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Abstract. Evolution of a coronal loop in response to an impulsive energy release is numerically modelled. It is shown that
the loop density evolution curves exhibit quasi-periodic perturbations with the periods given approximately by the ratio of
the loop length to the average sound speed, associated with the second standing harmonics of an acoustic wave. The dens
perturbations have a maximum near the loop apex. The corresponding field-aligned flows have a node near the apex. We suggs
that the quasi-periodic pulsations with periods in the range 10-300 s, frequently observed in flaring coronal loops in the radio
visible light and X-ray bands, may be produced by the second standing harmonic of the acoustic mode.
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1. Introduction trapped in the loops. For a magnetic cylinder of the radjtise

- L cut-of periodP, is estimated (see, e.g. Roberts et al. 1984)
Wave activity of the solar corona attracts attention in rela- P ¢ ( 9 )

tion with coronal heating and solar wind acceleration prob-
lems, and as anfiécient tool for MHD coronal seismology | 2.62a C,ie - Cf\o
(e.g. Nakariakov 2003). The observational evidence of COIJ(:))Q " Che Cc3,+C2,’ @
nal waves and oscillations is abundant. Low period coronal
oscillations, in the range between a few seconds to sevef@lreCy, is the sound speed in the loop, aBdo and Cpe
minutes, are believed to be associated with magnetohydrogys the Alfén speeds inside and outside the slab, respectiv
namic waves. In particular, propagating slow magnetoacousti§r example, for typical flaring loop parameters= 6 Mm,
waves have been identified in polar plumes (Ofmanetal. 1999)) = 1 Mm s, Cae = 3Cao andCso = 0.5 Mm s'2, the cut-
and over loop footpoints (Nakariakov et al. 2000; Tsiklauri & period is about 15 s, and it isfllcult to make it greater
Nakariakov 2001), and standing global slow modes in 100pgan 20 s. However, X-ray band observations often give mt
(Ofman & Wang 2002). The majority of confidently interionger periodicities, frequently in association with a flare. F
preted examples of the coronal wave activity has been fougghmple, periodicities from 20 s to 25 min have been preser
in the EUV coronal emission. by Harrison (1987), McKenzie & Mullan (1997) and Terekhc
Observations in other spectral windows, in particular in th a). (2002). Similar periodicities have been observed in |
radio band, also demonstrate various kinds of oscillations (€ @ecimeter and microwave bands. In particular, Wang & X
the quasi-periodic pulsations, or QPP, see Aschwanden 198300) observed QPP with the periods of about 50 s at 1
for a review), usually with periods from a few seconds 10 se¢nd 2 GHz (in association with an M4.4 X-ray flare). The ¢
eral tens of seconds. It is commonly accepted that the waygSdence of QPP periods observed in the X-ray and in ra
with periods about several seconds may be produced by €ithghds is not a surprise, as the higher frequency radio bu
propagating or standing sausage modes (Roberts et al. 1984:found to correlate very well with X-ray bursts (e.g., Bel
Nakariakov et al. 2003; Aschwanden et al. 2004). Howevgf,kane 1986). Moreover, pulsations with the periods signi
it is known that the existence of the non-leaky sausage mqdgtly greater than the estimated sausage modeftpedod
cut-of imposes an upper limit on the possible wave periodgave been found in both hard X-ray and microwave bands
waves with the periods longer than the ciitjzeriod cannot be myitaneously (e.g. Fu et al. 1996; Tian et al. 1999).

Send giprint requests toV. M. Nakariakov, Similar oscillations, with the period of 220 s, have recent
e-mail:valery@astro.warwick.ac.uk been observed in the white-light emission associated with s

* Present address: Joule Physics Laboratory, School of Computi@,f_'ari_ng |09pS _(MathiOUdakiS etal. 2003).- Possibly, the 16!
Science and Engineering, University of Salford, Salford, Mperiodic oscillations observed by Houdebine et al. (1993) d
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Average Temperature
T T

observed by Zhilyaev et al. (2000) in EV Lac flares have the
same nature.

A possible interpretation of these medium period QPPsx
may be connected with kink or torsional modes (Zaitsev & = ¢
Stepanov 1989). However, these modes are practically incom- -

30;

20E

. . . OE 3
pressible and, in the case of a small amplitude, the produced 1000 2000 2000 4000 5000
perturbation of the magnetic field is also very weak. (E.g., Time [s]
the direct observations of kink modes in EUV, Aschwanden Loop Apex Number Density

T

et al. 1999; Nakariakov et al. 1999.) Thus, it is not simple tos- 2-0F
link these weak perturbations of the magnetic field with ob- ‘g 15t
served QPPs. - 10F
In this study, we suggest an alternative mechanism for the- o.s
generation of long-period QPPs. We demonstrate that in a coros o.ot
nal loop an impulsive energy release generates the second spa- °
tial harmonics of the acoustic mode. These oscillations are of
high quality and do not experience dissipation. This mode, pfdg- 1. Time evolution of the average temperatuupiger panel and
ducing noticeable perturbations of the loop density and gen}e number density at apetofer pane} in the flaring loop in the case

ating field-aligned flows, is shown to be responsible for QFq_f,apex heating. The upper curves correspond to longer flares and the
with medium and long periods lower to the shorter flares. The vertical straight lines show the time

interval of particularly distinct oscillations on the upper curve.

1000 2000 3000 4000 5000
Time [s]

2. The model ] N o ]
in at 2200 s. The heat deposition duratiof, is variable, from

We describe plasma dynamics in a coronal loop by sol¢2 s to 333 s. The heating amplitu@ is fixed at 2x 10,

ing numerically 1D radiative hydrodynamic equations (infivhile E, is fixed at 0.004 ergcnis . The loop length is
nite magnetic field approximation) that resemble closely tligken to be 55 Mm. We keep the coronal part of the loop
Naval Research Laboratory Solar Flux Tube Model (SOLFTMhitially at a temperature of 1 MK and at a mass density of
Mariska 1987). The numerical code that we use is a 1D ver= HUMphe = 6.6x10 g cnr3 (atthe loop apex), for a helium-
sion of Lagrangian Re-map code (Arber et al. 2001) with the-hydrogen number density ratio of 0.05, i.e., with the mean
radiative loss limiters. As in SOLFTM the coronal loop is conmolecular weighi = 1.1. This corresponds to an electron den-
nected with a dense, cold (16), 5 Mm thick plasma region, sity of ne = 3.6 x 10° cm 3. In our approach, specific initial
that mimics the chromosphere, and which because of its lagghditions in region connecting corona to the chromosphere
density provides sfficient amount of matter to fill the loop dur-and chromosphere itself have little or nfieet on the corona
ing the flare. The model includes: théezts of gravitational dynamics as they are rapidly modified, self-consistently, ac-
stratification, heat conduction, radiative losses, added exterg@lding to the radiative hydrodynamics equations. Resolution
heatinput, the presence of helium, non-linearity, and Braginsiiall numerical runs was fixed at 1000 grid points, which were
bulk viscosity. For the radiative loss function we use the forgistributed non-uniformly in order to properly resolve strong
given in Rosner et al. (1978) extended to a wider temperatyjigdients in the transition region. Even tripling the number of

range (Peres et al. 1982; Priest 1982). grid points does not alter the numerical results, thus assuring
We performed a series of numerical runs simulating the il convergence of the simulation.

sponse of the loop to a flare-like impulsive heat deposition at

a chosen location. The heat deposition was modelled by the ) i )
function 3. Acoustic second standing harmonics

En(s 1)

Es(9Er(t) The typical loop evolution is shown in Fig. 1. The impulsively
(s— )2 (t—t,)2 heated loop responds with an increase of the temperature. The
Eo exp(— > )[1+ Qp exp(— ’2) )] (2) particular response is determined by the duration of the heat
207 207 depositiono. In Fig. 1 the cases af; = 42 s and 333 s are
where,Es(s) and E+(t) were spatial and temporal parts of theresented. The chromospheric evaporation increases loop den-
heating functionEy is the amplitude in units of ergctis™; 5, sity with up-flows of the order of a hundred kmtsThen, dur-
is the position of the maximum heat deposition;is the heat ing the peak of the flare, the combined action of the heat input
deposition localization scale. Function (2) allows us to modahd the conductive and radiate losses, yields an oscillatory flow
spatial and temporal profiles of the heat deposition separatg@lgttern with typical amplitudes of up to few tens of krh.dn
As it is discussed below, the results are weakly dependent upbe cooling phase, the matter drains out of the loop exhibiting
the particular choice of this function. The only restriction isscillations; and the loop finally reaches an equilibrium.
the spatial and temporal characteristic scales to be shorter thanin the context of this study, the most interesting feature
the loop length and the acoustic transit time along the lodp,Fig. 1 is the clear quasi-periodic oscillations of the density
respectively. time-profiles, especially about and after the peak of the flare.
In the numerical runs presented here, the size of the ha&ais behaviour closely resembles the radio and X-ray flaring
deposition region isrs = 7 Mm. The flare peak time is fixed light-curves (see the citations in Introduction).
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Velocity Density

Typical time-distance plots of the evolution of the density o
and the velocity are shown in Fig. 2. Here, the slow, in com-
parison with the oscillation period, aperiodic variations of the ;750
density and the velocity are subtracted. The velocity perturba-
tion clearly demonstrates the node near the apex, while the den- ,,o,
sity perturbation is maximal there (anti-node). This behaviour
is consistent with the second standing acoustic mode,

2800
I

2650

Time [s]
Time [s]

Cs.\ .
Vx(st) = ACOS(?t) sm(%s) > (3) 2600
Aoy . (nC Vs
p(st) = . SIn(TSt) COS(E S), (4) 2550
whereC; is a speed of soundy is wave amplitudel_ is loop 2500
length, ands is a distance along the loop with the zero at the e iy e iy

IOOF')I'Loept.op panel of Fig. 3 shows characteristic time signath '§2 The time-distance plots of perturba_tions of the velocity a!
of the density and velocity oscillations at two points symmeiensf'ty’ ‘".mer SUbt.raCt.Km of the slow evolution Of the. background,
L . h e time interval highlighted for the upper curve in Fig. 1.
ric with respect to the loop apex. Depending upon the leg of the

loop, the phase shift between the density and the velocity oscil- 4«
lations is plus or minus quarter period, as it is expected for the  0.04-
second standing acoustic harmonic (see Eq. (3)). Perturbatiops ;- :
of the density are in phase at both points of measurement. _o.oz2f
The oscillations are quasi-harmonic, with a well-defined peg ~0.04k 3y
riod. In the discussed case, the period of the oscillation is 64 s. ;500 2550 2600 2650 2700 2750 2800
According to Eq. (3), the period of the second spatial harmonic ts]
should beP = L/Cs. The practical formula for the determina-

tion of the oscillation period is
0.00

P/s ~ 6.7 x (L/Mm)/ +/(T/MK) (5)
—-0.02

whereT is the average temperature in the loop. (This expre% oot
sion is a particular case of the general formula suggested by 2500 2550 2600 2650 2700 2750 2800
Roberts et al. 1984, who pointed out that the second standing tLs]

harmonic could likely be excited in coronal loops.) Substitutingg. 3. Time signatures of the velocity and density perturbations o
the loop lengthL = 55 Mm (see Fig. 2) and the average temputted at the points6 Mm (top pane) and+6 Mm (bottom panélof
perature, 25 MK (see top left panel in Fig. 1 in the range die loop length for the same time interval as Fig. 2. The solid cui
2500-2800 s), we obtain 73.7 s, which is reasonably closestwws the plasma number density in units of'1€m3. The dashed
the result of the simulations. The discrepancy of about 15%lige gives the velocity normalized to 400 kitsHere, the slow vari-
explained by the fact that the actual reflection points are sifions of the density and the velocity are subtracted.

uated over the loop footpoints (see Fig. 2) because of strati-

fication. This reduces slightly thefective length of the loop

and, consequently the resonant period of the mode. Howegyonly a small fraction of SUMER oscillations are observed
as the uncertainty in the observational determination of the loagsociation with solar flares (Wang et al. 2003).
length is comparable with this error, formula (5) provides a sat- Traditionally, the acoustic wave interpretation was e
isfactory estimation of the oscillation period. cluded as these waves were supposed to be highly dissipa
However, numerical simulations discussed above, as well as
cently gained abundant observational evidence of the prest
of acoustic waves in the solar corona, suggest that the obse
We suggest that the second standing acoustic mode may bepegiodicities can be associated with this mode. The physi
sponsible for QPP with periods of about 10-300 s (estimatatechanism responsible for the induction of the quasi-perio
by Eq. (3)) observed in solar and stellar flare light curves. Thislsations can be understood in terms of auto-oscillations g
mechanism is similar to the interpretation of coronal loop oerated by an electric-circuit generator. Indeed, the physical
cillations observed with SUMER, proposed by Ofman & Wangm modelled here contains all the necessary ingredients
(2002). The main new element in our study is connected wigienerator: the DC power supply (thermal instability), the nc
the mode excitation. We demonstrate that the second standingar element (the plasma) and the resonator (the loop). 1
acoustic harmonic appearsasatural responsef the loop to may explain why the oscillations may be observed to be dis
an impulsive energy deposition. The SUMER oscillations apationless. However, proper analytical theory of the excitati
likely to be associated with some other excitation mechanisof,this mode is still to be developed.

0.06
0.04

0.02

ve Amplitude

4. Conclusions
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The oscillation period is determined by the ratio of the loofsschwanden, M. J., Nakariakov, V. M., & Melnikov, V. F. 2004, ApJ,
length and the average sound speed in the loop. The typical am-in press
plitude of the density and velocity perturbations is 2—-10% &€nz, A. O., & Kane, S. R. 1986, Sol. Phys., 104, 179
the background. This value is consistent with observed amgteoper, F. C., Nakariakov, V. M., & Williams, D. R. 2003, A&A, 409,
tudes of X-ray QPPs (McKenzie & Mullan 1997). However, the 325 ) ) )
observed amplitudes of radioband QPPs are sometimes higﬁg'r%'?‘]" Liu, Y.-¥., & Li, C.-S. 1996, Chin. Astron. Astrophys., 20,
This _d_iscrepancy_ would be re_solved by taking into_account ff%rrison, R.A. 1087, AGA, 182, 337
spe_C|f_|c mechanlsr_n requnsmle for the modulation of radi udebine, E. R., Foing, B. H., Doyle, J. G., & Rodono, M. 1993,
emission, and the line-of-sight angle (e.g. Cooper et al. 2003). pga 274 245
In certain condition, the modulation mechanism can amplifyariska, J. T. 1987, ApJ, 319, 465
the pulsations up to the observable level. Mathioudakis, M., Seiradakis, J. H., Williams, D. R., et al. 2003,
The model developed here is quite approximate, as it does A&A, 403, 1101
not take into account two-dimensional MHDfects such as McKenzie, D. E., & Mullan, D. J. 1997, Sol. Phys., 176, 127
centrifugal force and the perturbation of the loop cross-sectidy¥kariakov, V. M. 2003, in Dynamic Sun, ed. B. Dwivedi, CUP
However, we believe that the neglectefteets do not change Nakariakov, V. M.,.Ofman, L., DelLuca, E. E., Roberts, B., & Davila,
the qualitative picture described here and that Eq. (5) gives a - M- 1999, Science, 285, 862
correct estimation for the oscillation period. Nakariakov, V. M., Verwichte, E., Berghmans, D., & Robbrecht, E.

Finally, we would like to emphasize that the generation ?\[aki?ig?(bc&\f",\jezl\h;ﬁklov V. E. & Reznikova. V. E. 2003. AGA

the second spatial harmonic of an acoustic wave, by means 412, L7

of which we try to explain the observed quasi-periodic 0gman, L., Nakariakov, V. M., & DeForest, C. E. 1999, ApJ, 514, 441
cillations in flaring loops, is a consistent feature, seen forgman, L., & Wang, T. J. 2002, ApJ, 580, L85
wide range of physical parameters, including the case of n@eres, G., Serio, S., Vaiana, G. S., & Rosner, R. 1982, ApJ, 252, 791
symmetric heating functions. More detailed analysis will beriest, E. R. 1982, Solar Magnetohydrodynamics (Dordrecht: D.
presented elsewhere. Reidel Publ. Comp.)

Roberts, B., Edwin, P. M., & Benz, A. O. 1984, ApJ, 279, 857
AcknowledgementdNumerical calculations of this work were per-Rosner, R., Tucker, W. H., & Vaiana, G. S. 1978, ApJ, 220, 643
formed using the PPARC funded Compaq MHD Cluster at St Andrewsrekhov, O. V., Shevchenko, A. V., Kuz'min, A. G., et al. 2002,
and Astro-Sun cluster at Warwick. This work was supported in part Astron. Lett., 28, 397
by PPARC (DT) and EPSRC (AK). The authors are grateful to thgan, D.-W., Gao, Z.-M., & Fu, Q.-J. 1999, Chin. Astron. Astrophys.,
referee, Mihalis Mathioudakis, for valuable comments. 23, 208

Tsiklauri, D., & Nakariakov, V. M. 2001, A&A, 379, 1106

Wang, M., & Xie, R. X. 2000, Chin. Astron. Astrophys., 24, 95

References Wang, T. J., Solanki, S. K., Curdt, W., et al. 2003, A&A, 406, 1105
Arber, T. D., Longbottom, A. W., Gerrard, C. L., & Milne, A. M. 2001, Zaitsev, V. V., & Stepanov, A. V. 1989, Sov. Astron. Lett,, 15, 66

J. Comput. Phys., 171, 151 Zhilyaev, B. E., Romanyuk, Y. O., Verlyuk, I. A, et al. 2000, A&A,
Aschwanden, M. J. 1987, Sol. Phys., 111, 113 364, 641

Aschwanden, M. J., Fletcher, L., Schrijver, C. J., & Alexander, D.
1999, ApJ, 520, 880



