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Abstract. Using a 32 minutes sequence of observation, brightness and velocity fluctuations in the 
wings of the Mg I line at 5172.7 ~ and Fe II line at 5197.578 A_ are analysed. The analysis of phase 
shifts and amplitude ratios leads to the following conclusions: 

(1) In the frequency range from (400 s) 1 to (130 s) -1, we find the existence of three modes of 
waves: internal gravity, evanescent and propagating acoustic waves which appear with increasing 
frequency. A satisfactory agreement for velocity between observations and theory in the range of 
horizontal wavelengths >5000kin with a theoretically local relaxation time f l - l - 8 0 s - 4 0 s  is ob- 
tained. 

The calculation of intensity fluctuations shows that the Mg ~ line is sensitive to temperature and 
density fluctuations while the Fe II line is only sensitive to temperature perturbation. For the best fit 
with the same value of /3 -1 to both lines (i.e., Fen and Mg ~) it is found necessary that the density 
effect should be taken into account for the Mg I intensity fluctuations. The relaxation time deduced 
from observed intensity fluctuations seems to decrease with the period of oscillation. This suggests the 
presence of a dissipation process. 

(2) For higher frequencies oscillations, the phase shift and the amplitude ratios are too small to be 
interpreted by propagating acoustic waves. 

Introduction 

Since the discovery of 5 min oscillation by Leighton  et al. (1962), m a n y  theories  of 

wave mot ions  which incorpora te  observat ions  have been  deve loped  (in order  to 

unders tand  this phenomenon) .  The  observat ions  have been  summar ized  in various 

forms, such as power  spectra in spatial and tempora l  frequencies (Edmonds  et al., 

1965), ene rgy  diagram in two dimensions  k, ~o ((o is the f requency,  k the spatial 

number)  (Mein, 1966; Deubne,  r, 1974). In addition, the phase and ampli tude o f  
intensity fluctuations or  velocities at two different altitudes have been  examined  
(Evans et al., 1963;  Mein,  1971;  Sivaraman,  1973; Deubner ,  1974). Thus many  

physical proper t ies  of the 5 min oscillations are known as functions of height  in 

the a tmosphere ,  i.e. variat ions of period,  ampli tude,  spatial wavenumber  in the 

height  (Evans et al., 1962; Stein and Leibacher ,  1974; Beckers,  1975). 

H o w e v e r  impor tan t  quest ions remain  unanswered  such as the range of f requen-  

cies where  propaga t ing  waves exist and how the energy  is t ranspor ted  f rom the 

convect ive layers to the co rona?  This s tudy is in tended to answer these quest ions 

and the s tudy is based on the in terpre ta t ion of  phase shifts and ampli tude ratios 

a m o n g  velocities and intensity fluctuations observed.  In  interpret ing the observa-  

t ions we utilized the hyd rodynamic  theory  developed for an isothermal  a tmos-  
phere  with a fixed rate  of radiative dissipation (Noyes and Leighton,  1963; 

Souffrin, 1966). 

The  high quali ty of  spectra and the new comput ing  techniques for reducing the 

Solar Physics 47 (1976) 435-460. All Rights Reserved 
Copyright �9 1976 by D. Reidel Publishing Company, Dordrecht-HoUand 



436 BRIGITTE SCHMIEDER 

data (Mein, 1975) allowed us to obtain new results with better  accuracy and 
reliability. 

The manner of data reduction is presented first, followed by a summary of 
hydrodynamical theory which permitted us to interpret the phase shifts and 
amplitude ratios of fluctuations at two different altitudes. The theoretical compu- 
tations of line intensity variations iaa the perturbed model atmosphere are then 
presented in which we consider variations of different physical parameters,  such as 
temperature and density. In the last section we discuss the effects of different 
parameters on the results of interpretation. 

1. Observations and Anal~ysis 

1.1. SELECrED LINES 

In a previous paper (Schmieder;~1972) we showed that the best diagnostic tool is 
the continuum intensity for density variation, and the intensity of a weak line for 

the temperature perturbations. In addition, the study of strong line wings is shown 
to be useful, as well as interesting, since (1) the measure of their intensities can be 
unaffected by the noise if the slit width of the measurement is selected carefully 
and (2) the formation height of strong line wings is at a rather denser region of the 
atmosphere so we can select the wavelengths in the line profile according to the 
altitude of interest. 

Therefore  and taking into account the available observational material we 
select the following two lines: 5172 A of Mg I as the strong line and 5197.578 A of 

F e n  for the weak line in this study. 

1.2. OBSERVATIONS 

TWO sets of spectra were taken simultaneously at the disk center (sin 0 ~-0.028) 
on October 13, 1973 with the spectrograph of the Sacramento Peak solar tower 
during 32 minutes with intervals of 15 s and the exposure time of 1 s. The slit 
length is 260 arc seconds. On the first set, the range of the wavelength is 5171 
to 5178 .~, on the second one, it is 5195 to 5198 A. 

1.2.1. Calibration Curve 

For each line, a calibration curve was obtained corresponding to the exposure 
time of 1 s. The linear part of the curve gives a high - / ( - 5 ) .  The densities of 
observed lines are not in this linear part so we associate at each point of lines 
profile a value of 7v (Table I) ('/v in volt = 27). 

The density fluctuations measured around these points are small so that we 
replaced the calibration curve by its tangent. 

1.2.2. Reduction of the Data 

The Mg line wing was scanned with a wavelength step AA = 0.109 A at four 
wavelengths in each side of the line. The two sets of scans obtained at shorter and 
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longer wavelengths were separated by 0.6 A. The slit size of the microphotometer 

was 0.109 .~ x 230 kin. For the Fe ii line we used a wavelength step AA = 0.036 

and a slit size 0.036 ~ x  230 kin. 
The transmission fluctuations were normalized with respect to the rms value per 

frame for each wavelength, so that the variations of the seeing throughout the 
sequence are approximately corrected for average size heterogeneities. On each 
frame t, at each spatial point x of the spectrograph slit, the profile of the lines were 
computed by appropriate interpolation formulae (P. and N. Mein, 1975) in the 
wavelength range A = 5172.7 :t: 0.3 ~ and A = 5 1 7 2 . 7 + 0 . 5 5 A  for the MgI  line 
and A = 5197.578 + 0.064 A for the Fei i  line. 

In Section 3 we shall present the theoretical calculation of fluctuations of 
intensity and the velocities for given AAj (designed by the subscript/ '  for the/ ' th 
point) from the center of the line profile. We search the corresponding j points in 
the line profiles by a method described by P. and N. Mein (1975) based on the 
~earch of two points separated by 2AAj; we obtained the observed fluctuations of  
intensity, i.e., /j(x, t) and the velocities, i.e., V/(x, t). (The velocity is determined 
as the deviation of the wavelength of the middle point of the interval 2AAj.) 

We selected 8AAj in the Mg i line and 6zaAj in the Fe i line. In Table I examples 
of z~A i are listed: three for the first line and four for the second. 

1.3. STATISTICAL ANALYSIS 

Let f(x, t) and f'(x, t) be two normalized fluctuations such as /i(x, t) or V/(x, t). 
The apodized cross-correlation function is defined as 

with 

R~,( At)= r(Zit) f l f(x, t) f'(x , t + at) 
X t 

dx dt 

L (1 At2~: 
r(At) = L -lat-------] \ - L  

where L = 1920 s and D = 230 000 km are the total length and time duration of 
the records. 

The Fourier transform of the cross correlation function is (Evans et al., 1963) 

Fff,(v) = f R~,( At) exp (2wiAt)dr. 

For f(x, t)=f'(X, t )= V/, we express Fvv(v)=Pv(v) and call Pv(v) the temporal 
power spectral at frequency v. For f(x, t)=if(x, t)= Ij, Fit(v ) is the time power 
spectrum relative to intensity fluctuations and we note Fu(v) = Pr(v). 

For f(x, t) = Vj and if(x, t ) = / j  or V}, or V/, F~t,(v) is the cross power spectrum, 
we can write Fro(v)= R + iS where R and S are real functions. 
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The  re la t ion  b e t w e e n  the  F o u r i e r  c o m p o n e n t s  of the  two f luctuat ions  f and  f '  

will be  desc r ibed  as a func t ion  of f r equency  by:  

(1) the i r  phase  d i f ference  

4~ff,(v) = arc tan  S/R; 

(2) the i r  cohe rence  

_ [ R2"}- S2]  1/2 
j . 

L e t  us give a def in i t ion  for  the  coherence :  the  cohe rence  is equa l  to  one  when  

the  same  wave  t ra in  (same f requency)  occurs  at  the  same  po in t  on  the  Sun for  the  

two lines. Since the  in terva l  def in i t ion  of the  a u t o c o r r e l a t i o n  func t ion  is finite, the  

va lue  of the  cohe rence  will r e p r e s e n t  the  p r o p o r t i o n  of the  solar  po in ts  whe re  the  

wave t r a in  has the  same  f r equency  for  the  two l ines dur ing  the  32 min  of the  

obse rva t ion .  

(3) T h e  a m p l i t u d e  ra t ios  are  the  ra t ios  b e t w e e n  the  p o w e r  spec t ra  Ftt/Fsr. 
F o r  intensity we define the  a m p l i t u d e  ra t io  b e t w e e n  I and  V as 

A i r ( v )  Pr(v)4~ ' 

o-j is the rms value of the intensity fluctuation Ij(x, t), 

= -  O'j(ti' ) = gi, ti')[ 2 N o'] n ~,=1 

n n u m b e r  of spec t ra  and  N n u m b e r  of po in t s  in a f r ame  at  the  wave leng th  h i. 

F o r  velocity we define the  amp l i t ude  ra t io  as 

H 1 Pv( ) 
Avv(V) = ~ og P - ~ u )  e~ '  

whe re  Azjr = ZF( j )  -- ZF( j ' ) ,  ZF(])  and  ZF(j') are  the  he ights  of f o r m a t i o n  at  po in t s  

TABLE I 
Typical properties of observed data 

Line ah o-j ~j 
(A) jA j Zt(km) z, ZF(km) ZF TV % TI(s) (kin/s) 

5172.7 0.3 8 -140 0.08 -139 0.08 5.8 4.65 310 0.464 
0.4 6 -112 0.12 -102 0.13 7.6 4.75 322 0.347 
0.55 2 - 95 0.16 - 80 0.2 11 4.15 328 0.367 

5197.578 0.02 6 - 95 0.16 -170 0.05 6.7 3 300 0.37 
0.034 5 - 50 0.3 -130 0.085 8 2.5 308 0.36 
0.054 3 - 54 0.3 
0.064 2 50 3 0 1 14 3.4 328 0.35 
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] and j '  in the  line profile (see 3.3.2), H is the scale height  (see 2.1), ~j is the m e a n  

rms value ~j(t~,) of the velocity,  i.e., 

+,(,+,) = J iv,(++, ,+,>I: 
N 

with 
/~ i ' = l  

In Tab le  I, the values  of ~j and o-j are given for  different  points  in the two line 

profiles;  the heights of fo rma t ion  Zx or ZF of these  points  de t e rmined  by  two 
m e thods  (see 3.3.2) and their  co r responding  optical  depths  (zr and ~'F) are listed. 
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The ordinate scale in (b) is multiplied by a factor 3 to that in (a) to show the details. 
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1.4. P O W E R  S P E C T R A  

Figures 1 and 2 show, respectively the power spectra Px for the Mg r line (5172.7) 
and the iron line (5187.6) and Figure 3 the power spectra Pv for these lines. 
These are in good agreement with the results of Evans et al. (1963). In Table I, 
the period Tx deduced from the peak of the power spectra (Pr) near 300 s are listed. 
Apart from the propagation of waves which we consider later, let us discuss the 
physical significance of these power spectra near the resonance frequencies (i.e., 
T~-300s)  and for high frequencies. 

In the resonance frequency range the convective phenomenon remains important 

I 
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Fig. 2. Time power spectra of intensity fluctuations in 3 Points in the Fo II line profile 
- - / ( 6 )  z ~ h = 0 . 0 2 , ~  
. . . . . .  / (5 )  A.,k = 0.034 ~, 
. . . . . .  I(2) Ah=0.064 

The ordinate scale in (b) is multiplied by a factor equal to 3 compared with the ordinate scale in (a). 
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Fig. 3. Time power spectra of velocity fluctuations deduced from MgI line (a) [ 
V(6) . . . . . .  V(2)] and F e n  line (b) [ - -  V(6) . . . . . .  V(2)]. 

v(8) 

and is difficult to separate from the oscillatory phenomenon (Leighton et aL, 1962; 
Mein, 1966; Fossat, 1973, Lynch et al., 1975). After studying spatial filtering, 
(Mein, 1966) we found little change in the intensity power spectra, .:~o we used 
another method, a smoothing method based on the search for  the limit of 
Pr(v =300s,j)  when the point j corresponds to the deepest level. The ratio 
between the value ~(v ,  ]) and this limit gives an estimation of the ratio between 
the oscillatory and convective components at v = 300 s for different altitudes Z(j).  
We obtain for the Mg line wings a ratio equal to 0.4 to 1.1 at Z(~ 2)= -95  km and 2 
to 2.5 at Z~ 8 ) = - 1 4 0  km. 

In the high frequency range ( u > 4 x  10 -3 Hz) the energy is greater than 1% of 
the energy value at u = 0. We study particularly the 'pollution' of these frequen- 
cies by the oscillations of 300 s due to the finite time resolution of our analysis. 
The energy spectrum of a sinusoid y = cos ~ot limited in time is a function with a 
maximum at the frequency o~ and secondary lobes located symmetrically with 
respect to the principal maximum. The existence of a large 300 s peak in the 
velocity power spectrum suggests the possibility of pollution at frequencies by the 
presence of secondary maxima, while in the lower frequencies such maxima are 
insignificant in comparison with convective energy at v---0. An estimation of the 
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energy introduced by this pollution compared to the solar energy at these high 
frequency gives the ratio �89 between them. This pollution can also introduce a 
certain phase shift but occurs for frequencies greater than 15 x 10 -3 Hz (P. and N. 
Mein, 1976). 

2. Hydrodynamic theory 
2.1. DEFINITIONS 

In the presence of radiative dissipation a small amplitude perturbation 8f of 
quantity f in an isothermal atmosphere in hydrostatic equilibrium can be expres- 
sed as 

6f = fo exp [kx + 21rvt] e ~~ (1) 

where/Co is the amplitude at certain reference level where the vertical coordinate 
z = 0, k the horizontal wavenumber, x the horizontal vector, v the frequency of 
oscillation and l and m are real numbers. According to Souffrin (1966) the 
dispersion relation gives 

(I+ ira) 2= a+ ib, (2) 

1 
i . e . , a = l  2+m 2, b = ~ l m ,  (3) 

where 

with 

a= 2 2 2rN2 ] N2[ 4] 
-0)a~-~ [0)--7-1 /32+0)20)2 k2-)-7 (4) 

b =/3(/32+0)2 ) 0)2 k2-  (5) 

2 7g 2=J__g N2 = y - _ l  g 
wa=4H,  c H'  H'  "g 

[1  dpo] -1, 
H =  L ~ z J  0) = 2 ~ .  

In the above equations c is the speed of sound, g is gravity, H the scale height, y 
the ratio of specific heats, 0)a the cut-off frequency for adiabatic sound waves 
propagation, N the Brunt Vaisalfi frequency, and the subscript zero refers to the 
initial state. The parameter/3 represents the effects of dissipation and is given by 
Spiegel (1957) for an optically thick atmosphere as 

/3 = / 3 ' ( 1 - k  arc cot k )  

where (/3,)-1 is the relaxation time in an optically thin atmosphere and Kc is the 
absorption coefficient for continuum ( ) t=5000~)  per gram. The values of 
relaxation time /3-1 of interest in this study are summarized in Table II. 
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TABLE II 
Relaxation time/3-1 in s 

L =--s 

2500 5000 10000 

T5000 

0.05 40 5O 8O 
0.1 20 90 400 
0.13 40 100 600 

2.2. LIMITS IN THE DIAGNOSTIC DIAGRAM 

It is known that the curve gZk2= o) 4 which is obtained for b = 0 (Equation 5) 

separates the diagnostic diagram in the k, ~o plane into two parts: one is the 
domain of propagat ion of acoustic waves where w 2 > gk (i.e., 1 > 0), and the other 

is the domain of propagat ion of gravity waves ~o2< g k ( / <  0). This division does 

not depend on the radiative dissipation. 

In the case of adiabatic per turbat ion we have the following conclusions: (1) for 

l = 0, m # 0 the waves are stationary and evanescent,  and (2) for m = 0, l # 0 the 

waves are progressive. In the presence of dissipation, the gradient ml is different 

from zero regardless of the value of k and ~o. The ratio re~Ill characterises the rate 

of damping per  vertical wavelength. The plane (k, w) is divided in three regions 

according to the sign of Equat ion (3) a > 0  defines two regions of progressive 

damped  waves, and a < 0 the region of evanescent and 'modified'  waves, these 

regions are separated by two curves of a = 0. The separation between gravity and 
acoustic waves (o) 4=  g2k2) is situated entirely in the region a < 0. 

For given k and/3 we define two frequencies, Oa(k,/3) as the cut-off frequency 

for the existence of progressive acoustic waves (oJ > Oa) and $'~g(k,/3) the cut-off 

frequency for the gravity progressive waves. The values of g-2g(k,/3) are listed in 
Table III .  We give some examples for O, :  k = 0 ,  / 3 - ~ = 8 0 s ,  ~ = 2 3 5  s -1 and 
k = 0,/3-1 = 0.1 s,/2~ = 220 s -1. 

If the wavelength L is larger than 5000 kin, it seems difficult to have gravity 

waves iia the range of the 5 rain oscillation. For a given k, these two frequencies 
Oa and Og separate  the frequency axis in three regions: G W  gravity waves, E W  
evanescent waves, A W  acoustic waves. 

TABLE III 
Values of g~g(k,/3) 

~ /31s 

L = ~ - ~ k m ~  20 40 80 

2500 350s 330s 280s 
5000 480s 450s 400s 
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2 .3 .  PHASE SHIFT AND AMPLITUDE RATIO BETWEEN VELOCITY-VELOCITY 

The hydrodynamical theory gives us the relations of amplitudes and phase-shifts 
between different perturbed quantities: V, AT/T, zlp/p. The velocity ratio at two 
different levels zl and z2 is defined by 

V ( Z l )  = e(Zl_Z2)(1/ai_i_m)eil(zl_z~). (6) 
V(z2) 

, lz = z l - z 2 ,  zl = zF(1), z2 = zF(2) denotes the altitude of the line formation 
(Table II). We define the phase shift by 

cI2(,iz, /3, ~o, k)= laz 

and the amplitude ratio as the logarithm of the velocity ratio, i.e., 

A(/3, ~o, k) = 0.5 - mH, 

where A is independent of Az. 
For various values of /3, v =  ~o/2w and L =27r/k, the theoretical curves are 

computed to be compared with the observational results. Figures 4, 5 and 6 show 
such comparisons in which q5 the phase shift, A the amplitude ratio and C the co- 
herence for three pairs of velocities: V2(5172)/V6(5172), V6(5172)/Vs(5172), 
V6(5172)/V6(5197) are plotted. The coherence is good, nearly one, for 
frequencies lower than_ 10 -2 Hz. 

On Figure 4 the theoretical curves wi th /3-1= 80 s and L > 5000 km appear to 
give the best representations of the observations. The disagreement in the range 
v < 2 x 10 -3 Hz is due to the granulation which is the predominate phenomenon in 
this frequency range and the phase shift cannot be interpreted by waves. At v = 
2 x 10 -3 Hz the negative values of the observed phase-shift suggest the existence 
of downward propagating internal gravity waves. 
v = 3.3x 10-3Hz the agreement is good, the phase-shift values are those of 

evanescent waves. 
v > Od27r, the observed phase shift and the amplitude ratio increase according to 
theory of acoustic waves propagation. 
v>7 .5  X 10 -3 H z ,  agreement is lost and we note that observation gives small 
values of the phase shift and of the amplitude ratio. However the coherence 
remains good and the velocity power spectra are not zero in this frequency range. 

These phases shifts cannot be explained: 
(a) by acoustic wave theory (the phases increase with the frequency) or 
(b) by instrumental effects; the guiding errors and distortion due to seeing. Our 

normalization method of the rms (1,1,2) allows us to test the effects of these 
errors on the phase ( <  1 ~ which seems negligible, or 

(c) by the 'pollution' phenomenon of the 300 s peak in the high frequencies 
(1, 4). The 'pollution' effect decreases the phase, and it seems responsible in 
part for the oscillations of the phase shift curve in the results shown in Figure 4. 

Investigations of velocities of other points in Mg i line confirm the existence of 
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Fig. 4. Amplitude ratio (a), phase shift (b) and coherence (c) of velocities for a pair of points in the 
Mg i line profile [ V(6)/V(2)]. The difference in "height of line formation" is Az = 22 km; ~5ooo = 0.13- 
0.2. Solid lines are observational results, dashed or light curves are theoretical, results with L in km 

and/3 -1 in s as indicated for each curves. 

n e g a t i v e  phases  at  2 x 1 0  ~3 H z  (F igures  5 a n d  6) r e l a t e d  wi th  grav i ty  waves  a n d  

smal l  phases  for  h igh  f r equenc i e s .  

2.4. P H A S E  S H I F t  AND A M P L I T U D E  R A T I O  OF T E M P E R A T U R E  AND DENSITY RELATIVE TO 

VELOCITY F L U C T U A T I O N  

T h e  t e m p e r a t u r e  f l uc tua t i ons  c an  be  w r i t t e n  for  an  a l t i t ude  z 

~ ( z )  = ~([3____)) v,~(z) sin [ l'z + 4~] (7) 
Co L 2 H  J 
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Fig. 5. Amplitude ratio (a), phase shift (b) and coherence (c) for a pair of velocities in the Mg I line 
[ V(8)/V(6)]-~sooo = 0.08-0.13. Solid lines are observational results, light or dashed ones are theoreti- 

cal results obtained with L = 5000 km for different values of Az and/3 - t .  
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indicated as GW for gravity, EW evanescent, and AW for acoustic waves. 
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and for the density fluctuations, we have 

zip (z)= a'(~8) vm(z) sin kX--~-~] (8) 
p Co 

where Co is the isothermal sound speed, l' = 2HI, m' = 2Hm, l and m are defined 
in Equation (3), vm is the velocity modulus, v,,(z)= aoe (~-m') (z/2H) and other 
quantities are 

1" /( l - m') 2 + 1 '2 
a ( 1 3 ) = ( a -  ) ~  , - ~ - 5  (9) 

q~(13) = 7r - arc tan ~ -  arc tan ~ (10) 

/ ( l  - m')2+ I '2. 
0L'(13) -~- (11) 

[l-re'] 
x(t3) = arc tan k ~ l "  (12) 

Equations (9) and (10) define, respectively, the amplitude ratio and the phase 
shift between (ZIT/T) (z) and v,,(z) for ziz = 0, similar relations between (zip/p) 
(z) and vm(z) are given by Equations (11) and (12). 

The theoretical results which follow from these equations are shown in Figure 7 
for different values of/3;  for (ziT/T/V), @ = 90 ~ when perturbations are adiabatic 
(13 = 0) (the curve 13 -1 = 80 s is approximately q~-  90~ q~ = 180 ~ when perturba- 
tions are isothermal (~---~oo) (the curve 13-1 =40  s is approaching this limit). For 
(zlp/p/V), X depends weakly on the value of 13 and X remains 80~177 ~ for 
adiabatic and isothermal perturbations. 

The curves for q~ were given previously by Noyes and Leighton (1963). The 
calculated quantities o~(13), 4)(13), a'(13), X(13) refer to pure vertical propagation 
(i.e., k = 0) for two reasons: (1) the dependence on k is not very important in the 
frequency range v > 2 . 5 x l 0 - 3 H z  (see Figure 4 and Section 4) (2) for the 
frequency lower than 2.5 x 10 -3 Hz, the granulation dominates. Thus we limit our 
study to the frequency range of 2 .5 -7 .5  x 10 -3 Hz. Nevertheless, the theoretical 
results a(13), 4~(13), a'(~), X(13) are difficult to compare with the observations 
because the line intensities are sensitive to simultaneous fluctuations of zlT/T and 
ziO/P. This dependence in interpreting the observational results is discussed in 
the following section. 

3. Intensity Fluctuations 

3.1. CALCULATION OF LINE INTENSITY 

The calculation of line intensity is performed with the following atmospheric 
data and atomic data, we adopted the temperature structure given by the 
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Fig. 7. Phase shift b e t w e e n / / V  at the point 2 in the Fe II line. The heavy curves are observational 
results, the light curves are theoretical results [ --  ( A 1 / I ) / V  . . . . . .  ( z ~ p / p ) / V - - - ( A T / T ) / V ] .  With 

the value of parameter/3 -1 is indicated. 

Gingerich and de Jager (1968) B.C.A., which defined temperature at 70 levels 
between 1 0 - 4 < ' r 5 o o 0  < 1 0 ,  where ~'5ooo is the optical depth at A =5000A.  The 
monochromatic absorption coefficient includes H, H- and He. The microturbul- 
ence velocity is chosen constant and equal to 1 km/s (Garz et al., 1969). 

The intensities of the Mg ~ line at 5172 A and the Fe IT line at 5197-578 ~ are 
computed with the following atomic data. Table IV l{sts the physics parameters 
used: Xev is excitation potential in electron volt, W equivalent width in mA, A 
abundance of the element, g Gaunt factor, f oscillator strength, CH Van der 
Vaals constant. For the iron line, we select the product Agf  and the constant CH 
so that W and the central depth agree with the observed values (Utrecht Atlas 
1960). For the computation of W we take into account the instrumental profile 
published in the Atlas. 

We expressed the temperature and density fluctuations in the model atmos- 
phere as z~T= o~T, Ap = ~'O. In a previous paper (Schmieder, 1969), we showed 
that with wave theory the following approximations hold: 

T = \ p ( Z o ) /  p ~p-~-~o)/ " 
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TABLE IV 
Atomic Data 

Line Xev W log A log g/ CH 
A~ 

computed 
Agf 

selected 

5172.7Mgi 2.70 1259 7.36 a +0.15 e 3.298x10 -3a 
7.48 b -0.46 ~ 

5197-578 3.22 80 6.57 e - - 0 . 1 9  g 3 . 5 •  -33 

Fe II 7.6 d -0.27 h 

1.15 x 1~ -5 

5.5 x 10 -s 
7.5 x 10  - 7  

1.15 x 10 -5 

1.2 x 10  - 7  

a Zwaan (1962). 
b Lambert and Warner (1968). 
c Goldberg, Miiller, and Allen (1964). 
a Garz et al. (1969). 
e Cor!iss and Bozman I (1962). 
Alien (1962). 
Groth (1961). 

h Warner (1966). 

The phase shift between AT(z)/T and ~p(z)/O can be neglected when the 

vertical wavelength is sufficiently large. The exponent 6 was calculated empirically 

by Mein (1966), and it was 0.07 in the frequency range near 300 s -1. The hypo- 

thesis of constant relative variation between AT/T and Zip/p is justified by the small 

value of 6. For given z~T and z~p, a new electron density at each level is determined 

by an iterative method using the Saha-Boltzmann equation, then the pressure is 

obtained from the equation of state. We calculate the intensity of 8 points in the 

line profile of the Mg I line and of 6 points in that of the iron line for various 

values of a and a ' ,  then the relative variation of intensities ziI]I as follows: for a 

given AT~T= a and Ap/p=O, the fluctuation AI]I is equal to aC T and for 

ZIT]T=O and z~p]p= a' we find z~IJI= a'c o. The results of such independent 

variations of ZIT/T and Ap/p are given in Table V at different wavelengths in the 

lines Mg i 5172 .~ and F e n  5197 .~ (Table V). Although shown, we verified that  

the variation of z~I/I are linear with respect to independent fluctuations of AT/T 
and Zip/p. The fluctuations of the temperature AT/T and intensity AI/I are in the 

same sense, however AI/I decreases when Zip/p increases. If we consider a 

simultaneous fluctuation of both AT/T and Ap/p, the intensity fluctuation can be 

expressed as 

1 CT C9 e~i2wv*" 

For example, from Table V we have 

18(5172) = 0.07 ~ -~ -0 .008  zi___p 
0 

_ •  ap 
12(5197) = 0.0089 - 0.049 - - .  

P 
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TABLE V 
Computed zlI/I for given z~T/T and Ap/p 

Designation 
of wavelength 

point 

AT/T= 1 %  Ap/p = 1 %  

Cr = AI/I in % Cp = Z~I/I in % 

5172.4 8 7 0.8 
5172.3 6 5.6 0.6 
5172.15 2 4.2 0.55 

5197.578 6 4.4 0.025 
5197.558 5 3 0.025 
5197.51 2 0:89 0.29 
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3,2. PHASE SHIFF AND AMPLITUDE RATIO BETWEEN INTENSITY AND VELOCITY FLUCTUA- 

TIONS 

3.2.1. Wave Theory 

Using Equations (7) and (8) for AT/T and zip/o the intensity fluctuations can be 
expressed as 

-~(z)  = [--CTa(/3le'~'~) + coa'(~)# x~r v~(z), 
Co 

(13) 
-~ (z)/v,~(z)= A (/3)e i~(~>, 

where A(/3) is the amplitude ratio, and ~(/3) the phase shift. 
Equation (13) shows that for intensity fluctuations caused by T fluctua- 

tions, the phase shift ~b(/3) is equal to q~(/3) and A(/3) is proportional to o<(/3), if 
density fluctuations are important, we have two different cases: the perturba- 
tions are essentially adiabatic, then the factor relative to Ap]p in Equation (13) 
leads to a phase shift q~(/3) > 0(/3) in the evanescent frequency range and in the 
acoustic range ~b(/3) < qb(/3). In contrast, if the perturbations are isothermal ~b(/3) 
is negative and ~b(/3)= X(P) which is sensitive to the value of /3, particularly to 
small relaxation time. 

Amplitude ratios are very sensitive to the relaxation time (see discussion of 
Figure 12, chapter 4.2.2). 

3.2.2. Observations 
Figures 8 and 9 represent the phase shift 4~(v) at two different wavelengths in the 
Mg i line and three in the Fe n line. The curves in Figure 8 are in good agreement 
with those obtained for Mgi  line by Evans et al. (1963). The phase shifts are 
positive if the positive intensity fluctuations lead upward velocities. In Figure 9c 
we show the phase shift between I6(5196,~) and V6(5197) also 16(5197) and 
V2(5197) in order to illustrate the difference in the height of line formation at 
points 2 and 6. This does not introduce any important effect on ~b(u). 
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Fig. 8. Phase shift between intensity fluctuations and velocities in the Mg I line deduced observation- 
ally (a) I(2)/V(2) zlA(2)= 0.55 ,~. The dotted line represents the phase obtained with a statistical 
analysis on half of the scanned spectra. (b) I(8)/V(8) z~t(8)=0.3 A. The hatched regions of the 

abscissa indicate the frequency range where coherence is <0.4. 

3.2.3. Interpretation of the Phase Shift between the Intensity and Velocity Fluc- 
tuations 

The phase shift between intensity and velocity fluctuations gives us three informa- 
tions (1) in the resonance frequency range, possible discrimination of the effects of 
granulation (zero phase shift) and traveling waves which produce phase shifts (2) 

the effects due to variation of the relaxation time and difference in the heights of 
line formation and (3) the influence of the density fluctuations. 

The first and the second effects are examined in terms of the phase shifts at two 
wavelengths in the Mg i line wing as shown in Figure 10. To achieve the 
phase shift being caused by the same wave train, we select the coherence > 0.4 for 
the interpretation of data. This requirement leads us to the frequency range 
3 - 8  x 10 -3 Hz for the following discussions. The theoretical curves shown were 
computed with the parameters (CT = 0.07, C o = 0.008) and different values of /3 
while we assumed k = 0 for purely vertical wave propagation. 

(a) Influence of the granulation. In Figure 10, we interpret the disagreement be- 
tween theoretical curves and observations in the frequency range 3 -  4.5 x 10 .3 Hz 
as being due to the presence of the granulation which produces zero phase shift. 
We can calculate that at 300 s the velocity is due 50% to the granulation and 50% 
to the oscillation phenomenon for/3 -1 = 60 s at wavelength point 8, i.e. I(8)/V(8), 
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and that at wavelength point 2(i.e., I/V(2)), the contribution from the granulation 
is 32- and the oscillation 1. The vectorial composition of such phase shift contributions 
are shown in Figure l l .  In the frequency range >4.5x 10 -3 Hz, the fact that 
the observational results of I(2)/V(2) lies under 1(8)/V(8) can be interpreted as 
the effects of granulation in the height of line formation of the wavelength point 2 
in comparison with the higher height of line formation at wavelength point 8. 

(b) Variation of the relaxation time with the altitude and with the frequency. The 
fact of curve of I(2)/V(2) lying under that of I(8)/V(8) in the frequency range 
(4 .25-7 .5x  10-3Hz) could be interpreted in another way. Namely, as seen in 
Figure 10, the agreement with the theoretical curves with longer relaxation times 
for the point (2) than point (8) can be interpreted in terms of the difference of the 

l o l  I J I I I I ol  I 
60~dp 5197 A [o} 

100 @ ~ / ~  6020 - //~x/ (b) _ - -~ 

I , . 4 , / /  / , / / / A  / ~  y/ // // /y~/ / y / // 

120 - q  b~  f / ~  (e) - 

en , ~  , " ,  , ' /  " / / / ~  -~ 

F,, S' I 1 

I . J I I T ( s )  I 
1000 300 200 100 

Fig. 9. Phase shift be tween intensity fluctuations and velocities in the  Fe II line as function of v. 

(a) I(2)/V(2) za)~=0.064 
(b) I(5)/V(5) AI = 0 . 0 3 4  
(c) 1(6)/V(6) z l ) t=0 .02  

The  dotted curve (c) represents  1(6)/V(2). The  hatched range of the abscissa indicates the frequency 
ranges where the coherence is <0.4 .  
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Fig. 10. Phase shift (a) and coherence (b) between intensity fluctuations and velocities in the  Mg I 
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at 300 sec -1 on AI/I at 2 points in the Mg ~ line for a given velocity V. 
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TABLE V1 
Relaxation t ime  ~--1 at two altitudes at 
wavelength points 2 and 8 in the wing 

of Mg I line 

v l 0  -3 Hz 4.25 6.1 7.5 

v -I s 235 165 135 

point 8 
(~" = 0.08) 40 20 8 

point 2 
(~-=0.16) 80 20 40 
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relaxation time which decreases with the altitude in an optically thick a tmosphere  

(Mein, 1966). Table VI  shows the variation of relaxation time with height in the 

frequency range of interest. 
Table VI  suggests that observational results for the point 8 should be inter- 

preted with/3 -1 = 8 s at 7.5 • 10 -3 Hz , /3  -1 = 20 s at 6 • 10 -3 Hz  and/3  -1 = 40 s at 

4.25 x 10 -3 Hz. A curve connecting these points is clearly a bet ter  fit to the data 

than a constant value of /3  -1 for all frequencies. This variation of the relaxation 

time with frequency also suggests the dependence of dissipation on wavelength, 

namely in optically thick atmosphere,  waves of shorter horizontal dimension 
disappear quickly leading to longer /3 -1 for longer wavelength or lines formed 

higher, i.e., observed I/V(8) curve should agree bet ter  with longer/3 -1. However ,  

Figure 9 is contrary to this statement.  Hence,  the observed results must be 
interpreted in terms of contamination by granulation even in the frequency range 
4 . 2 5 - 8  x 10 -3 Hz. This point can be seen clearly from Figure l l b  in which the 

resultant phase shifts are shown vectorially. The contribution of the granulation 
gives a vector Al/Ig at 0 ~ for the oscillations we have the vectors aI(8)/Io- and 

AI(2)/Io-, the vectors resultant AI(8)/Ir and z~I(8)/Ir show that the effects due to 
the granulation are more  important  than those due to the variation of the 

dissipation characteristic wavelength even at these altitudes zx = - 1 0 0  or z~= 

- 1 4 0  km (Table I). 
Deeper  in the a tmosphere  (zi = 50 kin) the granulation phenomena  predomi-  

nates and the effects of the oscillations are reduced since the phase shifts 
are not equal to zero (see Figure 7). For the point (2) in the F e n  line there is no 
agreement  between the theoretical curves, relative to the waves, computed with 

CT = 0.008 Cp = 0.003 and the observations. 
To examine the influence of the density, we compare  the phase shifts between I 

and V corresponding to two points, one in the Mg I line profile and the other in 
the Fe ii line profile which have the same height of formation and not the same 

sensitivity to T and p fluctuations. The calculations of the height of line formation 
of the 8 points of the M g i  line and the 6 points in the F e n  line are thus 
per formed as follows. 
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3 . 3 .  A L T I T U D E S  OF THE LINES FORMATION 

The notion of height of line formation depends of the physical quantity utilized 
(Mein, 1966; Mein, 1971; Canfield and Mehltretter, 1973; Beckers, 1975). 

Let us suppose that a physical quantity q describing the solar atmosphere, 
temperature or radial velocity is disturbed by a small quantity q(z, t) which 
depends on the altitude and time. The corresponding fluctuation of intensity for 
the wavelength A can be written: 

q-c~ 

AI~(t)= J W(z)q(z, t) dt. 

P. Mein (1971) has showed that the function W(z) is a weighting function which 
depends on z and its maximum defines an altitude of formation of AI~ in 
reference to the physical quantity perturbation. 

3.3.1. Intensity Fluctuations 

We determine an altitude relative to temperature and density fluctuations by a 
direct procedure (B. Schmieder, 1972). The model atmosphere is disturbed at 
various levels i with temperature f(i) and density g(i) fluctuations (where i refers 
to the level number). We look for the levels ir and ip at which the relative 
fluctuations of the intensity Alx(t)/I~ are proportional to f(iT) and g(i~). These 
levels are the formation levels of (aI/1)x with reference to AT/T and Ap/p. We find 
that differences in the values for iT and i o are small, so we list only one value for 
these two altitudes z~ in Table I. 

The heights of formation of/2(5172 A) and/6(5197.578 A) happen to be close, 
thus we use these two lines to consider the influence of density (see Section 4.2). 

3.3.2. Altitude of Velocity Effects 

The formation altitude for the velocities fluctuations zv (Table I) is defined by the 
maximum of the contribution function (Elste, 1955), i.e., the depth where the 
number of atomic elements which form the line is maximum. For the Mg I line, 
the heights ZF are not very different from the heights z~. They are in good 
agreement with those calculated by Altrock and Canfield (1974). For the Feii 
line, ZF is higher than z~. 

4. Discussion 

4.1. T H E  DEPENDENCE OF PHASE SHIFT AND AMPLITUDE RATIO ON VELOCITY FLUCTUA- 

TIONS AT DIFFERENT W A V E L E N G T H  POINTS OF A LINE PROFILE 

4.1.1. Dependence on k 

The characteristic length L = 2r of oscillations is subject to discussions. Mein 
(1966) and Fossat (1975) have given L > 1 0  000 km, Deubner (1974) found 
L > 6000 km. We calculate the theoretical curves for two values of L(5000 km, m) 
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but the phase shift and the amplitude ratio are not very sensitive to L as shown in 
Figure 4. 

4.1.2. Dependence on the Relaxation Time/3-1 

For L = 5000 kin, and at ~'-~ 0.08, (depths where the points 2 and 6 of the Mg I 
line are formed), Mein (1966) showed that the relaxation time does not vary with 
small variation of the optical depth (see Table II). In this range of variation of/3, 
the results shown in Figure 4 point out that the variation o f /3 - i  does not produce 

large effects on Mg i line phase shifts. 

4.1.3. Dependence on the Difference of Heights of Line Formation zlz 

Figure 5 shows theoretical curves traced with L = 5 0 0 0 k m  and for different 
values of Az and /3 -1, i.e., 

Az *= 40 km /3 -1=  80 s (this Az* is the difference of height of line 
formulation calculated by contribution functions listed in 

Table I); 

Az=lOOkm /3 - 1 = 8 0 s  and 100s, 

and 
Az = 200 km /3-1 = 80 s. 

It is difficult to obtain a good agreement for the phase and the amplitude ratio 
with a single set of values/3 and Az. In the range of frequencies (2-6.10 -3 Hz) the 

agreement is satisfactory with 

Az < 200 km and/3-1 > 80 s 

or with a Az smaller (150 kin) and a relaxation time higher (100 s). 
These values of Az are larger than Az* calculated. One explanation can be that 

the point (8) of Mg line is formed in a non-LTE region. The value founded by 
Altrock (1974) between these 2 points was also a little larger than our calculated 
Az*. 

For the weak iron line we have the same disagreement as seen in Figure 6 
(Ve(5172)-  Vs(5197 A). The calculated value of Az* was 70 kin. The agreement 
appears satisfactory with 

Ziz = 200 km and/3 - t  = 8 0  s (Figure 6). 

We have done the same investigation for other wavelengths of t h e  iron line. 
It seems that the Az* given by the contribution function methods are too small for 
the iron line compared with the Mg line. ' 

4.2. THE VARIATION OF PHASE SHIFT AND AMPLITUDE RATIO BETWEEN I /V 

The theoretical calculations were made with k = 0  (312.3.) and the influence of 
time relaxation values were discussed in 3.2.3.a, now we consider the effects of 
density fluctuations. 
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4.2.1. The Influence of the Density Fluctuations 

The effects of density fluctuations are shown in terms of the phase shifts between 

I2(5172)/V2 and I6(5197)/V6 in Figure 12. The formation heights of these two 
points are chosen equal, so the effects of granulation are similar for both  lines. 

The Mg line is sensitive to AT and Zip fluctuations while the iron line is only 

sensitive to AT (Table V). In the range of frequencies from 4 to 7.5 x 10 -3 Hz, we 

may select the relaxation time/3(~o) by comparing the observational and theoreti-  

cal results. We see that the relaxation time is of the order of 80 s for v- -  
4 x 10 .3 Hz  and decreases to 8 s for v = 7.5 x 10 -3 Hz for both  lines, in taking into 

account the fact that Fe II line is sensitive to AT and Mg i line is sensitive to ZlT as 
well as zip as ment ioned above. 

4.2.2. The Effects of Contrast 3' of the Frame 

The amplitude ratios between I and V for the Mg i line shown in Figure 13 are 
difficult to interpret. We tried to see the influence of the contrast obtained by the 

calibration curve. We used two values 3'1 = 5.8~ and 3'2 = 7~ for the point 8 of Mg I 
line. The theoretical curves are sensitive to the choice of /3 -2, the observational 

ones to the value of 3'. However  the value of 7 is more  critical than /3 -1 so this 

may be the main reason of the disagreement between theory and observation. The 
difficulty of separating oscillation phenomenon  and granulation could be men-  

tioned as another  cause. 

5 .  C o n c l u s i o n  

The analysis of phases and amplitude ratios for the Mg line and the iron line leads 
us to a coherent  description of the photosphere.  In the frequency range f rom 

Fig. 12. 
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Fi.g. 13. Amplitude ratio between intensity and velocity fluctuations at 2 points in the Mg I line. The 
heavy curves are obserVational results ( 3'l = 5.8v, ---3'2 = 7V). The light curves are theoretical 
results with different values of 13-1 and L=oo as well as other parameters ( - - - A T / T / V ,  

-,a I/ I/ V). 

( 4 0 0  S) -1 to (130 S) -~ we have diagnosed the wave modes :  gravi ty-evanescent  and 

acoustic waves. W e  obtain  a good  ag reement  with values of the hor izontal  

wavelength  greater  than 5000 km (this is compat ib le  with the two-dimensional  

analysis, P. Mein,  1966;  Deubner ,  1974) and for values of the local relaxation 

t ime 80 s to 40 s. These values are compat ible  with the horizontal  opaci ty  which 
results (Spiegel, 1957). 

The  relaxation t ime of  the t empera tu re  fluctuations is a function of  the t ime 

f requency,  is suggests that  there  is vertical dissipation of great  w a v e n u m b e r  

(k~ -1 = 1500 km). This is the first t ime that  densi ty fluctuations have been  taken 

into account  for  the intensity calculations. I t  seems that  the influence is no t  
negligible for  the de terminat ion  of  the relaxation time. 
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