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Abstract In the solar corona, the magnetic flux rope is believed to hamddmental structure that accounts
for magnetic free energy storage and solar eruptions. Upe@tesent, the extrapolation of the magnetic
field from boundary data has been the primary way to obtaly fafee-dimensional magnetic information
about the corona. As a result, the ability to reliably recahe coronal magnetic flux rope is important
for coronal field extrapolation. In this paper, our coronaldiextrapolation code is examined with an
analytical magnetic flux rope model proposed by Titov & Déitirg which consists of a bipolar magnetic
configuration holding a semi-circular line-tied flux ropeance-free equilibrium. By only using the vector
field at the bottom boundary as input, we test our code witlmtbdel in a representative range of parameter
space and find that the model field can be reconstructed wgth éccuracy. In particular, the magnetic
topological interfaces formed between the flux rope and tineoending arcade, i.e., the “hyperbolic flux
tube” and “bald patch separatrix surface,” are also refiadgproduced. By this test, we demonstrate that our
CESE-MHD-NLFFF code can be applied to recovering the magfiex rope in the solar corona as long
as the vector magnetogram satisfies the force-free comtstrai
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1 INTRODUCTION field). Thus the force-free field model is usually adopted in
coronal field extrapolations.

Owing to the difficulty in directly solving the force-

The magnetic field plays a fundamental role in all physi-"e€ equation’V x B) x B = 0 which is intrinsically

cal processes in the Sun’s corona, such as the formation 8Pnlinear, a variety of numerical codes have been pro-
coronal loops and prominences (or filaments), the produd20sed for nonlinear force-free field (NLFFF) extrapola-
tion of solar flares, filament eruptions, and coronal mas§0ns (e.g., see review papers by Schrijver et al. 2006;
ejections (CMEs), as well as the determination of the strucMetcalf et al. 2008; Wiegelmann 2008). For faster con-
ture of the solar wind (Solanki et al. 2006). However, it is VErgence and better accuracy over the available codes, the
very difficult to make a direct measurement of the coronafuthors have developed a new extrapolation code called
magnetic field. Works that have been done to measure tHeESE-MHD-NLFFF (Jiang et al. 2011; Jiang & Feng
coronal fields using radio and infrared wave bands (e.g2012), which is based on a magnetohydrodynamic (MHD)

Gary & Hurford 1994; Lin et al. 2004) can only give frag- relaxation method and an advanced numerical scheme, the

mentary and occasional data. Up to the present, the rogPacetime conservation-element/solution-element (QESE
tine measurement of the Sun’s magnetic field that we relyn€thod. We have also critically examined our code with
on has been restricted to the solar surface, i.e., the phot§€veral NLFFF benchmark models and compared the re-
sphere. This is extremely unfortunate since the role playegU!ts with previous joint studies by Schrijver et al. (2006)
by the magnetic field in the corona is much more impor-a”d Metcalf et al. (2008), which demonstrates |ts_per_for-_
tant than that in the photosphere. As a result, our knowlMance. The code has also been extended to application in
edge of the three-dimensional coronal magnetic field i§Pherical geometry and seamless full-sphere extrapolatio
largely based on extrapolations from photospheric magnd®' the global corona (Jiang et al. 2012b).

tograms using some kind of reasonable physical models. Coronal magnetic flux rope (MFR) is of great inter-
In the low corona where the plasnia(the ratio of gas est in the study of solar eruptive activities like filament
pressure to magnetic pressure) is rather sifrall0.01),  eruptions and CMEs. It is believed to be a good candi-
the magnetic field can be well assumed as free of Lorentdate for the critical pre-eruptive structures that storgma
force in the case of a quasi-static state (lkBx B = 0  netic free energy and helicity and hold cold dense filament
whereJ = V x B is the current and3 is the magnetic material against gravity, while its instabilities can ageb
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for triggering and driving eruptions. Observationallyea s efficient andu is the diffusive speed of the numerical mag-
quence of evidences such as the coronal sigmoid (Rustetic monopole. Their values are given by= 1/(5At)
& Kumar 1996; Canfield et al. 1999), coronal hot chan-and . = 0.4(Axz)?/At in the code, respectively, where
nels (Zhang et al. 2012; Cheng et al. 2013), and coronalt is the time step and\z is the grid size. More details
cavities (Gibson et al. 2006; Régnier et al. 2011) all sugand a description of the advantages that come from using
gested the existence of pre-eruptive MFR. Theoreticallythe above equations can be found in Jiang & Feng (2012);
MFR is an essential building block of many flare and CMEJiang et al. (2012b).
models (e.g., Forbes & Isenberg 1991; Chen & Shibata As the above system of equations is just a simplified
2000; Wu et al. 2000; Torok & Kliem 2005; Kliem & subset of the full MHD system, any available MHD code
Torok 2006). In the coronal field extrapolations, it hascan be used to solve it. By taking into account the compu-
been frequently reported that MFRs consistent with obseitational efficiency and accuracy, we prefer to utilize mod-
vations can be reconstructed from relevant photospheriern codes for MHD. However, most of the modern MHD
magnetograms (e.g., Canou & Amari 2010; Cheng et alcodes are based on the theory of characteristic decompo-
2010; Guo et al. 2010; Jing et al. 2010; Guo et al. 2013sition of a hyperbolic system, and they are not suitable for
Jiang et al. 2014a,b). Although many NLFFF codes havé&quation (1), because itis not a hyperbolic system. We thus
been demonstrated to have the ability to extrapolate MFRselect the CESE—MHD scheme (Jiang et al. 2010), which is
the reliability has still not been fully tested. Thus, inghi free of characteristic decomposition and is very suitade f
paper, we examine the reliability of our CESE-MHD- Equation (1). Furthermore, the CESE—-MHD code has been
NLFFF code for extrapolating coronal MFR using an an-successfully applied in solving many relevant problems in
alytic force-free model proposed by Titov & Démoulin solar physics, e.g., the dynamic evolution of an active re-
(1999, hereafter TD model). The remainder of the papegion (AR) using a data-driven MHD model (Jiang et al.
is organized as follows. Section 2 briefly describes the2012a), the global corona structure (Feng et al. 2012a) and
CESE-MHD-NLFFF code. The TD model is described inmodeling the interplanetary solar wind (Feng et al. 2012b;
Section 3. Extrapolated results are shown in Section 4 andang et al. 2012).
our conclusions are summarized in Section 5.

3 THE TD FLUX ROPE MODEL

2 THE CESE-MHD-NLFFF CODE The TD flux rope model has gained considerable inter-

In using the MHD relaxation approach for achieving an€st because of its relevance to the structures of solar ARs
NLFFF, one usually starts from a potential field modeland eruptive magnetic field configuration, which has been
matching the vertical component of a magnetogram, thedemonstrated by many investigations (Roussev et al. 2003;
replaces the transverse fields at the bottom boundary withorok et al. 2004; Torok & Kliem 2005; Schrijver et al.
those from the vector magnetogram (which is obviously2008; McKenzie & Canfield 2008; Titov et al. 2014).
inconsistent with the potential value, and thus drives théasically, the TD model is constructed to simulate a bipo-
system to evolve dynamically), and finally lets the MHD lar AR containing a half-buried, toroidal current-carrgin
system seek a new equilibrium in which all the otherflux rope balanced (or confined) by the overlying arched
forces are negligible if compared with the Lorentz force.near-potential field (as shown in Figure 1). Excessive twist
Consequently, the Lorentz force must be nearly selfof the flux rope can trigger its kink instability (Torok &
balancing and the final field can be regarded as the targé&liem 2005), and too fast of a decay in the overlying field
solution of magnetic force-freeness. In our CESE-MHD-With height can trigger the torus instability of the system
NLFFF code, we solve a simplified zefoMHD model  (Kliem & Torok 2006). With the change in its parameters,
with a fictitious frictional force, which is used to assure the model can also be used to illustrate different stages of
that a final equilibrium can be reached in a smooth way? twisted sub-photospheric flux tube emergiogily into
(Roumeliotis 1996; Valori et al. 2007). The specific equa-the corona (see figure 7 of Gibson et al. 2006). As shown in

tion is written in the following form with magnetic splittin ~ Figure 1, two different configurations, the one with a bald
patch separatrix surface (BPSS), and the one without BPSS

Opv o _ but with a hyperbolic flux tube (HFT), show the stages of
ot (V> Bi)x B=(V-B1)B —vpv, partial and full emergence of flux rope, respectively. The
0By reader is referred to Titov & Démoulin (1999); Titov et al.
“or Vx (vx B)+V(uV-Bi) - vV By, (2014); Valori et al. (2010) for a detailed description dé th

p = |B]>, B=By+ B (1) modeland its parameter settings.

By only using the magnetic field on the model’s bot-
where the total magnetic fiel® is split into By, a po- tom boundary to reconstruct the flux rope, the TD model
tential field matching the normal component of the magnerepresents a far more difficult challenge in terms of extrap-
togram, andB, the deviation betweeB andBj. The last olation than those simple sheared field models (e.g., the
two terms in the induction equation are used to suppres®rce-free field model by Low & Lou 1990). As examined
the numerical errors of magnetic divergence (i.e., a numeiby Wiegelmann et al. (2006) and Valori et al. (2010), this
ically induced magnetic monopole).is the frictional co- model requires a topological change from the initial poten-
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Fig. 1 Left: basic magnetic configuration of the TD model. The flux ropghiewn with red lines, the overlying near-potential arcades
with blue lines, and the grey image shows the normal magretogt the bottomRight: central vertical cross section of TD models
with HFT (top, the 2D field lines form an X-point up in the corona) and with @Bttom, the 2D field lines form a tangency point with
the photosphere), illustrating two different stages of meging flux rope, fully emerged and partially emerged, eetpely.

the other with the HFT reaching significantly into the vol-
1000 ume (High-HFT). The No-HFT case has no HFT present
001 above the photosphere, hence, its magnetic topology is
much simpler than the first two cases. These three config-
urations have no bald patch at the photosphere because the

F-0.02

> L 0.03 toroidal field component is relatively strong. For the BP
2 & case, the flux rope has a left-handed average twist of about
° ;004 2w, which is close to the twist of the first three equilibria,

but a BPSS is introduced in the resulting field by enlarging
the minor radius of the torus. Here we use exactly the same

F-0.06 reference data from Valori et al. (2010)'s paper with the
-39 ‘ ‘ ‘ ‘ ‘ same grid resolution aA = 0.06 and extrapolation box
0o o5 10 15 20 25 30 of interest,[—3.03, 3.03] x [—4.95,4.95] x [—0.06, 4.44],

but our actual computational volume is several times larger
than the extrapolation volume of interest to minimize the
numerical boundary effects.

Because the analytical TD solutions are approximately
force-free, Valori et al. (2010) relaxed them to numerical
equilibria using the MHD code of Torok & Kliem (2003),

Fig.2 Numerical oscillations in the reference data of the TD
model: J;, J, and B. along the vertical grid line of = —0.03,
y = —0.03 in the High-HFT case.

Table 1 Quality of the magnetograms: normalized flux
€flux, TOICE €force, aNd torqueciorque iMbalance as defined in

Wiegelmann & Neukirch (2006). which results in only little change to the geometric shape
of the flux rope but improves the force-freeness for the
Case €flux Eforce Etorque models. However, we should point out that these reference
High-HFT 1.30E—08 3.45E-03 5.48E-03 models are still not perfect force-free solutions for thle fo
Low-HFT _3.63E-08 5.88E-03 8.88E-03 lowing reasons. Firstly, the data contain strong numerical
No-HFT 5.83E-09 7.29E-03 1.09E-02 oscillations, for example, see Figure 2. Although not obvi-
BP 2.08E-08 1.46E-02 2.09E-02 ous in tracing the field lines which are an integral result of

the field data, the oscillations are obvious when applying
finite difference to the data (for example, calculating the
tial field to obtain the flux-rope configuration. Valori et al. current density), because the current density is obtaiged b
(2010) have extensively tested their extrapolation code udinite difference of the field data. These oscillations are a
ing the TD model with a series of parameter sets, whictresult of the MHD relaxation from the analytic TD model
includes four sets of stable models. They are, respectivelpy Torok & Kliem (2003)’'s code. Secondly, the bottom

a Low-HFT case, a High-HFT case, a No-HFT case and anagnetograms (i.e., the vector field on the bottom bound-
BP case. An HFT is present in the first two cases, one witlary of model data) contain a force that cannot be ignored.
the HFT very close to the photosphere (Low-HFT) andTo assess the force-free quality of the magnetograms, we
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Fig. 3 Selected field lines for the High-HFT case: shown on left ésrdference model and on right is the extrapolation. Corlines
on the bottom are plotted fdB.. The field lines are color-coded by the value of force-frezdac.

Fig. 4 Selected field lines for the No-HFT case. The format is theesasFig. 3.

calculated the same metrieg,x, €force @aNd€rorque @S iIN mMean reproducing a magnetic field that perfectly matches
Wiegelmann & Neukirch (2006) and Jiang & Feng (2013),the reference model.

which measure flux, force, and torque imbalance of the

magnetogram respectively. As can be seen in Table 1, the RESULTS

force-freeness is fulfilled well by the first three cases, but

not that well for the BP case (note that both parameterl] the same way as Valori et al. (2010), the extrapolation
€toree AN €qorque are above 0.01), which can cause non-results are analyzed within a central region of the extrapo-

negligible inconsistency in the NLFFF extrapolation. Forlation boxby discarding 20 grid layers of its top and lateral

these reasons, a perfect extrapolation does not necyssamoundaries' The metrics for accessing the quality of the ex-
trapolation are given by Jiang & Feng (2013). Similarly,
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Fig.5 The reconstructed BPS&ff) and HFT (ight) illustrated with a continuous set of field lines (colors loé fines are used for a
good visualization of the structures). They charactetieeinterface layers separating the flux rope from its amfiielat.

we measure the degree of force-freeness by the current-
weighted (and current-square-weighted) average sine an-

gle between the magnetic field and current,

Table 2 Results for the Metrics of Extrapolations

Figure of merit High-HFT Low-HFT

No-HFT  BP

force-free and divergence-free solution. For the firstehre
cases, the mean relative err@tg are only several percent,
demonstrating that the reference models are reproduced
with very high accuracy. The topology parameters, e.g., the
1 |B™f — B| apex of FRA and HFT, are very close to those of the ref-
v ) B (4)  erence model, except for the HFT apex of the low-HFT
v case with a relative error of 15%. This is because in the
In order to reliably compare the reference and the extrapow-HFT case the HFT is rather low with only about one
olated fields and their qualities of force-freeness, we apgrid point from the bottom, thus the size of the grid is not
ply a fourth-order finite difference method #B to cal-  sufficiently small to resolve the HFT. The force-freeness
culate the currenff andV - B. In addition, to judge the for the BP case is not as good as the first three cases, and
magnetic topology, we compute the relative errors of theeonsequently the topology of the extrapolated field also de-
apex heights of the flux rope axis (FRA) and the HFTviates considerably from the reference model. This is as
(if present) between the extrapolated and reference fieldexpected because we have shown that the magnetogram of
Since the flux rope writhes only slightly out of the planethe BP case is most inconsistent with the force-free con-
z = 0 in the models considered in this paper, both of thestraints (Table 1). For all the cases, the energy content is
apex heights can be approximately represented as inverell recovered with relative errors below several percent.
sion points ofB,.(0, 0, z), which is a good approximation For a visual inspection of the magnetic configuration,
of the poloidal component of the field at the line-symmetricwe show selected field lines of two cases, High-HFT and
z axis. Finally, we compute the relative errors of the magNo-HFT, in Figures 3 and 4, respectively. The field lines
netic energy Fna.g) between the extrapolated and refer-for all models are traced from the same set of points in
ence fields. the central cross section of the volume. The field lines in-
The results are given in Table 4. Regarding the metelude the flux rope axis, four field lines closely around the
rics of force-freeness and divergence-freeness, theextrarope axis, one low-lying below the flux rope and two highly
olation code generates solutions even slightly better thaaverlying the flux rope. The field lines are color-coded by
the reference models for the first three cases. Since bothe value of force-free parameter The side-by-side com-
the models (i.e., the reference model and the extrapolgarison of geometry of the field lines shows little differ-
tion) are produced by numerical codes, it is suggested th&nce, but the colors of the field lines differ. Ideally for a

JodV CWsinx102  2.07/2.59 2.04/2.34 2.25/1.94 5.41/0.81
CWsin = fv g C2Wsin x102 1.04/1.24 0.82/1.08 0.77/0.91 2.50/0.41
Jy Jav -’ (Ifil) x 10°  4.06/6.52 3.28/6.45 3.52/5.74 12.7/7.57
9 B 0.020 0.015 0.016  0.116
C2Wsin = M’ HFT apex 518%  15.5%
Jy J2dV FRA apex 503%  1.38%  0.05% 22.1%
|J x B Frmag 0.75% 0.98% 1.1% 2.1%
= —. 2 - ;
g JB ( ) Notes: For the first three metrics, results of the referencd-m
. . - els are also given following those of the extrapolations.
The solenoidal property is quantified by g g P
(UfiD) 1 V-B qv 3) our code performs better in relaxing the magnetic field to a
il) = 17 “hALaV .
V Jy 6B/Ax

The mean relative error between the extrapolated fi¢ld
and the original reference fielB™! is,

Ey =
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force-free field,o should be constant along a given field Jiang, C., & Feng, X. 2013, ApJ, 769, 144
line. However, note that for the reference model, strongliang, C., & Feng, X. 2014, Sol. Phys., 289, 63
oscillation ina can be seen on any field line. In this re- Jiang, C., Feng, X., Fan, Y., & Xiang, C. 2011, ApJ, 727, 101

spect, our extrapolation code gives a better solution withiiang, C., Feng, X., Wu, S. T, & Hu, Q. 2012a, ApJ, 759, 85
the color much more uniform on any field line. Finally, we Jiang, C., Feng, X., & Xiang, C. 2012b, ApJ, 755, 62

show the reconstructed BPSS and HFT in Figure 5. Jiang, C., Feng, X., Zhang, J., & Zhong, D. 2010, Sol. Phg, 2
463
5 CONCLUSIONS Jiang, C., Wu, S. T., Feng, X., & Hu, Q. 2014a, ApJ, 780, 55

We have examined the CESE-MHD-NLFFF code by the‘]'ang’ C. WU, S. T, Feng, X., & Hu, Q. 2014b, ApJ, 786, L16

TD flux rope model. It is demonstrated that our NLFFF ‘]'r,'g’ J., Tan, C'i_YfJan’ Y., etal 2010’,Ap‘]’ 71,3’ 440
extrapolation code can reliably reconstruct flux ropes and‘iem. B., & Torok, T. 2006, Physical Review Letters, 96,
their related topology structures (e.g., BPSS and HFT) 255002
from only the bottom boundary data (i.e., the vector mag-Lin, H., Kuhn, J. R., & Coulter, R. 2004, ApJ, 613, L177
netogram) from the model field. Although the extrapo-Low,B.C., &Lou, Y. Q. 1990, ApJ, 352, 343
lation is sensitive to the qualities of the vector magne-McKenzie, D. E., & Canfield, R. C. 2008, A&A, 481, L65
tograms, the relative errors with the reference field aréMetcalf, T. R., De Rosa, M. L., Schrijver, C. J., et al. 2008,
rather small for all the test cases in the paper. Based on the Sol. Phys., 247, 269
current test and all the previous tests (e.g., Jiang & Fengeégnier, S., Walsh, R. W., & Alexander, C. E. 2011, A&A, 533,
2012, 2013), we are more confident in applying our code |1
to the realistic_ coronal field if the magnetogram IS prepro-Roumeliotis, G. 1996, ApJ, 473, 1095
ggii‘;d to fulfill the force-free constraints (Jiang & Fengroyssev, I. 1., Forbes, T. G., Gombosi, T. I., et al. 2003,,/468,

) L45
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