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ABSTRACT

The Ni1 676.8 nm line is used by tHaolar and Heliospheric Observatory Michelson Doppler Imager to measure
the magnetic field and velocity field in the solar atmosphere. We make non-LTE calculations of this line in an
atmosphere that is bombarded by an energetic electron beam. This case is associated with the occurrence of solar
flares. The electron beam produces nonthermal ionization and excitation of the hydrogen atoms and redistributes
the level populations. This results in an enhanced opacity near thdirdi and an upward shift of its formation
height, as well as an increased line source function. We find that théndimay appear in emission in the presence
of a fairly strong electron beam and preferentially in a cool atmosphere (i.e., sunspot umbrae/penumbrae). On the
other hand, if there is no bombarding electron beam, the profile can hardly turn to emission even though the
atmosphere may be heated to higher temperatures through other ways. This result implies that the sign reversal of
the longitudinal magnetic field observed in some flare events may not be a true reversal but just an artifact associated
with the production of an emission profile.

Subject headings:. line: profiles — Sun: activity — Sun: atmosphere — Sun: flares

1. INTRODUCTION in flares. In this Letter, we study the formation of this line
. . ) ) through non-LTE calculations. To this end, we first check what
Transient magnetic field changes, or magnetic transients, tha hysical processes happen at the sites of magnetic polarity

are associated With solar flares have_ l_Jeen observed by groundsayersal. For the event studied by Qiu & Gary (2002), there is
based observatories (Patterson & Zirin 1981; Patterson 1984); |ose relationship between the time profile of the reversed

and more recently by space instruments (Kosovichev & Zhar- magnetic flux and the hard X-ray light curve, implying that
kova 2001; Qiu & Gary 2002). In some cases, there appearsine polarity reversal is associated with a precipitating non-
a transient sign reversal of the magnetic fields in sunspotsnerma electron beam. It has been known that an electron beam
(Patterson 1984; Qiu & Gary 2002). Qiu & Gary (2002) dis- he|ps enhance hydrogen line emission significantly (e.g., Fang,
covered that the transient sign reversal occurs in locations ofyanoux. & Gan 1993 Kaspar6v& Heinzel 2002). In this

strong hard X-ray emission and that the time profile of the o1k we show that the electron beam is also a key factor in
reversed magnetic flux coincides well with the hard X-ray light producing an emission profile of the N676.8 nm line.

curve. Patterson (1984) proposed that the magnetic sign re-
versal is produced by transient emission of the iron line used
by the Big Bear Solar Observatory magnetograph. Qiu & Gary
(2002) simulated in detail the influence of the line shape on 2.1. The Atomic Model of Ni 1
the measurements and concludeq tha}t only an emission profile \we use the confection model atom of iroposed by Bruls
can lead to the observed magnetic sign reversal. (1993), which is a simplified version of the comprehensive
Recent investigations (e.g., Kosovichev & Zharkova 2001; msqei. The confection model comprises 10 bound levels, the
Wang et al. 2002; Qiu & Gary 2002) mostly employ magne- fjrst four of which are metastable. As shown by Bruls (1993),
tograms observed by the Michelson Doppler Imager (MDI) the confection model yields an Ni676.8 nm line profile that
instrument on board th&lar and Heliospheric Observatory is very close to that by the comprehensive model (with a de-
(SOHO), which uses the Ni 676.8 nm line to measure the  yiation of <19%). As our interest is concentrated on how the

velocity field and magnetic field (Scherrer et al. 1995). For- |ine nrofile changes in different atmospheres, this atomic model
mation of this line in the quiet-Sun atmosphere was investigatedgno1d be accurate enough for our study.

in detail by Bruls (1993), whose results confirm that the line
is a good choice for study of helioseismology. In the quiet 2 2. The Atmospheric Models
atmosphere, the Ni676.8 nm line is of photospheric origin T ¥ . .
and appears in absorption. However, in active regions, where Flares can occur in different circumstances and, during the
the physical conditions can be quite different from that in the development of flares, the atmosphere can be heated to different
quiet Sun, the shape of the line profile may change to affectextents. Therefore, we consider three different model atmo-
quantitatively or even qualitatively the measurement results. It spheres, which are, from cool to hot, the penumbral model of
is thus desirable to learn how the line is formed in a flare Ding & Fang (1989), the quiet-Sun model VAL3C (Vernazza,
atmosphere, in particular, in what circumstances the profile Avrett, & Loeser 1981), and the flare model F1 (Machado et
turns to emission to produce the sign reversal as reported byal. 1980). They represent different preflare conditions or dif-
Qiu & Gary (2002). ferent phases for a specific flare. For each model atmosphere,

There is, however, no observational report of the line profile we assume there is a beam of energetic electrons precipitating

from the corona.

: Department of Ast Naniing Universitv. 22 Hankou Lu. Nani We first make non-LTE calculations for the hydrogen atom
Jiangen 210003, China, o na EAVErsT, £2 Fanket H Fahig: - taking into account the nonthermal collisional (excitation and

2 Center for Solar Research, Physics Department, New Jersey Institute ofiOnization) rates in '_[he stat!stlcal eqwllbflum equation. The
Technology, 323 Martin Luther King Boulevard, Newark, NJ 07102-1982.  program used here is a revised version of that used by Fang
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Fic. 1.—Line profiles of Ni1 676.8 nm at disk center calculated from the Fic. 2.—Same as Fig. 1, but for the quiet-Sun model atmosphere VAL3C
penumbral model atmosphere of Ding & Fang (1989), bombarded by an elec- (Vernazza et al. 1981).
tron beam of energylfluxegﬂ1 =0 sdid curve), 1}5 (gashed curve), 10%
(dotted curve), and 10" (dast-dotted curve) ergs cm* s in a quiet-Sun or flare atmosphere, it is relatively hard, though
still possible, to produce an emission profile. In the latter case,
a relatively strong electron beam (s8y,= 10°  ergstm?)

is required, and the emission amplitude seems rather small.

et al. (1993). The atomic model of hydrogen consists of five
bound levels plus continuum. Having obtained the level pop-
ulations of hydrogen and the electron density, we then perform
the non-LTE calculations for the Ni atom using the code .
MULTI (version 2.2) by Carlsson (1986). 2.4. The Opacity
Note that statistical equilibrium is a reasonable assumption The Ni1 676.8 nm line lies in the visible (Paschen) contin-
if the timescale of beam injection is Iong_ enough (several sec- yum. In the lower chromosphere and below, the continuum
onds or longer). In a case of short-period (subsecond) beamppacity is mainly contributed by the hydrogen photoionization
injection, one ngeds to solve the time-dependent rate equationgH_) and the absorption of negative hydrogen iohfs;(  and
instead (e.g., Ding et al. 2001). H;,). Usually, the line opacity is much greater than the back-
ground continuum opacity (Fig.aJ However, in the case of

2.3.The Ni 1 Line Profile electron beam heating, the beam produces nonthermal excita-
In Figures 1-3, we plot the Ni 676.8 nm line profiles at
disk center calculated from the three model atmospheres. For 5 [T L .

each model, we consider four different cases of electron beams, r flare model
with an energy fluxk, = 0 , 19 10", and 10 ergs cm?s™?, r
respectively. The first one corresponds to a case of no beam
(i.e., in situations before flare eruption or when the atmosphere =
is heated through other ways than by the particle beam) and =
the latter three to cases of weak, moderate, and strong beams,”
respectively. A definite value of beam flux in a real eventcan »
be derived from the hard X-ray spectra if available (e.g., Fang '«
et al. 1998). As usual, we assume a power-law distribution for %
each beam with a power indéx= 4 and a low-energy cutoff
E, = 20 keV. Note that these two parameters may vary from
case to case, but changing them does not alter the qualitative
results below.

As shown in Figures 1-3, in the case of no electron beam, =
the Ni1 line remains in absorption from a cool to a hot atmo- >
sphere. The only change is an increase of the absolute intensity
and the line width. We have checked more models and found
that within the range of available flare models, theiNine

107° erg cm
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cannot turn to emission although it can become shallower and
N o . . -0.20 ~0.10 0.00 0.10 0.20
broader. The situation becomes quite different if we consider the
role of an electron beam. In particular, in a cool atmosphere, AN (B)

such as the sunspot penumbral atmosphere, the line changes fromg,. 3 —same as Fig. 1, but for the flare model atmosphere F1 (Machado
abSOfptlon to emission as soon as the beam setsin. In comparisorf al. 1980).
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Fic. 4.—Opacity {op row), source functionrfiddle row), and contribution functionbpttom row) computed from the penumbral model atmosphere (Ding &
Fang 1989) for two different cases without any electron belafhdolumn) and with an electron beam @f = 10" ergs ¢hs * (right column). In (a) and @),
solid curves are for the total opacity, dashed curves the line opacity (at line center), and dotted curves the background opgeityl @),(solid curves are
for the line source function and dashed curves are for the continuum source function, while dotted curves refer to the Planck fueftiord ),(from left
to right, the four curves refer to contribution function to the line intensityA\at= 0.000 , 0.025, 0.054, and 0,l#kpectively, on alogr scale. All the
quantities are in cgs units.

tion and ionization effects. As a consequence, more hydrogenthermal cases (Figs.edand 4). One notices that in the non-
atoms are excited to higher levels or ionized, and the electronthermal case, the chromospheric contribution to the line inten-
density is increased. Therefore, the continuum opacity under-sity, in particular to that at the line center, increases signi-
goes a drastic change; it is enhanced by orders of magnituddicantly.

in chromospheric layers (Fight On the contrary, the change

_of the line opacity of Nit 676.8 nm is much Iess_obvious. It 2 5. The Source Function

is seen that in the lower chromosphere, the continuum opacity

even grows to exceed the line opacity. The direct consequence The Ni1 676.8 nm line corresponds to a transition between
of an enhanced total opacity is to shift the formation height of levelsz®*P° anda'S Levela'Sis metastable and is populated
the line upward. This can be seen from the change of thethrough collisional excitation from lower levels and deexci-
contribution function to the line intensity from thermal to non- tation from higher levels. For leved®P° , however, photoex-
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citation from lower levels is relatively important among the
various transitions to this level. Within the line, the radiative
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intensity. Such a phenomenon is also used to explain the con-
tinuum dimming at the very beginning of flares’(itrix et al.

rates are much greater than the collisional rates. Therefore, the1l990; Ding & Fang 2000).

line source function depends more on the radiation field; it
usually deviates from the Planck function above the photo-
sphere.

As shown in Figure 4, in the case of no electron beam

heating, the line source function decreases almost monotoni

cally with height. When an electron beam sets in, radiation in

the hydrogen Paschen continuum is enhanced, in particular in
chromospheric layers where the electron beam deposits mos
of its energy. This forms a locally elevated (angle-averaged)

continuum background near the Nine, as well as an enhanced

continuum source function, in and around these layers. The
line source function even increases by as much as an order o

magnitude; it forms a local maximum in the lower chromo-
sphere (Fig. d).

2.6. Discussion
Now it is clear that the increased line source function in the

3. CONCLUSIONS

Through non-LTE calculations, we have investigated the for-
mation of the Nit 676.8 nm line in an atmosphere bombarded

by a nonthermal electron beam. We find that the electron beam

plays the key role in changing the shape of the line profile.
First, the beam produces nonthermal collisional excitation and
onization of the hydrogen atoms; this effect results in an en-
hanced electron density and an enhanced radiation field at the
continuum background in the chromosphere. Consequently, the

ﬂli 1 line source function is increased; the background opacity

ear the line is increased as well to shift the formation height
of the line upward. Therefore, the line may change from ab-
sorption to emission if the beam is fairly strong. Such a case
appears preferentially in a cooler atmosphere (e.g., sunspot
umbrae/penumbrae). On the contrary, if there is no electron
beam, the line can hardly turn to emission even though the

chromosphere and the enhanced background opacity are thatmosphere can be heated to higher temperatures through other

cause of an emission profile of the N676.8 nm line. The

ways. We note that the two factors, a cooler atmosphere and

nonthermal electron beam plays the key role in reversing thea precipitating electron beam, which favor the production of

profile from absorption to emission. As noted above, without

an emission profile of Ni 676.8 nm, are nicely compatible

the nonthermal effect, a model atmosphere, even with a higherwith observations (Qiu & Gary 2002).

temperature to fit some flare spectra, such as H and ICes
(e.g., Machado et al. 1980; Avrett, Machado, & Kurucz 1986;
Mauas, Machado, & Avrett 1990; Ding et al. 1994), can hardly
produce an emission profile of the N676.8 nm line.

On the other hand, an emission profile of thei8ir6.8 nm

The above results provide a theoretical support to the ar-
gument that the sign reversal of magnetic fields in solar active
regions observed bgOHO/MDI is due to the change of a
profile from absorption to emission (Qiu & Gary 2002). It
implies that, at least in some cases, the observed sign reversal

line appears preferentially in a cooler atmosphere. This factis only an artifact but not a true reversal. In future studies,

can be understood since the role of a nonthermal electron beantaution must be taken in dealing with the observed sign reversal
is more effective in a cool atmosphere than in a hot atmosphere of magnetic (velocity) fields observed by MDI, especially in

If we select an umbral model instead of the penumbral model locations that are relatively cool and are possibly heated by
to represent the cool atmosphere, the conclusion remains theslectron beams.

same. In this case, it is even easier to turn tha hhe into
emission. Besides, we find that the intensity in the far wings
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