsive heating, showing that the initial pres-
sure increase from a heating event is a nec-
essary ingredient. The cooling time becomes
only slightly longer with expansion, and there
is less draining before the catastrophic collapse.
For a hot, dense loop in equilibrium, conduc-
tion smooths the density and temperature pro-
file across the length of the corona. As a result,
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Figure 8. The evolution of the enthalpy flux, v(P +E), and conductive heat flux, κ0T
5/2∂sT , for the same

simulations and times as in Figure 7. In the expanding cases, during early radiative cooling phase shown
in the second row, the two terms approximately balance each other in the corona, as in Equation 22, which
causes the sustained upflow. This parity breaks as radiation grows stronger with time. The uniform loop,
in contrast, does not show parity between the two terms.

the velocities are slowed with larger expansion.
That is, in steady state, the mass flow rate

∂s(ρAv) = 0

≈ ρ ∂s(Av) (23)

so A × v is constant. As the area grows with
height, the velocity slows. As a result, the cases
with larger expansions drain more slowly.
This experiment shows that the drastically

lengthened cooling times we find with loop ex-
pansion is due to the extra energy from the in-
duced upflow carried into the corona, effectively

reenergizing the corona. Furthermore, the in-
duced flow in expanded loops is a direct result
of the initial impulsive heating burst, and the
increased thermal conduction merely maintains
that flow.

3.4. Synthetic Lines

Graham & Cauzzi (2015) found a consistent
pattern of evolution of Doppler shifts all along
the ribbon in a large flare observed with the
Interface Region Imaging Spectrograph (IRIS;
De Pontieu et al. 2014). The Fe XXI emission
forms strongly blue-shifted, around 250-300 km
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Figure 9. A comparison of pre-heated hot loops with various expansion factors that are simply allowed to
cool. Similar to Figure 1, where the middle row shows the uniform loop and the bottom row shows the case
with expansion of 10. Since there is no heating event in the simulation, there is no resultant evaporation,
and the loops take similar times to cool without any long-lasting upflow.
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s−1, falling to zero velocity over the course of
approximately 8-10 min. This behavior is diffi-
cult to reconcile with short heating durations
in a uniform area loop, which are commonly
assumed to be less than 20 s. On the other
hand, chromospheric Mg II emission was found
to form strongly red-shifted, to perhaps 100 km
s−1, quickly decaying over the course of 1 to 2
min, in line with predictions of chromospheric
condensations by Fisher (1989). Similar results
were found by e.g. Polito et al. (2015, 2016).
Observations of flows with the Extreme Ultravi-
olet Imaging Spectrometer (EIS; Culhane et al.
2007) onboard Hinode in lines forming across
a wide temperature range, additionally, show
that the magnitude of the velocity depends on
the formation temperature (Milligan & Dennis
2009). It was also noticed, however, that TR
lines like Si IV 1402 Å often form red-shifted and
remain red-shifted at around 10-20 km s−1 for
significantly longer than 10 min (Warren et al.
2016), which is difficult to reconcile with a sin-
gle loop model (Reep et al. 2016). Reep et al.
(2018) tried to understand this through forward
modeling of Fe XXI and Si IV Doppler shifts,
finding that the approximately steady velocity
in Si IV requires a multi-threaded solution with
many loops rooted in one IRIS pixel (≈ 350
km), and that the duration of blue-shifts in
Fe XXI suggested that heating durations must
be on the order of 100 s on average, much longer
than expected. This prior modeling work, how-
ever, assumed that the loops had uniform area.
The induced upflow seen in the simulations of

loops with expanding area might provide an al-
ternate explanation for the behavior. That is,
the expansion can provide a long-lasting upflow
that could explain the Fe XXI emission seen
by Graham & Cauzzi (2015) and others. We
have used the simulations in Figure 6 to for-
ward model the behavior of Si IV and Fe XXI

as might be observed by IRIS and Fe XXIII as
might be observed by Hinode/EIS (the weaker

heating case in Figure 1 did not produce sig-
nificant Fe XXI or Fe XXIII emission). We use
the forward modeling methodology of Bradshaw
& Klimchuk (2011), which primarily assumes
that the loop is at disk center, and we focus on
the first pixel of the loop, which encompasses
the footpoint emission. We use the instrumen-
tal response of IRIS and EIS to synthesize the
emission in detector units, and have assumed
ionization equilibrium. We show the resultant
line profiles in Figure 10.
The long-lasting upflow causes a long-lasting

blueshift, in proportion to the total expansion
factor. We have fit the spectral line profiles with
a single Gaussian component to measure their
Doppler shifts. The lines can have asymmetries
and multiple components, however, so this is
only meant to demonstrate the trends. Figure
11 shows the Doppler shifts for Si IV 1402.77
Å (dashed) and Fe XXI 1354.08 Å (solid). For
loops with or without expansion, the Si IV emis-
sion is briefly redshifted to around 20-30 km
s−1, and then returns to rest. For Fe XXI,
however, the Doppler shifts depend strongly on
the area expansion. In the uniform case, the
line becomes strongly blueshifted during the ini-
tial evaporation phase, and then returns to rest
shortly after heating ceases (see also Reep et al.
2018). With expansion, however, the induced
upflow causes the line to remain blueshifted for
longer periods of time, only gradually slowing
with time. The duration of this Doppler shift
is in direct proportion to the duration of the
induced upflow, which lasts through much of
the cooling phase, until radiation grows strong
enough to break the parity of Equation 22. Of
course, the line intensity would fade long be-
fore the line returns to rest since the plasma is
also cooling, so this might not be detectable in
actual observations.
It is apparent that the duration of blueshifted

emission not only depends on the heating du-
ration as found by Reep et al. (2018), but also
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Figure 10. Synthetic lines as might be seen by IRIS and Hinode/EIS at a pixel at the footpoints of the
loops, at a 10 second cadence for the first 300 s after the onset of heating for the simulations in Figure 6.
The columns show IRIS Si IV 1402.77 Å (log T = 4.85), IRIS Fe XXI 1354.08 Å (log T = 7.05), and EIS
Fe XXIII 263.766 Å (log T = 7.15) respectively. The rows show loops with uniform area, expansion of 10,
and expansion of 100, respectively. The cool Si IV emission does not significantly depend on the expansion,
which occurs primarily in the corona. Because of the induced upflows, however, the cases with expansion
remain blueshifted for significantly longer than the heating duration, only gradually slowing with time.

upon the rate, magnitude, and location of area
expansion. Future in-depth work is required to
fully understand the parameter space (the flow
parameters depend on all of the heating param-
eters and the exact geometry), and determine
what heating profiles and rates of area expan-
sion produce Doppler shifts and intensities con-
sistent with observations like Graham & Cauzzi
(2015). Furthermore, we can see that the Si IV
emission quickly returns to rest, suggesting that
a multithreaded model is still required to ex-
plain the long-duration redshifts often seen in
that line (Warren et al. 2016; Reep et al. 2016).

4. Discussion

A non-constant cross-sectional area signifi-
cantly modifies the behavior of flows, which
is well-known from fluid dynamics, but insuf-
ficiently considered in coronal loop dynamics.
The vast majority of coronal loop simulations

to date have assumed a constant cross-section,
which is guided by the observation that loop
widths do not appear to vary along their length
(Klimchuk 2000). Peter & Bingert (2012) sug-
gested that this observation is because the tem-
perature transverse to the field direction is not
constant, and so a loop appears to have constant
width when seen in spectral lines that form in a
narrow temperature range. In any case, assum-
ing that a loop’s area does vary spatially, the
impact on flows modifies the cooling of, evapo-
ration into, and draining from the loop.
In the simple case of a steady, subsonic flow,

we find that the velocity change between chro-
mosphere and corona is given by the relation
v2
v1

= T2

T1

A1

A2
. Flows are relatively steady with

strong evaporation, even steadier during catas-
trophic collapse of the loop, and become stead-
ier still with larger expansion rates. If expansion
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Figure 11. Fitted Doppler shifts of IRIS Fe XXI 1354.08 Å (solid) and IRIS Si IV 1402.77 (dashed) for
the three cases in Figure 10. The Si IV lines are briefly redshifted, then remain at rest. The Fe XXI lines
are strongly blueshifted during the evaporation phase, and, with area expansion, remain blueshifted for long
periods of time.

occurs all across the coronal loop, then there
should be a noticeable change in velocity with
height, seen for example in Figure 2 of Reep
et al. (2022). If expansion is confined near the
TR, then the velocity should jump there, which
is shown by Figure 5 of Reep et al. (2022), and
similar behavior can be also seen with the lo-
calized expansions in Mason et al. (2023). As a
result, the cooling times are not as drastically
lengthened since less energy is carried back into
the corona.
After the onset of an impulsive heating event,

evaporation drives material into the corona.
The initial flows do not occur in steady state,
but tend towards steady state over time. Fur-
thermore, both a larger area expansion and
a larger heating rate make the flows steadier.
With a large area expansion, additionally, be-
cause there is an approximate parity between

the conductive and enthalpy fluxes (Equation
22 and Figure 8), the energy carried out of
the corona by conduction is resupplied by a
sustained upflow. This induced upflow lasts
through the radiative cooling phase, increasing
the coronal density marginally while the coro-
nal temperature slowly decreases. It ceases once
the temperature has cooled enough that thermal
conduction is too weak to power the radiative
losses at the base of the corona. Because the
flow is supplying energy to the corona, the to-
tal cooling time of the loop increases. At the
onset of catastrophic collapse of the loop, how-
ever, the corona begins to rapidly drain, which
occurs in steady state.
The induced upflows also cause an observa-

tional effect: there is a noticeable long-lasting
blueshift that should be apparent in hot lines
like Fe XXI 1354 Å. Cooler lines forming in
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the TR are not drastically affected, showing
similar behavior with and without area expan-
sion. When there is a large area expansion, the
blueshifts in hotter lines take longer to return
to rest, and that duration appears tied to the
magnitude of expansion. This could potentially
be used to diagnose the area expansion (Figure
11), but a significantly larger parameter study is
required to compare with observations consider-
ing that many parameters can impact the prop-
erties of the evaporation (heating rate, heating
duration, depth of heating, area expansion rate
and location, etc.) Further work is required to
fully understand the diagnostic potential, par-

ticularly with high cadence IRIS Fe XXI spec-
tra.
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