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Abstract. An analytical MHD model of coronal loops with compressible flows and including heating is compared to obser-
vational data. The model is constructed via a systematic nonlinear separation of the variables method used to calculate several
classes of exact MHD equilibria in Cartesian geometry and uniform gravity. By choosing a particularly versatile solution class
with a large parameter space we are able to calculate models whose loop length, shape, plasma density, temperature and ve-
locity profiles are fitted to loops observed with TRACE, SgB0S and SoHZBUMER. Synthetic emission profiles are also
calculated and fitted to the observed emission patterns. An analytical discussion is given of the two-dimenional balance of the
Lorentz force and the gas pressure gradient, gravity and inertial forces acting along and across the loop. These models are the
first to include a fully consistent description of the magnetic field, 2D geometry, plasma density and temperature, flow velocity
and thermodynamics of loops. The consistently calculated heating profiles which are largely dominated by radiative losses and
concentrated at the footpoints are influenced by the flow and are asymmetric, being biased towards the upflow footpoint.
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1. Introduction Wragg & Priest (1981, 1982) added théeets of varying pres-
sure and gravity to their models, as well as tie&s of a vari-
Able loop cross-sectional area. Cargill & Priest (1980) were the
St to add adiabatic plasma flows and concentrated on examin-
o % the relationship between cross-sectional area and flow ve-

. : IQcity al he | hile | ill & Pri 1982) intro-
coronal volume above an active region (Bray et al. 1991). city along the loops, while later Cargill & Priest (1982) intro

. : . .duced non-adiabatic flows balancing the net heatinagainst
coronal loop is therefore an important localised structure wh|8

nduction and radiation with a heating function proportional
connects the photosphere to the corona through the transi e density. Further important hydrodynamic modelling of
region and may thus be studied to gain information about t

fasma flows in solar atmospheric structures has been carried
heating of the corona as a whole (Aschwanden 2003). P

. . out and applied to photospheric flux tubes by Thomas and oth-
Early results from the Skylab mission emphasising that tIg?S Workgzmmarirs)ed in 'Fl?homas (1996) y
solar corona is not a homogeneous medium but filled with loop " ™ itarl . i d. lingi
structures stimulated much interest in modelling those logp A SiMilarly strong interestin loop modelling in recent years

structures. The first models were one-dimensional hydrost %skb(;en mOt'Vatec? by the higher res;)lutlon results from tge
models which balanced heat conduction and radiative losS@KON: SqHO an TRACE spacecrafts. A systematic study
with an imposed heating function. Rosner et al. (1978) bt @ one-dimensional hydrodynamm SOIU“.O” class of loops
anced radiative losses and heat conduction against heating‘"é”slﬂ-I constantbcrogsh—sectloghss .bilen carr:jeg ?Ut t,’y Orr]lando
suming zero heat conduction across the foot points, a restfe 2 (1995a,b), with non-adiabatic flows and balancing the net

tion relaxed by Hood & Priest (1979) while they neglecteﬂeat ifout against conduction, radiation and a heating func-

radiative losses. Vesecky et al. (1979), Serio et al. (1981) - _MUCh attention has_ focu;ed on the form of t_he heating
function as a means of inferring the coronal heating mecha-

Send gfprint requests toG. J. D. Petrie, nism. Priest et al. (1998, 2000) suggested for the first time
e-mail: gordonp@phys .uoa.gr that the temperature profile of a loop may contain useful

A significant proportion of the energy emission from the sol
corona is concentrated along loops which are believed to tr
closed lines of force of the magnetic field, which penetrates
photosphere from below and expands to fill the whole of t
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information about the nature of the heating. They concluddginamical aspects of the model to a loop observed by TRACE,
that for a large Yohkoh loop the heating was likely to be una case observed with SOACDS (Schmelz et al. 2001) and a
form in the high-temperature part of the loop between 1.6 Mi&op observed by SOHSUMER. We also give a model of the
and 2.2 MK. Using the same data, Mackay et al. (2000) egnergy balance of each loop, including the loop heating.
tended the temperature range modelled to transition-region val- The paper is organised as follows. The solution class is de-
ues and concluded that, while uniform heating gives a batribed in Sect. 2.2, and the method of constructing the models
ter fit in the high-temperature part of the loop, a strongés explained in Sect. 2.3. The observations and data analysis is
footpoint heating is also needed at lower temperatureescribedin Sect. 3 and models fitted to data sets are presentec
Aschwanden (2001) concluded that multi-temperature dateSect. 4. The paper is concluded with Sect. 5.

from broad-band filters such as YohK8IXT cannot adequately
be modelled using a single uniform-heating model from coro
to footpoint and produced an alternative two-component hyd
static model of these data with heating function concentratgdthis section, after an introduction of the basic equations
at the footpoints. Aschwanden et al. (2001) systematically e@xeeded in order to establish notation, we proceed to a brief pre-
plored a class of one-dimensional hydrostatic solutions wigantation of the key assumptions for the derivation of the par-
a non-uniform heating function in exponential form and fittegicular solution class and an outline of the method employed
them to a large sample of EUV loops observed with TRACHor the construction of the particular solutions.

They found that most of the sample of loops could not be mod-

elled by their hydrostatic solution class, and that those which i )

could were heated near the foot points. In the present paperavk: Basic equations

use a diferent approach. We do not impose a priori a specigSur models apply solutions obtained by using a system-
form for the heating function, but instead we calculate it aftgfic nonlinear separation of the variables construction method
completing a fitted dynamical MHD model. Hence we calcyn two dimensions and Cartesian geometry (Petrie et al.
late a model for the observable quantities first and then finbgo2, henceforth, Paper 1), already seen in spherical geometry
F:OhSiStent heating funCtion from the first |a.W Of thermodynar('v'ahakis & TsinganOS 1998) The genera' ana'ysis of Paper |
ICS. contains the solution class applied here, as well as the promi-
Additional loop modeling has been performed by forwarthence and loop models by Kippenhahn & Stht (1957),
fitting of hydrostatic solutions to multi-filter data (Winebargefiood & Anzer (1990), Tsinganos et al. (1993) and Del Zanna
et al. 2002), multi-valued filter-ratio temperatures (Tes{@Hood (1996). Basically, in this method and under certain as-
et al. 2002), triple filter-ratio temperatures (Chae et al. 2003);mptions, the full MHD equations can be reduced to a system
and with diferential emission measure distributions (Schme§t ordinary diferential equations (ODE’s) which can be inte-
et al. 2001). Model assumptions and their specific relationsggated by standard methods.
our work are discussed in more detail in Sect. 3. The dynamicsof flows in solar coronal loops may be de-

Of course some loops in the solar atmosphere aggribed to zeroth order by the well known set of steaty{( =
far from equilibrium and time-dependent hydrodynamic@) ideal hydromagnetic equations:

loop models have also been developed by e.g. Mariska &
Boris (1983), Cargill (1994), Cargill & Klimchuk (1997),p(v V)V = i(V x B)x B — VP - pgZ, 1)
Walsh et al. (1995, 1996), Walsh & Galtier (2000), 4n

Peres (2000), Reale et al. (2000a,b). In this paper we restgth -0
our modelling and observations to steady-state loops. ’

To date all heated loop studies have included only hydrgnerep v, —y2 denote the magnetic, velocity and (uniform)
static or hydrodynamic models with the exception of Priegtarnal gravity fields whiley and P are the gas density and

etal. (2000) which deals in a simple way with two-dimensionglesgyre. Thenergeticof the flow on the other hand is gov-
models. These hydrostatic and hydrodynamic models are opg;aq by the first law of thermodynamics:

dimensional in the sense that they do not model the cross-
field force balance, forces are only balanced along the Io%ﬁ._
However, in the highly magnetised and sparse coronal plasmha

the magnetic field is likely to have a significant direffeet on ] ] )
the statics or dynamics of such a curved structure as a coféiered s the net volumetric rate of some energy inputpuit,

nal loop, while plasma flow, even at such sub-&f¥¢ veloci- 1 = C/Cv With ¢, andc, the specific heats for an ideal gas, and
ties as 20 km$ (Dara et al. 2002), may have affext on the 1 P

heating balance. Moreover, the geometrical details may h&~ m'; (4)

an impact on the energy profile of the loop, via the poten-

tial energy, and therefore on the heating model. The mod#ie internal energy per unit mass, with= T'e the correspond-

in this paper include two-dimensional geometry, compressilitgy enthalpy function.

MHD plasma flow in uniform gravity and heating in single At present, a fully three-dimensional MHD equilibrium
consistent exact solutions and thereby give a first opportunitpdelling with compressible flows is not amenable to analyti-
to investigate these fiects. We fit the geometrical andcal treatment and so we assume translational symmetry. Thus,

a .
%._The analytical model

V-(oV)=0, Vx(VxB)=0, )

pV -

1
Ve+ PV-
Jo

=pV - [Vh - %VP], ®3)
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we assume that in Cartesian coordina&s{(Y), the coordi- and then solve for the values pf P, V andB. Then, we may
nateY is ignorable §/9Y = 0) and the magnetic and flow fieldsdetermine the volumetric rate of net heating from Eq. (3). In
are confined to th&—X plane. We model the profile of the loopsuch a treatment the heating sources which produce some spe-
in the X-Z plane and ignore variations in thedirection, i.e., cific solution are not known a priori; instead, they can be deter-
we assume that the physics of tke-Z plane is independentmined only a posteriori. In this paper we shall follow a similar

of what happens across the loop in thalirection. All previ- approach with our non-polytropic examples.

ous equilibrium models of coronal loops mentioned above have

been one-dimensional and non-magnetic. To begin with, e, The solution class
represenB by using a magnetic flux function (per unit length—"~"

in theY direction) In order to proceed to the analytical construction of some
~ classes of exact solutions for coronal loops, we make two key
B =VAZX)xY. (5)  assumptions:

Then, there exist free integrals #fincluding the ratio of the
mass and magnetic fluxes on the poloidal plaieX), Ya(A),

Wa
V=20 O L\ /1
B2 4n
where the stream functidH is a function of the magnetic flux P
functionA and¥, is its derivative (Tsinganos 1982). The com- and
ponent of Eq. (1) along the field may be written as 2. that the velocity and magnetic fields have an exponential
dependence on= Z/Zy,

1. thatthe Alf\vén numbeM is solely a function of the dimen-
sionless horizontal distance= X/Zg, i.€.,

= M¥(x), (12)

pV -Vl =0, (7)
A =ZyBoA(a), a=G(X)exp (2, (23)
where
V2 S1 9P for some functiornG(x), whereZ, and By are constants. With
I =1(A) = - t9z+ f ;%ds (8) this formulation the magnetic field has the form
S
is the generalised classical Bernoulli integral, a further integr@l= BoaA () [X + F(x)Z], (14)
of the flow. Equations (3) and (7) may be added to describe tvr\]/ﬁere

momentum balance

1 dG(¥) _ (dZ) as)
A

g=pV-VE, 9) F()= 50 dx ~\dx
in terms ofE, the total energy of the flow is the slope of the field line. This is the analogue in Cartesian
V2 geometry of the “expansion factor” in the related wind mod-

E=— +gz+ h. (10) els in spherical geometry (see Sauty & Tsinganos 1994). The
functionG(x) also has a physical meaning. Either by integrat-

In general, because of the heat sougcthe total energy is not jg £q (15) or by inverting Eq. (13) the equation for the field
conserved along the loop (Sauty & Tsinganos 1994). Even|jfe defined by = ay is found to be

the polytropic case where the pressure takes the special form
P = Q(A)p? the net volumetric rate of energy/out z=logG(x) — log ao. (16)

_r- FEV Vp (11) This is the Cartesian analogue of the cylindrical distance of a
r-1p field line from the polar axis in spherical wind theory (see Sauty

is not generally zero (Tsinganos et al. 1993). Only in the specfal SiN9anos 1994). With these assumptions, the momentum-
polytropic case with" = y is the flow adiabatic, and the totaPalance eq,uatlon may be broken down into a system of first-
energy coincides with the generalised Bernoulli integral a/@§dér ODE's for functions ok, and a corresponding system
is conserved. However, the general non-polytropic case is fleQDE'S for corresponding functions of the magnetic flux
case of interest in this paper. funcnon. The methods of _ob_talnlng th_ese ODE's are de_scrlbfad
In the general case, the system of Egs. (1) and (2) shouldBdaper 1, vyhere all existing solutions are summarised in
solved simultaneously with a detailed energy balance equatitiP\€ 1 therein. - ,
in order to yield a self-consistent calculation of the equilibriup 1€ solutions used in this paper are taken from the first
values ofp, P, V andB along the loop. However, it is a factfam'ly in Table 1in Paperl. In the remainder of this section
that the detailed forms of the several heatimgling mecha- we examine the genergl case, with all con_stants non-zero. The
nisms in the energy equation are not known, e.g., we do ff¥Tésponding expressions for the magnetic flux functisthe
know the exact expression of the heating along coronal lodp&ss flux per unitmagnetic fltk, the density, the magnetic
which contributes, among others, to the various parts of the f{§fuctionB and the velocity/ are (see Paper )

volumetric heating ratg in Eqg. (3). Hence, a compromising =
strategy is to use, for example, a polytropic equation of stefté) = ZoBof V2C1 + ACa~*da, (17)

q
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Bo (Raymond & Smith 1977) with standard solar atmospheric
Pale) = VoZo V2D1a? + AD2at, (18) abundances as in Rosner et al. (1978), wheis the par-
g ticle number density (we assume that the plasma is fully

B2 2Dia? + ADza? ionised) andQ(T) is a piecewise function of described in

px.a) = AngZy M2 ’ (19) Rosner et al. (1978). The thermal conduction energy is calcu-
B2 lated assuming that conduction is mainly along the field, using
P(x, ) = 4—0 [Po + P1(¥)a? + Pa(x)a], (20) the expression
JT
% 5 d( T\ « oBaT
B = By v2Ci02 + ACoat | X + F(X)Z|, 21) _V.Fr= 2l 9290 33
v o' X+ F02] &) ¢~ 3s\s) " Basas’ (33)
V = \gZo MMZ [)‘( + F(x)Z]. (22) (Spitzer 1962) where subscriptdndicate values and deriva-
2D1a” + AD2a tives along the field line, and the variation of the magnetic field

strength along the field line is taken into account (Priest 1982,
WhereC,4, C,, D1, D2 anda are constants. Note that we ma)b 86)

choose the constants such tBgtis the component of the mag- We present the physical parameters of each loop as func-

ns of arc | Th -l hal I is gi
polytropic case has two “scalesZy and Zp/A. In the expres- Wns of arc engtts. The arc-length along aloop is given by

sion for the pressur®, = fo = constant, whileP; andP> g = dx? + d2 = (1 + F(x)z) NG (34)
satisfy the following ODE'’s
and the &, @)-dependent physical parameters of a loop can be

P, = C; [F M?Z — F (1 - M2) -F2- 1] + D—; (23) understood as functions along the loop by holdingonstant
1 M D (the definition of a field line since is a flux function) and
P, = Cz[F M2 - F (1_ |v|2) -5 (F2 ¥ 1)] ¥ M_22 (24) integrating Eq. (34) fois from the left foot point to the right

foot point.
Using the above definitions for the pressure “components” to-
gether with the ODE’s from Table 1 in Paper 1, we caIcuIa? Construction of solutions
that for the general case we have the following final system o'f3'

equations for the unknown functions rf including the slope We generate loop-like solutions as follows. We begin by cal-

of the field linesF: culating the right half of the loop, beginning from the loop
dinG apex atx = 0. The symmetry properties of Egs. (25)—(29) en-
ax (25) sure that on integrating from = 0 in the negative direction
2 2 the other half of a symmetric loop-like solution is obtained. In
MZ (x) = CAF/M” - 2F (F +1+ Pl/cl)’ (26) the sub-Alf\énic case the equations have no critical points and
C/M* +2 can be integrated withoutfiiculty. In the trans-Alfehic case
FM2Z - F2-1+ D;/CiM2 - P;/C; a shooting algorithm is required to integrate through the critical
F'(x) = T M2 , (27)  Alfv'en point (Vlahakis & Tsinganos 1998; Paper I) but since
2D;F / steady super-Alfehic flows have not been observed in the so-
Pi(X) = — -~ 2 (1 + F2) M? — 2M?FF’, (28) lar atmosphere we will concentrate on sub-A&lfi¢ examples

here. In this paper we use a similar shooting algorithm to fix
Pa(X) = C, (|: M2 — F’ (1 _ MZ) _4 (1 + FZ)) + 2 (29) the foot point separation of each sub-Adfic loop. The solu-
2 M2 tion class allows us to fix all physical quantities at the apex: the

where height, magnetic field strength, velocity, density and tempera-

D,/C, — Dy/C ture. Having chosen values for these quantities at the apex we
C= 22T FUL (30) begin the integration. As the solution approaches the solar sur-

1-4/2 face atz = 0 it will be clear whether the foot point separation is

Finally, consider the energy balance along the loop; the net vgfeater or less than the desired (observed) value and a remain-
umetric rate of heating inpfdutputa, equals to the sum of theing free parameter can be adjusted accordingly. This process
net radiatiorLg, the heat conduction ener§yF ¢, whereFc is  is repeated until the solution is fitted to the desired (observed)
the heat flux due to conduction, and the (unknown) remainiagnfiguration.

heatingEy, In this paper we present models fitted to data, where avail-
able, in five ways: we fit the loop height and foot point sep-
q=En+Lr-V-Fc. (31) aration as described above, the plasma density and tempera-

The net heat jfout q is calculated from the MHD model us-ture, the line-of-sight velocity or velocities of proper motions

ing the first law of thermodynamics Eq. (3), while the radiatiV¥N0S€ components perpendicular to the line of sight can be
losses from the optically thin plasmza are described by the measured, and we forward-fit synthetic emission models to ob-
equation served emission patterns.

It can be seen from the equation for a magnetic field line,
Lr = —(n/2)?Q(T), (32) Eg. (16), that two field lines defined by = @1 anda = a»
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differ from each other only by a vertical translation, and th&t Observations, data reduction and loop
for any point g, X) on the first field line, the corresponding diagnostics
point on the second field lin&Z§, X) can be found from it by

moving vertically a distance There is some controversy surrounding the issue of extract-

ing measurements of coronal densities and temperatures from

Z,— 71 =log “u, (35) emission data. Judge & MclIntosh (1999) contrast the probable
(¢7]

multi-thermal nature of loops consisting of strands with inef-

We may model the cross-sectional width of a loop by takirfiient cross-field thermal conduction (Litwin & Rosner 1993)
two such field lines and by considering the area between thé4h the evidence from TRACE that loops in significantly dif-
lines to constitute the loop model. Then the loop necessari§fent temperature filters are never co-spatial, and stress the
has maximum cross-sectional width at the apex, the remaintigPosedness and non-uniqueness of inverse modelling tech-
of the width profile being uniquely defined by the geometry dfiques applied to the transition region and corona. In this
a field line. Thus the loop widthV is not a free function to be work, densities and temperatures have been calculated for the
imposed as in one-dimensional studies, e.g., Cargill & PriédRACE example using the the narrowband 171 A and 195 A
(1982): Aschwanden & Schrijver (2002), but is related to trf@o-filter fluxes (e.g., Aschwanden et al. 2000; Winebarger

slope of the loog by et al. 2002). Forward-fitting of our model to two-filter fluxes,
F171(s) and F1g5(s), does not sfier from the ambiguity of
| —— filter-ratio temperature fitsSR = Fi95/F171, which has been
W(s) = log a_z/ 1+F2 (36) shown to have, besides tiie~ 1.0 MK solution, also a high-

temperature solution a ~ 5.0 MK (Testa et al. 2002). But

If a loop is observed to be tilted with respect to the verticgliinebarger et al. (2002) demonstrated thatThe: 5.0 MK
direction then we may still model the loop in thez plane by solution of Testa et al. (2002) is generally not consistent with
tilting our coordinate system accordingly. We must take insombined TRACE and YohkgBXT data, and similarly, Chae
account the #ect of this tilt on the physics of the loop. Theet al. (2002) demonstrated that thie= 5.0 MK solution is not
gravitational force acts at an angle to thaxis and the loop consistent with TRACE triple-filter data. An additional confu-
cuts through the stratified atmosphere at an angle. Therefgigh in the temperature analysis of multi-filter data was raised
in the model the gravitational force must be multiplied by thgy Schmelz et al. (2001), who showed that the emission mea-
cosine of the angle of tilt and vertical scale heights must B@re distribution of a loop structure observed with CDS over a
divided by this cosine. temperature range of 16 = 5.4-6.4 displays a rather broad

It is well-known that plasma flow is generally present ifemperature distribution with the mean temperature increasing
loops (e.g. Dara et al. 2002). However, only limited informaewards the loop top, and thus concluded that the analysed CDS
tion about the magnitude of the loop plasma velocities is avaibop structure has at every location a broad temperature distri-
able today from satellite data: line-of-sight measurements frdsation and heating occurs at the loop top. Martens et al. (2002)
Dopplergrams in the case of the CDS and SUMER data sejsaracterised the smoothed DEM of Schmelz et al. (2001) as
and high-resolution movie measurements of velocities of inh@{lat plateau and pointed out that any filter-ratio method is in-
mogeneities, or proper motions, in the plasma flow in the caggequate to determine the temperature of such a loop system
of the TRACE example. We model these measurements by t@dgee also Schmelz 2002). However, the CDS observations of
ing the two-dimensional velocity field from our MHD solutionSchmelz et al. (2001) can easily be understood if the follow-
and, taking the geometry of the loop and the viewing anglesiagy facts are taken into account: (1) Thieetive spatial reso-
the instrument relative to the loop into account, we calculaligtion of CDS is~10”-15", compared with~1” of TRACE,
model line-of-sight and perpendicular velocity components {@) TRACE 171 A images reveal for every loop structure ob-
be compared to the observations. Thus, taking the planar lasgved with CDS aT ~ 1.0 MK at least~10 loop threads,
to be confined to th&-z plane and centred at the origin, we de¢3) the broad DEM distribution of a CDS loop structure is
fine by the angle in thex—y plane between the axis and the not smooth but consists of multiple temperature peaks which
line from the origin to the instrument, and ythe angle be- clearly indicate multiple loop threads withftérent temper-
tween the line from the origin to the instrument and the plargures (Aschwanden 2002), (4) the centroid position of the
z = 0. Then, assuming that the distance from the instrumeBbS loop structure was found to exhibit displacements in each
to the loop is much larger than the size of the loop, the lin€DS line (as presented by Trae Winter at the “Coronal Loop
of-sight velocityVios as observed by the instrument and the/orkshop” in Paris, November 2002), which confirms that the
velocities in the two directions of the image perpendicular ©ODS loop structure consists of multiple, non-cospatial loop

the line of sightV,x andV_,, are given by threads, and (5) the combined emission measure distribution
of many loop threads over a broad temperature range bears a
Vix cosdcosg sinfcos —sing Vx hydrostatic temperature bias that yields an average temperature
Vi, [=]| -sing cosd 0 Vy=01. increasing with height (Aschwanden & Nitta 2000). From these
Vios cosgsing singsing —cosp V, facts there is clear evidence that a loop structure seen by CDS

onsists of multiple loop threads withfférent spatial positions

The velocity perpendicular to the line-of-sight has magnitwi%d diferent temperatures although Martens et al. (2002)

Ve = V2, + V2 sothatv? = V2 + V2 o argue that, because the high-temperature edge as well as the
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Fig. 1. An MHD model of a loop observed by TRACE fitted to observational data: shown are the TRACE image of the loop system with tl
loop of interest contained within crosses (left picture) and the model field line (solid line) fitted to the observed line, represented by diamo
(right picture) in theX-Z plane.

low-temperature edge of their DEM plateau moves towards In order to derive the geometry of the loop as well as the
higher temperatures approaching the loop top, high tempepaysical parameters we followed Aschwanden et al. (1999). We
tures must exist near the loop top which are not found lowesed thesTEREO package (Aschwanden et al. 1999), which is
down the structure and so individual loop strands are upart of the solar software (SSW) in order to reproduce the ge-
likely to be exactly isothermal (see also Schmelz 2002, Fig. 8metry of the loops.

Although it is possible that even TRACE loops are notresolved As the lines used are optically thin, when we measured
(Judge & Mclintosh 1999; Priest et al. 2002), TRACE resolvéilse loop emitted intensity, we took great precautions to extract
a subset of these CDS loop threads that coincides in the tehe background emission. We select the proper background for
perature sensitivity range of a TRACE narrow-band filter. #ach data point along the loop. We sampled only half of the
is therefore imperative to apply a model only to a resolvédop starting from the left footpoint as, the other part is to faint
loop thread, rather than to a multi-temperature bundle of loapd cannot safely be separated from the background. We fitted
threads that make up a CDS loop structure. Since we analysth a Gaussian function the intensity profile across the loop
the same loop structure as described in Schmelz et al. (20@it)selected positions. The full width at half maximum of the
we apply our MHD model only to a single CDS temperatur@aussians functions resulting from the fit is taken as the width
1 MK, corresponding to the spectral line Mg (368 A), be- of the loop at these positions. We also computed the tempera-
ing aware that even the loop structure seen in this single filre and the emission measure using the TRATEEM rou-

ter still consists of multiple threads, given the poor CDS reine which applies a filter ratio technique with the 171 A and
olution, and thus expect only to extract average density athd 195 A filters. We derived the mean electron densityat
velocity parameters for this loop system at the given tempeach point along the loop using Eq. (37),

ature range of the Mgx ion formation T = 1 MK). Also,

we apply a forward-fitting technique to the observed emis- _ /ﬂ 37)
sion, as recommended by Judge & Mclintosh (1999), to avoid w

the non-uniqueness and reduce the ill-posedness of filter-rq,y'ﬁerew is the average of the loop width.

techniques. In_the three cases we model here, we use in UKy tried to measure the proper motions, if any, of the loop
forward-n_wodel!ng only a single image (CDS, SUMER) or _aBIasma. We first centered very carefully the 171 A every 30 s.
image pair of similar tempt_arature (TRACE) to avoid Confus'ol'?nages and made a movie with them. Figure 2 shows frames
between loop strands offfiérent temperatures. from this movie of proper motions along the loop. We show a
We use observations from TRACE in the 195 A and 171 Bart of the loop in three 171 A images close in sequence, show-
bands taken on 24-26 October 1999, SoHO CDS obseriray the displacement of two blobs of material indicated by ar-
tions used by Schmelz et al. (2001) taken on 20 April 1998ws. The dashed lines in the second and third pannel show
and SUMER observations from March 25, 1996. The TRACHe initial positions of the two blobs. We believe that the ma-
instrument was pointing on a well-defined isolated loop syterial is moving — or the excitation is moving — from the left
tem at-426’,-275" (see Fig. 1). The field of view is of to the right foot point. Since half a pixel is the minimum dis-
768x 768 pixels whereas the pixel size is 0.5 he corrections placement and it corresponds to a velocity of 17 ki sve
that we applied are the following: we subtracted the readadansider this as the error of the measurements. As “points” we
pedestal and the dark current, we cleaned out the pixels damlect bright features within the loop, which can be followed in
aged due to cosmic-rays and we extracted the CCD readatleast two images. The various points measured were located
noise. in only two images, with the exception of three points which
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Fig. 2. Proper motions along the loop shown in Fig. 1. We show in the top three pictures a part of the loop in three 171 A images close in
sequence, showing the displacement of two blobs of material indicated by arrows. The dashed lines in the second and third pictures show the
initial positions of the two blobs. The mean velocity we calculate is of the order of 30%n& show in the bottom picture the evolution of

the intensity along another segment of the loop (horizontal axis) versus time (vertical axis). Black represents unenhanced loop emission and
shades of grey represent enhanced emission. This variation of intensity travelling toward the right footpoint of the loop may be associated with
a flow along the loop. We can estimate roughly from this figure a velocity of 40-50%m s

are each found in three images. The measurement is very ditbhg, we subtracted from each spectral profile a background
jective, but since quite some points are measured, especialhe, selected from dark regions near the loop. In order to es-
near the top, and most of their velocities are within the rangjenate what should be the zero velocity, at the surface of Sun,
of 30-40 kms! we believe that this value is close to the reale selected an area on the MgDopplergam, on the disk, but
velocity. The mean velocity that we calculate is of the order @Ery close to the limb. The wavelength calibration was based
30 kms!. We show in the bottom picture of Fig. 2 the evoluen the assumption that the average Doppler shift near the limb
tion of the intensity along another segment of the loop plottéslvery close to zero, as is suggested in works such as Peter &
against time. This variation of intensity travelling toward thdudge (1999).

right footpoint of the loop may be associated with a flow along . .
the loop. We can estimate roughly from this figure a velocit The SUMER data we used were obtained during a raster

: : “ t took place on March 25, 1996. The instrument recorded
of 40-50 kms!. It is unlikely that the observed “proper mo- a ’ )
tions” are wave disturbances since 30—50 kivis below the (e Nevi 770,780 A and the @v 1548 A spectral lines. We

smallest possible wave speed, the tube speed, which s appREEE "o BLRIER B RS B ST SR o
imately equal to the sound speed at around 120 *m s :
yed P Ne vir 770 A line following the same method as with CDS.

As for the CDS data, we applied the usual CDS procedurBse background spectral profile was also subtracted before the
to treat the geometrical corrections and to calibrate them. Tiitting procedure. As we couldn’t use a reference spectrum to
Doppler shifts along the loop, are computed in theiM@68 A  calibrate the measured Doppler shifts (as is done in e.g. Teriaca
(1 MK) line. For each selected point along the loop, we took ttet al. 1999) we selected a quiet Sun area away from the active
sum of the 4 nearest individual spectral profiles (correspondirggion and we supposed that there should be a blue shift of
to 4 spatial pixels). Thus, for each selected point we applied2ckm s, which is the mean measured Doppler shift for the
that less noisy spectral profile a double Gaussian fit to take itNe viir 770 A line (Peter 1999; Dammash et al. 1999). The
account the blend due to the Mat line at 367 A. Before the method used to calibrate the Doppler shift has already been
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used for active regions in other spectral lines (e.g. Klimchuéngth. Elsewhere the emission is mixed with that of neigh-
1986). The width and the geometry of the CDS and SUMHEBburing loops and so reliable measurements are not possible. A
loops where calculated in a similar way as for the TRACHeasure of the shape of the entire loop is available (see Fig. 1).

example. The filter ratio measurements describe a near-isothermal loop
whose density decreases with height. We are able to fit the den-
4. The models sity and temperature and emission patterns of this loop reason-

ably for much of the region where observations are available.
We describe in this section details of the three loops as qR-the CDS example, the DEM temperature and density mea-
served and modelled. The models are fitted to the observatigigements from Schmelz et al. (2001) are multi-thermal while
in many diferent ways: by geometry (loop height, foot poingur emission data are extracted from a single Mgmage.
separation and, less precisely, loop width), emission meas@gce the emission data and the density and temperature dats
density, temperature and velocity. The resulting momentugpe inconsistent with each other our approach is to concen-
balance, energy profile and heating profile are then describaghte on forward-fitting our MHD model to the emission data.
The Mg1x 368 A spectral line emissivity has a sharp peak at
4.1. The observable quantities: Loop geometry, logT = 6.00 due to the ionization fract?on of the My ion
emission measure, density, temperature (Arnal_Jd & Rotherflu_ng 1_98_5). From this we expect that ev-
and velocity ery bright loop seen in this line has to have a temperatur_e near
T = 1.0 MK. If the temperature were outside the full width
Figures 1, 6 and 9 show pictures of the image containing eaathhalf maximum (FWHM) of the emissivity function, (typi-
loop and plots of solution field lines fitted to the observed loagally T = 1.0 + 0.2 MK), its brightness would be compara-
shape in the plane of the loop. Figures 3, 7 and 10 show plbtse with the background. Hence, we expect the loop plasma
of the density, temperature, together with the absolute and limge see in Mg IX 368A, to be of ordér = 0.8-1.2 MK. On
of-sight velocities of the models and comparisons of forwar@itting the emission model to the observations while keeping
modelled synthetic emission patterns compared to the obsertregltemperature model within the expected temperature range,
emission. Where available the observed values are also pleé find a reasonable fit to the CDS N velocity data. The
ted. It must be noted that there are ambiguities in some a&slocity measurements derive from a Dopplergram from this
pects of the fitting of the models to the data. Coronal magame Mgix image and, taking the angles of the loop geome-
netic field observations are notfRaiently advanced at presenttry and tilt into account as described in Sect. 2.3, we are able
for a detailed model fit and so we impose typical coronal fietd model these measurements to reasonable accuracy. Filter ra:
strengths in our models of-5 G at the apex to 50100 G, tio or DEM measurements of the density and temperature for
depending on field line geometry and inclination. Although thlhe SUMER example are not possible, and so density mea-
ODE’s Egs. (25)—(29) depend on the magnetic field strefjth surements are calculated from a single W& image using
via M we find that the value dB| does not significantlyféect the line emissivity function and taking the temperature to be
the physical properties of the fluid. We integrated Egs. (2507 MK. The emissivity as a function df for the Nevir 770 A
(29) with various start values ¢8| up to a factor of 10 greater spectral line as well as that of the Mg 368 A line used for
and smaller than those in the examples presented, keepingttieeCDS dataset, were calculated using the CHIANTI database
start values of the other parameters fixed. The only parts(Bfere etal. 1997), including the abundances of Feldman (1992)
the model changing significantly are the magnetic forces theand the ionization fractions of Arnauld & Rothenflug (1985).
selves in Figs. 5, 8 and 11la-d, while the other plots changelocity measurements are also extracted from this same im-
very little. An exception to this rule is the case where the magge. While these measurements are more scattered than thos
netic field is too weak for the magnetic forces to be able tf the TRACE and CDS examples, approximate fits of the
balance the other forces as seen in these pictures, in which ddst® model to the intensity, density and velocity measure-
the integration simply fails indicating that an equilibrium is notnents with a near-isothermal temperature model at around
possible. The fect on the system of varyin@| can be seen 0.7 MK are given.
explicitly in Egs. (25)—(29). The strong coronal magnetic field
combined with the slow flow velocities observed in the corona A measure of the width of the loop is maddfdiult by
together cause the flow to be very sub-Ahi¢ M <« 1). the mixing of emission with neighbouring loops in all three
Hence varyingB| by a factor of 10 has littleféect on the size examples and low resolution of the instruments in the CDS
of M compared to the other variables, whose sizes are fixeddnyd SUMER examples. Therefore there is much uncertainty in
the observations. It is for this reason that the response of these measurements. Furthermore, because of the self-similar
plasma parameters to such variationfBhis small. structure of the solution class (see Sect. 2) the profile of the
There is some ambiguity in the fitting of the temperaturgidth of a model loop is defined by the shape of the loop so
density and velocity models, as well as the widths, due bdtrat a solution fitting both the observed field line shape and
to difficulties in measuring quantities along entire loop lengtliise observed loop width is not generally possible within our
precisely and to limits in the versatility of the solutionsmodels. The expanding cross-sections derive directly from the
In the TRACE example Figs. 1 and 3 observations of the 171s&lf-similar structure of the solutions as described in Sect. 2.3
an 195 A emission and filter ratio calculations of the demvhich for the moment we cannot avoid, since the self-similar
sity and temperature are available along about half of the loagsumption embodied by Eqgs. (12) and (13) is crucial for us to



G. J. D. Petrie et al.: MHD loop models 1073

4x109 g o
. 3x10% Ex =
§ ox10%E =
< 1x10% =

OE =
0 50 100 150 200
arclength (Mm)

1.4 b3
< 1.2 Sokkgd okksid mwmbl(% —
210 ?Hﬁ%% SO LR OLE SO Sk s ol —
— 0.8F E

0.6 = E

0 50 100 150 200
arclength (Mm)

Q 80 3

€ 60 " T---___ -

< 40f B *;%‘ iJfff_fY,e—“?Cftl oOgnitude eI

>§ 20; » L Perpendicular velocity é

> OF =

0 50 100 150 200
arclength (Mm)

€ 20F T T 3

S s5E Jf JFJF/ T Jf e 3

- E " R - 3

T 1.0 55 4 - % Jf -~ =

‘= g’fz@%,—/’ Jf Jf Jf -3

a 0.5? E

§ 0.0F -

0 50 100 150 200
arclength (Mm)
0
IS

2 1000E E
L 800X xx e
> 600 X =

9 400 T s . -7
S on0E XXX T RRETEE s ,Kx&xxxx&w 777777777 -7 E

(e = —
= 07 |
~ 0 50 100 150 200
B arclength (Mm)

‘o
T

3 1000F —
S BOOE =
z 600 =

2A00ET . E

© E----2 ___.X o ——-----5
= 208? R i KXV ot = i oo K= = = = — = = = -—--mmm E
> 0 50 100 150 200

arclength (Mm)

Fig. 3. An MHD model of a loop observed by TRACE fitted to observational data: showa)ane particle number densitly) the temperature,

c) the flow velocity,d) the loop width ance) the 171 A and) the 195 A emission patterns compared with the synthetic forward-modelled
emission from the MHD model. The forward-modelled emission patterns are computed using the TRACE response functions. All are graphed
against arc length along the fieldline of the loop shown in Fig. 1. In these plots, the observed values are repressgtelddly and the model

by the lines. In the velocity plot the modul(d| is graphed with a dashed line while a simulated perpendicular velocity profile is represented

by a dotted line.
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solve the MHD equations. The model widths are comparedtttereby having a further direct influence on the plasma
the observed widths in Figs. 3, 7 and 10. dynamics.
) . L Figure 4 is an illustration of the breakdown of the momen-
_The flow in our examples is unidirectional from one foof, ,, hajance along and across a coronal loop into the five con-
point to the other as in the models by Cargill & Priest (198 ent forces: inertia of the plasma, magnetic tension, mag-
1982) and Orlando et al. (1995a, 1995b). However, unlike thasgic and gas pressure gradients and the gravitational force,
models the flow in our examples is not sustained by a Pregs \vell as components of these forces resolved in directions
sure diference between the loop foot points, the siphon meqlinqent and normal to the field. This diagram corresponds to
anism. This mechanism is included in the models by Cargjljg example momentum plots in Figs. 5, 8 and 11 as described
& Priest (1980, 1982) and Orlando et al. (1995a, 1995b) bgye i this subsection. Note that the magnetic forces cancel
cause the only force which can initiate in these models a Ufji-the tangential direction because the Lorentz force is per-
directional loop-aligned flow along the field lines is a suitabl§a icyjar to the field. In the direction normal to the field, the
pressure gradient. However the physical details of the initigg ant; force is non-zero and it is coupled with the remaining
tion of flow in the corona are not well known. The flow may, ces The magnetic tension force acts vertically downwards
not have been initiated in a pre-existing loop, but may hayga.se of the curvature of the loop. The magnetic pressure
been caused during the I_oop’s formation by the interaction Qf_adient force has an upward vertical component because of
several forces. Moreover in the steady state such a pressuredil- etically stratified structure of the magnetic field strength
ference is not necessary to maintain the flow. A symmetric PrQhich decreases with height. On the other hand, the magnetic
file for the plasma inertia (signifying e.g. acceleration up ORgyy srength increases with slope because in an active re-
loop leg and deceleration down the other, or vice versa) Mgy, neighbouring field lines are generally bunched close to-
easily be balanced in a symmetric plasma model by gra"'gzjther near their foot points, generally located at a strong flux
the pressure gradient and, in two dimensions, by the LoreQg casink, and their separation increases with distance from
force. Because we are interested in modelling steady statesfor ¢ ,reasink. Hence, the horizontal magnetic pressure gradi-
simplicity we.choose to rr_10de| symmetric loops which havg,: torce points towards the interior of the loop. The gas pres-
pressure profiles symmetric over the loop length. Although thg e gradient force has an upward vertical component because
flow is unidirectional, we are not describing siphon flows. Wg; ¢ stratification. On the other hand, the horizontal compo-
remark that the well-known "siphon flow” models of isolatefhe¢ of the gas pressure gradient force points towards the cen-
flux tubes by e.g. Thomas (1988) and Montesinos & Thomgg ot the |0op as the corresponding magnetic pressure gradient
(1989) do not include pressurefiirences despite their use oty rce does because emission is generally found to be signif-
the term “siphon flow”. icantly higher in the region of active region loop foot points
than close to an apex; in such near-isothermal structures, this
implies that the gas pressure is higher at the loop foot points
4.2. Momentum balance in comparison to the interior of the loop at the same horizontal
distance. The normal component of the inertia points inside the
Although coronal loops are well known to be magnetic struteop towards the loop’s centre of curvature, as expected, while
tures, the component of force balance along the loop excludles tangential component is non-zero because the loop is not
the Lorentz force, and so it has become common to model theircular and the curvature varies along the loop. In particular,
as approximately one-dimensional structures imposing hydibis negative (i.e., it points towards the footpoints) because the
static (Rosner et al. 1978; Serio et al. 1981; Aschwanden etalrvature is increasing from the left foot point to its maximum
2001; Aschwanden & Schrijver 2002) or steady hydrodynamialue at the apex. The inertia on the right leg would be a mirror
(Cargill & Priest 1980, 1982; Orlando et al. 1995a,b) equiliimage of this, with a positive tangential component indicating
rium along the loop. The inclusion of a second cross-field dhat the curvature is decreasing away from the apex towards the
mension in our modelling allows the Lorentz force to interight foot point.
act with the other forces across the loop and self-consistently Figures 5, 8 and 11 show the breakdown of the momentum
to determine its shape and cross-section. Our models are lth&ance along the field and across the field, the volumetric en-
first loop models to include these cross-fiefteets fully and ergy profile along the loop and the volumetric energy rate per
consistently. Given the highly magnetised nature of the solamit mass along the loop for the three models.
corona, inclusion of the magnetic field is important in describ- As sketched in Fig. 4, in Figs. 5, 8 and 11 the two compo-
ing the loop dynamics. Of particular importance is the fact thaénts of the magnetic force, the magnetic pressure gradient and
on a curved loop in two dimensions the inertial term is not fieldension oppose each other along and across each loop and the!
aligned and so the plasma velocity may be greatly influencack significantly larger than the other forces acting along the
by the magnetic field as well as the other forces, unlike th@op, as is to be expected in a coronal model. They are larger
one-dimensional case. Furthermore, in the siphon flow maaleng the loop than across. The strength of the magnetic ten-
els of Cargill & Priest (1980, 1982) and Orlando et al. (1995aion is greatest at the foot points, both along and across the
1995b) the flow velocity is determined by the density for feld. This is despite the fact that the field is straightest at the
given loop cross-sectional area which these authors impdsetpoints and is due to the stratification. In the CDS model of
as a free function, while in our models the magnetic fieldig. 8 the magnetic pressure gradient is maximum at the foot
selconsistently imposes the cross-sectional area of the loppints. This may be surprising in the cross-field case, where
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Fig. 4. The breakdown of momentum balance along and across a steady coronal loop. Shown are the magnetic pressuRE"gthdient
magnetic tension forc€, the gas pressure, the gravitational forcg and the inertial forcé. Also shown are the components of these forces
resolved in the direction tangent (normal) to the field, with subseiip}. This diagram corresponds to the example momentum plots in Figs. 5,
8 and 11 as described in the text.

a magnetic pressure gradient might be expected to be almarst 11's field-aligned pictures as an odd function of arc length
field-aligned at a near-vertical foot point. However the picturedbout the apex with a magnitude increasing with distance from
show that the increase in field strength towards the foot poititee apex, as also happens in our model. In the cross-field pic-
overcomes this féect to give a maximum magnetic pressurtures it would be represented by a positive even function. The
gradient across as well as along the field at the foot points.lotation of the maximum pressure gradient across the field
the SUMER example of 11 the cross-field magnetic pressweuld depend on both the pressure scale height and the shape
gradient decreases towards the foot points where the magnetithe loop, since the size of this component at a point on the
pressure gradient is more nearly field-aligned than elsewhdomp depends on both the size of the total pressure gradient and
In the TRACE example shown in Fig. 5, the magnetic pressutree slope of the loop at that point. For example, a vertical loop
gradient is weaker than the gas pressure gradient everywHe point would have no pressure gradient across it in a one-
across the loop. Along the loop the magnetic forces cancel elkmensional stratified atmosphere even though the total pres-
actly since the Lorentz force must be perpendicular to the logure gradient may have its maximum there. Similar comments
Across the loop the magnetic forces are not exactly balanagaply to the gravitational force. The gravitational force would
but they are the largest forces. A largdfelience in thermal behave as the pressure gradient but with the opposite sign as
pressure inside and outside a fluxtube can be balanced byetwo forces would balance in the one-dimensional stratified
very small change in magnetic field (e.g. by flux tube expahydrostatic case.
sion) in the lowp corona, which we cannot measure. We cannot  Our 2D MHD model represents a significant departure from
measure these slight imbalances in magnetic forces but we g#s situation as can be seen from Figs. 5, 8 and 11. In the field-
model them. With a positive force in the cross field direction iraligned pictures the two components of the magnetic force, ex-
dicating a force away from the loop center of curvature, on tltly balancing each other, do not interact with the other forces.
field-aligned plots in Figs. 5, 8 and 11 the upwalalvnward The pressure gradient and gravitational forces are more or less
forces are positiveegative on the left half of the loop and negas in the hydrostatic case, with a small contribution from the
ative/positive on the right half. inertial force completing the force balance. However in the
In a one-dimensional stratified hydrostatic atmosphere thmss-field pictures of Figs. 5, 8 and 11 there are significant
gas pressure gradient would point vertically upwards and diifferences from the one-dimensional hydrostatic case. The in-
crease with height. Along and across a loop standing in suchfluence of the magnetic forces on the other forces can be clearly
atmosphere the gas pressure gradient would appear in Figs.$eén: the two components of the magnetic forces are not
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Fig. 5. An MHD model of a loop observed by TRACE fitted to observational data: shown are the breakdown of the momentunapalange
andb), c) across the loopd) the energy integral along the loop aejthe volumetric energy rate along the loop all graphed against arc length
along the loop. In the momentum-along pictures, positive momentum means momentum directed from the left foot point to the right, wi
in the momentum-across pictures, positive momentum means momentum directed from inside the loop outwards. In the heating plot, th
heat irfout is represented by the dashed line, the radiative losses by the dot-dashed line, the losses due to conduction by the dotted line, a
remaining heating by the thick solid line. Except for a small region near the apex, radiative losses are larger than conductive losses. The he
profile is largely dominated by radiative losses but, influenced by the flow, it is not symmetrical, but is concentrated at the inflow foot point.

balanced across the loop and the net magnetic force acrasd inertial forces, and the shape of the gas pressure curve may
the loop is negative. For example close to the footpoints lofok very diferent from the gravitational force curve in the full
the loop, in Figs. 5 and 11 it is the gas pressure gradient th&iiD case. An important dierence in this model compared to

is balancing the magnetic tension and only in Fig. 8 does thee-dimensional hydrodynamic models is apparent in the dis-
magnetic pressure balance the tension close to the footpoitrtbution of inertia along and across the flow field line. Along
The gas pressure gradient, the only non-magnetic force pdke field the inertia is maximum near the foot points where the
tive across the loop, is significantly larger than the gravitationlabp is straightest, and is zero at the apex where it changes
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Fig. 6. An MHD model of a loop observed with SOHODS (Schmelz et al. 2001), fitted to observational data: the plots are organised as in
Fig. 1. The CDS image of the loop is in Mg 520.66 A (left picture), and shows the points used for the loop fitting, as well as the fitted loop
of the right picture projected onto the image. The fitted field line of the model is shown K-tHeplane along with these points (diamonds)

for further comparison.

sign. Across the field the inertia is significant over most af the loop’s shape. Because of its small size, the kinetic en-
the loop length and is larger than the field-aligned componesrgy has little influence on the total energy curve. Over most
around the apex where the field is most curved. In 1D hydrof the loop length in each case the kinetic energy is insignifi-
dynamics the Bernoulli force is identical to the inertia whileant. While the kinetic energy seems not to play a major role in
the centrifugal force is zero. In a 1D model forces across ttiee momentum balance of the loop, the plot of the volumetric
loop such as the centrifugal force are not taken into accountheating rate along the loop shows that the velocity can have an
these 2D MHD examples the Bernoulli and centrifugal forcesportant influence on the heating profile of the loop. This may
are consistently taken into account and are bofffedint from be surprising, but dimensional analysis shows that it is likely to
the inertial force. The Bernoulli force has components alotg possible.

and across the field. The field-aligned Bernoulli force is identi- |t we take typical coronal values for the number density
cally equal to the parallel component of the inertia. Across thg = 5 x 108 cm3 (giving a typical densityp. = 4.0 x
field, the velocity magnitude increases with height and so thg-16 g cny3) and the temperaturg, = 10° K, and a conser-
cross-field Bernoulli force acts towards the centre of the loogative estimate for the velocity, = 108 cm s%, and if we take
The VortiCity is confined to th&-direction so that the centrifu- as a |ength scale the hydrostatic Sca|e hggh:t 6.0x 109 cm

gal force is in theX-Z plane. It has a cross-field componenhen we find that the corresponding typical potential energy per
only, pointing outwards from the centre of the loop, almogfnit mass igjZ. = 1.65x 10 erg/g, the kinetic energy per unit
balancing the perpendicular Bernoulli force. Both Bernoulfyass is/2/2 = 5.0x 10 erg/g and the enthalpy per unit mass
and centrifugal forces have maxima at the footpoints where téy = 4.13x 104 erg/g. Thus the kinetic energy is not signif-
density and velocity magnitude are greatest. The Bernoulli ag@nt compared to the other energies. Meanwhile the radiative
centrifugal forces are larger across the loop than the resultiggs function isL, = 6.62x 1076 erg cnt3s%, the conduction
inertial force because the velocity varies faster across the figay . £, = 6.42x 1075 erg cn3 s and the volumetric net heat
line than along. infout isq. = 1.10x 1075 erg cn3s™L. In fact heat conduc-
tion plays a much smaller role in our models than these num-
bers indicate because our temperature models are close to be-
ing isothermal. Other deviations from the order-of-magnitude

The energy profile along the loop is dominated by the theg@lculations occur in our models for similar reasons, but the
mal energy or enthalpy. There are smaller contributions froffference between the roles of the flow in the energy and heat-
the potential and kinetic energies. The thermal energy is H19 profiles is clear in both modelling (compare relative impor-
rectly proportional to the temperature of the loop, so that &nce of the kinetic energy in Figs. 5e, 8e, 11e and the net heat
isothermal loop would have a flat thermal energy distributidf/out of flow g in Figs. 5f, 8f, 11f) and order-of-magnitude
and hence a flatter total energy profile than an equivalent néalculations.

isothermal loop with temperature maximum at the apex would Returning now to the models, the net heabirt of the loop,
have. The potential energy is proportional to the loop heightlasing the field-directed derivative of the total energy, is an odd
a function of arc length and so the total energy clearly deperfdaction which is positive on one half of the loop and

4.3. Energy and heating
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Fig. 7. An MHD model of a loop observed with SOHODS (Schmelz et al. 2001), fitted to observational data: the plots are organised as ir
Fig. 3. The temperature bounds within which a loop temperature must lie in order to be brightix &g indicated by dotted lines. The
observational data in the velocity plot were calculated from Dopplergrams computed from the sarmeénvge in Fig. 6 using Gaussian
fitting techniques. Error bars are omitted from the width plot because the errors are too large.

negative on the other. In the TRACE example of Figs. 1 andi® the CDS example of Figs. 6 and 8 the influence of
and the SUMER example of Figs. 9 and 11 it is comparthie flow is clearest close to the apex. The radiative losses
ble in size to the radiative loss function, the dominant part afe symmetric and are concentrated near the footpoints
the energy rate balance, over most of the length of the loaghere the density is greatest. Heat conduction is negative
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Fig. 8. An MHD model of a loop observed with SOHODS, fitted to observational data: the plots are organised as in Fig. 5. Note that here, as
in Fig. 5, the radiative losses dominate the energy balance, but an asymmetric heating function results because of the influence of the flow.

at the location of temperature maxima and positive at théhich is otherwise identical to this one would have a sym-
temperature minima. For loops with temperature maxima metric heating function with the same total heating. Note,
the apex, the conduction is peaked there but is still smaller tHamwever, that a static solution is a degenerate subcase of this
the minimum of the radiation. The heating profile is mostly solution class and that setting the variablleto zero would
combination of the radiative losses and the net heauinof remove much of the freedom in the system of ODE’s. An ab-
the flow. The asymmetry of the heating function shows the igelutely static model of a given loop is not generally possible
fluence of the flow. The flow'sfeect on the heating function isalthough the velocity magnitude can be varied. This com-
to distribute the remaining heating function towards the upfldwination of asymmetric heating functions and symmetric in-
foot points, not to alter the total heating across the loop asemsity profiles has already been seen in the numerical hy-
whole. Because the net heatdnt of the flow is an odd func- drodynamic studies of Mariska & Boris (1983) and Reale
tion which integrates to zero along the loop length, a static loepal. (2000b). In studies of impulsive heating giving qualitative
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agreement with observed brightness evolution in TRACE iranidirectional flow and asymmetric heating. In a study of
ages, Reale et al. (2000a,b) and Peres (2000) find that haative region loops observed with SUMER in transition region
ing one foot point causes the other to brighten first becauseaafi coronal lines Spadaro et al. (2000) measured the doppler-
plasma compression there, and they caution against straightéhift and the non-thermal broadering at the footpoints of the
ward interpretation of the observations to infer the location &dops. They identify unidirectional flows and, in two cases,
heating. the upflow foot-point was related to a larger value of the non-
thermal broadering compared to the downflow foot-point. The
) non-thermal broadening, which includes the non-resolved mo-
5. Conclusions tions due to waves or turbulance, is a signature of heating of the

The use of a two-dimensional compressible equilibrium solflasma (Peter 2000). This seems to be related to the computed

tion of the full ideal steady MHD equations with consisterfi€ating function which is higher at the upflow foot-point in all

heating model has presented us with an opportunity to stufPur examples.

the magnetic field’s influence on the plasma dynamics and en- We have tried to fit the models to the data sets as far as pos-
ergetics and the flow’s influence on the heating profile seHible but some ambiguity remains. In particular, the accuracy
consistently for the first time. Previous loop models have beehthe loop width fits is compromised byfiiculties in mea-
one-dimensional and have ignored the influence of the Lorestring quantities along entire loop length and by limits on the
force on the dynamics and of the magnetic field configureersatility of the solutions whose structure imposes loop widths
tion on the loop cross-sectional width, resulting in hydrostatim the models which may be incompatible with observations.
or hydrodynamic models where the loop cross-sectional widfhur cross-sectional width model is defined by the loop height
is a free function imposed by the modeller. We find througdnd foot point separation and cannot be freely chosen. This in-
fully consistent modelling that the magnetic field governs theoduces significant uncertainty into the fit of the model width
width of a loop and that there is much interaction between thethe data and some of this uncertainty is passed on to other
Lorentz force and the plasma inertia across the loop, as wadimponents of the model, qualifying some of the conclusions
as among the inertia and all other forces along and across dnawn. The loop width profileféects the velocity of the flow,
loop. There is a significant component of inertia across curvte net heat ifout of the flowg and the heat conductiefV- Fc.
structures in two dimensions, not taken into account in on€empared to a loop with expanding cross-sectional area as in
dimensional models, which has a bearing on the velocity prodr models, a loop with constant cross-section whose physical
file and therefore the heating function of a loop. While the v@roperties are otherwise the same would have smaller veloci-
locity plays a minor role in the energy profile of each loop, d&s close to the foot points. This would carry over to the net
is to be expected in such sub-Aéfwic flow models, the inclu- heat ifout gq so that the heating function’s asymmetry would
sion of such flows is found to influence the heating functions bé reduced in a model with constant cross-section, by a fac-
the loops significantly. Where equivalent static models wouldr of between 2 and 6 compared to our models. The width
have symmetric heating functions dominated by balancing &gfects the heat conduction as shown by Eg. (33), where the
diative losses concentrated near the foot points, the inclusiorsetond term describes thfext of expandingonverging field
even very sub-Alfehic flows alters this picture by introducingines. In models with maximum temperature at the apex such
an anti-symmetric component to the heating profile, resultig ours, field lines which converge towards the foot points in-
in an asymmetric heating function, biased towards the upfldwbit heat conduction from the apex to cooler regions lower
foot point. These are the conclusions to be drawn for the atbewn. The non-constant cross-section changes the conduction
servations studied and the solution class used to study théumction significantly compared to a model with constant cross-
There is some observational evidence of a relationship betweewtion, but since the conduction plays a small role in the
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Fig. 10. An MHD model of a half-loop observed by SUMER fitted to observational data: the plots are organised as in Fig. 1.

heating model this dlierence does not change the heatinfgr a full MHD treatment and the physical insight that this af-
function significantly. It is not known if the observed loopdords. In the future we intend to establish more general patterns
have constant or expanding cross-sections. Even if somebgrmodelling more data sets and by applying more solution

all have constant cross-sections, we have demonstrated thasses from Table 1 of Paper I.
plasma flow can have a visibléfect on the heating distribu-

Of course some loops in the solar atmosphere are not in

tion. This and other smaller uncertainties do ré¢et the broad equi]ibrium and the heating mechanism may be h|gh|y non-
conclusions drawn from the models and are a small price to pa¥ady. A full time-dependent MHD treatment of the evolution
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Fig. 11. An MHD model of the half-loop observed by SUMER fitted to observational data: the plots are organised as in Fig. 5. Note that
these plots the loop profiles resemble the profiles of the downflow (right) leg of the TRACE and CDS examples in Figs. 5 and 8.

of a coronal loop is not possible at present due to theoretipddsma emission patterns familiar from observattonodels
difficulties. In the meantime it is important to clarify the moref flows in isolated magnetic flux tubes has been carried out
with full force-balance in a hydrostatic medium by Thomas &

basic steady states.

n

Equilibrium solutions of the MHD equations have beerI\}/Iontesmos (1990) and Degenhardt (1989). There has also been

T . : some #&ort to model the fect of an external magnetic field on
applied in modelling coronal and chromospheric structures

one or two dlmer_lsmns in the past (see Paper I). One criticism See Petrie & Neukirch (1999) for 3D MHD flow equilibria where

of such models is that, although they model well the homgy.jising velocity and density along chosen field lines is possible,
geneous macroscopic structure of the coronal magnetic fielflhough these solutions have other physical disadvantages. See alsc
the corresponding homogeneity of the plasma parameterssiilantzis et al. (1994) for approximate Iggvbarotropic flow solu-
these models does not explain the well-defined and localis@ts modelling dense loops in a sparse medium.
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a magnetic flux tube (with no flow) by balancing the magnetfeldman, U. 1992, Phys. Scr., 46, 202

tension of the tube against buoyancy forces deriving from thiod, A. W., & Anzer, U. 1990, Sol. Phys., 126, 117

ambient magnetic and gas pressures (Parker 1981; Browninki@d, A. W., & Priest, E. R. 1979, A&A, 77, 233

Priest 1984, 1986). However, in the corona plasma loop str ,—dg:r’lﬁéﬁ]-’ g‘ Mgflgtcm}s,;m{'gﬁg% SA‘;'t-rEhKS-S’ 123?’ 5’631

tureg traC(_e out magnetic flel.d lines whose field strength & h?rschuk, J.’ A.’1986, Co'ronal ana Promingnze 'Pla,smas, ed. A. I

configuration are representative of the volume as a whole (Bray Poland, NASA CP-2442, 183

et al. 1991). Such flux tubes are refer_red to by Thomas (19%),“”’ C., & Rosner, R. 1993, ApJ, 412, 375

as “embedded” as opposed to the “isolated” category Of ifrackay, D. H., Galsgaard, K., Priest, E. R., & Foley, C. R. 2000, Sol.

terest to these authors and their models cannot describe thephys. 193, 93

full equilibrium force balance for the corona. It seems, themariska, J. T., & Boris, J. P. 1983, ApJ, 267, 409

that full equilibrium solutions of the MHD equations are thélartens, P. C. H., Cirtain, J. W., & Schmelz, J. T. 2002, ApJ, 577,

most appropriate approach to modelling steady coronal struc- L115

tures. Furthermore, judging from the widespread application'dpntesinos, B., & Thomas, J. H. 1989, ApJ, 337, 977

global equilibrium models, in particular the routine use of p&a'ker, E. N. 1981, ApJ, 244, 631

tential and linear force-free field models, that this weaknes hgres, G. 2000, Sol. Phys., 193, 33
. . e eter, H. 1999, ApJ, 516, 490

a small price to pay for the benefits of equilibrium models. Vté

. eter, H. 2000, A&A, 761, 776
have demonstrated the importance of a full treatment of the msie 1. & Judge, P. G. 1999, ApJ, 522, 1148

mentum balance as well as the energy balance in determinigrie, G. J. D., & Neukirch, T. 1999, Geophys. Astrophys. Fluid Dyn.,
the plasma dynamics and thermodynamics of a coronal loop. 91, 269

Petrie, G. J. D., Vlahakis, N., & Tsinganos, K. 2002, A&A, 382, 1081
Acknowledgementsie thank the referee, Professor Eric Priest, for  (Paper 1)
useful comments. GP and CG acknowledge funding by the BErébrter, L. J., & Klimchuk, J. A. 1995, ApJ, 454, 499
Research Training Network PLATON, contract number HPRN-CPriest, E. R. 1982, Solar Magnetohydrodynamics (Reidel)
2000-00153. CG also acknowledges support by the Research comiiest, E. R., Foley, C. R., Heyvaerts, J., et al. 1998, Nature, 393, 545
tee of the Academy of Athens and the Costopoulos Foundation. Wiest, E. R., Foley, C. R., Heyvaerts, J., et al. 2000, ApJ, 539, 1002
would like to thank also C. E. Alissandrakis and H. Peter for softwaRriest, E. R., Heyvaerts, J., & Title, A. M. 2002, ApJ, 576, 533

support during this study. Raymond, J. C., & Smith, B. W. 1977, ApJS, 35, 419
Reale, F., Peres, G., Serio, S., DelLuca, E. E., & Golub, L. 2000a, ApJ,
535, 412
References Reale, F., Peres, G., Serio, S., et al. 2000b, ApJ, 535, 423
Arnaud, M., & Rothenflung, R. 1985, A&AS, 60, 425 Rosner, R., Tucker, W. H., & Vaiana, G. S. 1978, ApJ, 220, 643

Sauty, C., & Tsinganos, K. 1994, A&A, 287, 893
Schmelz, J. T., Scopes, R. T., Cirtain, J. W., Winter, H. D., & Allen,
J. D. 2001, ApJ, 556, 896
melz, J. T. 2002, ApJ, 578, L161
Srio, S., Peres, G., Vaiana, G. S., & Rosner, R. 1981, ApJ, 243, 288
padaro, D., Lanzafame, A. C., Consoli, L., Marsch, E., Brooks,
) D. H., & Lang, J. 2000, A&A, 359, 716
Aschwanden, M. J., & N'ttaf.N' 2000, ApJ, 535, L59 Spitzer, L. 1962, Physics of ionized gases (New York: Wiley)
Aschwanden, M. J., & Schrljver, C.J. 2002, ApJS, 142, 269 Surlantzis, G., BMmoulin, P., Heyvaerts, J., & Sauty, C. 1994, A&A,
Aschwanden, M. J., Schrijver, C. J., & Alexander, D. 2001, ApJ, 550, 284, 985

1036 Teriaca, L., Banarjee, D., & Doyle, J. G. 1999, A&A, 349, 636

Bray, R. J., Cram, L. E., Durrant, C. J., & Loughhead, R. E. 199%uq5 p peres, G., Reale, F., & Orlando, S. 2002, ApJ, 580, 1159
Plasma Loops in the Solar Corona (Cambridge University Pres$},omas. J. H. 1988 ApJ, 333, 407

Aschwanden, M. J. 2001, ApJ, 559, L171

Aschwanden, M. J. 2002, ApJ, 580, L79

Aschwanden, M. J. 2003, Physics of the Solar Corona (Springer aggh
Praxis), in preparation

Aschwanden, M. J., Newmark, J. S., Delaboudiniere, J.-P., et al. 19
ApJ, 515, 842

Brown?ng, P. K., & Pr?est, E. R. 1984, Sol. Phys., 92, 173 Thomas, J. H., & Montesinos, B. 1990, ApJ, 359, 550
Browning, P. K., & Priest, E. R. 1986, Sol. Phys., 106, 335 Thomas, J. H. 1996, in Solar and Astrophysical MHD Flows,
Cargill, P. J., & Priest, E. R. 1980, Sol. Phys., 65, 251 ed. K. C. Tsinganos (Dordrecht: Kluwer), 39
Cargill, P. J., & Priest, E. R. 1982, Geophys. Astrophys. Fluid Dynysinganos, K. C. 1982, ApJ, 252, 775

20,227 Tsinganos, K., Surlantzis, G., & Priest, E. R. 1993, A&A, 275, 613
Cargill, P. J. 1994, ApJ, 422, 381 Tsinganos, K., Trussoni, E., & Sauty, C. 1992, in ed J. T. Schmelz, &
Cargill, P. J., & Klimchuk, J. A. 1997, ApJ, 478, 799 J. Brown, The Sun: A Laboratory for Astrophysicists (Dordrecht:
Chae, J., Park, Y.-D., Moon, Y.-J., Wang, H., & Yun, H. S. 2002, ApJ, Kluwer), 349

567, L159 Vesecky, J. F., Antiochos, S. K., & Underwood, J. H. 1979, ApJ, 233,
Dammasch, I. E., Wilhelm, K., Curdt, W., & Hassler, D. M. 1999, 987

A&A, 346, 285 Vlahakis, N., & Tsinganos, K. 1998, MNRAS, 298, 777

Dara, H. C., Gontikakis, C., Zachariadis, Th., et al. 2002, in Proc. @falsh, R. W., Bell, G. E., & Hood, A. W. 1995, Sol. Phys., 161, 83
the Second Solar Cycle and Space Weather Euroconference, B84ish, R. W., Bell, G. E., & Hood, A. W. 1996, Sol. Phys., 169, 33

SP-477, 95 Walsh, R. W., & Galtier, S. 2000, Sol. Phys., 197, 57
Degenhard, D. 1989, A&A, 222, 297 Winebarger, A. R., Warren, H. P., & Mariska, J. T. 2002, ApJ, in press
Del Zanna, L., & Hood, A. W. 1996, A&A, 309, 943 Wragg, M. A., & Priest, E. R. 1981, Sol. Phys., 70, 293

Dere, K. P., Landi, E., Mason, H. E., Monsignori Fossi, B. C., &/ragg, M. A, & Priest, E. R. 1982, Sol. Phys., 80, 309
Young, P. R. 1997, A&AS, 125, 149



