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Abstract. The GOLF instrument provides a stable and continuagnetic field is nearly uniform. The scattered wavelengths are
ous measurement of the intensity of spatially integrated sunligjdverned by the magnetic field strength and by a combination of
in one wing of the sodium D lines. Because the detected ragblarizing elements. An electromagnet modulates the magnetic
ation results from atomic scattering, the GOLF signal can [field permitting the selection of two closely spaced positions on
traced to an atomic reference wavelength. The planned opeéree line wings. Two of the polarizing elements include mecha-
tions were to involve a form of relative photometry through theisms which can rotate these elements in steps of 90 degrees to
use of measurements on both the blue and red wings of the sekdect either the blue or red wing of the sodium doublet lines.
D lines of neutral sodium. However, due to the occasional m&ull descriptions of the instrument and its early performance
function of the polarization subsystem a “one wing photometraze to be found in Gabriel et al. (1995, 1997), and a discussion
mode” operational alternative has been selected in order to efisystem stability is given in Robillot et al. (1998). Due to oc-
sure achievement of a 120duty cycle. In this case, the signalcasional malfunction of the rotating mechanisms, the polarizers
observed consists of two photometric measurements at only evexe stopped on 11 April 1996 at positions which select the
wing of each line of the sodium doublet separated;by0.43 blue wings of the lines and have been left fixed subsequently.
picometers (pm). The sodium cell system in GOLF combindfe usual operation of a resonance cell system provides inten-
photons scattered at three different wavelengths: ong anb sity measurements for both the blue and red line wings and the
two at D,. This paper developes a formalism to describe thielocity is found from the ratio of the intensity difference to
system in terms of the solar spectral line profiles. A method thfe intensity sum. In the stopped or single-wing mode no ob-
converting the one wing data to an effective velocity scale servations are available from the red side of the lines so that we
presented. The method is applied to the nearly continuous &@fnot calculate the above ratio which leads to a velocity mea-
day sequence received from the GOLF instrument prior to teerement where absolute photometric effects cancel out. Data
loss of telecommunications with SOHO on 24-June-1998. Tteken between January 19 and April 1, 1996 include observa-
resulting time sequence is part of the GOLF archive and ctons of both wings and this data is very helpful in determining
be made available to investigators. This publication describastrumental properties.

some properties of this time series. Subsequent to April 11, 1996 the instrument functions
largely in a photometric mode where variations over various
Key words: Sun: atmosphere — Sun: oscillations time scales are combinations of intensity and velocity fluctu-

ations. The purpose of this work is to show how the photo-
metric signal can be converted to an effective velocity with a
well determined scale. Essential to the success of this method is
knowledge of the modulation of the field strength by the elec-
1.1. General background tromagnet. This method deduces the solar line profile from a

. . _ combination of the magnetic modulation and the orbital veloc-
The GOLF instrument is a resonant scattering spectrophotomey ariations. There are basically two steps in the analysis: first,

ter which measures the intensity of solar radiation at seleciggd raw signal’ is converted to a photometric signiathrough
positions within the sodium doublet lines. The integrated SUfye correction for known instrumental and geometric effects as
light is _scgtt«_are_d by sodium vapor in a temperat_u_re controllgd pe described by Gafa et al. [200D) and second, a solar
cell which is inside a permanent magnet at a position where feyfiie corrected signa is calculated fronP by correcting for

the deduced variation in the net solar profile intensity. Although

1. Introduction
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Table 1. Sequence of data flow and data products various signals. Palet al.[[1999) and Renaud et al. {1999) have
determined phase angles for modes in the five-minute band and
Varib.  Description Reduction Steps concluded the GOLF signal is predominantly due to velocity.
C Photomultiplier ~Data stream reformatted into one Gabriel et al.[(1995) shows a comparison between a one-wing
Counts fits file per day. power spectrum derived from the ground-based comparison cal-
P Photometric Corrections applied: ibration and the two-wing power spectrum. Ulrich etal. (1_998)
. ' compares power spectra based onShaethod, an alternative
Rate 1. Deadtime

method and the two-wing power spectrum. All three of these
comparisons show that the one-wing power is greater than the
two wing power for frequencies less than the 5-minute band.
Since the intensity contribution is significantly reduced for the
two wing method, this comparison suggests that the balance be-
tween intensity and velocity depends on whether the variations

2. Stem temperature
3. Sun-spacecraft distance

S Signal The photometric rate is corrected
for spectral line intensity which
depends on sun-spacecraft ve-

locity. L .
_ S are caused by coherent oscillations or by the solar noise.
v Velocity The signal is corrected for long While the issue of the intensity versus velocity contribution
time-scale drifts (over 60 day pe- is of concern, the primary objective of this paper is to explic-

riods) and multiplied by a veloc-

. itly describe a series of steps which can convert the raw GOLF
ity scale factorly.

signal into a quantity which has units of velocity and present
some results based on this analysis. The first 6 months of the
no temporal filtering is required in the calculation$ubstan- resulting data sets are now publically available on the web at:
tial long time-scale trends remain. These can either be remo{#p://www.medoc-ias.u-psud.fr/golf/ . The re-
by introducing a temporal filter or through the application of Byainder will be released shortly. The method described here
model for the trends. Such a model is presented below in[Sedg ghable to make a distinction between these two components
and time series which retain components with periods shorf}d treats the conversion as if the signal variations are caused by
than about 80 days are derived. The remaining detrended sigffdcity changes alone. Extensions of this treatments utilizing
is then converted to a velocity variation through the multiplic&dditional data may provide a distinction between the intensity
tion of the residual signal by a derived sensitivity functign @nd velocity components of the GOLF signal and will be dis-
These velocity time series have been placed in the GOLF/SoRgssed in future papers. However, it must be recognized that the
archive. The key steps and data products are summarized in@&LF signal reduced to th& quantity inherently contains a
ble[d. contribution from intensity which cannot be evaluated based on
The approach we use here allows us to study the povﬂéﬁ‘ GOLF data alone. This intensity is for a point relatively close
Spectrum Shape over a wide range of frequencies_ From ﬂﬂéhe core of a Strong resonance line and differs ConSiderably
spectrum which is presented it SECE] 7.1 we identify a breakfli®m the continuum intensity so that its role in the oscillations
the S|0pe at 254Hz Below this frequency the power appear-§ difficult to estimate theoretica”y. HOWeVer, correlation with
to come from solar activity whereas above the break the poweagnetic activity indicies provides a method of estimating the
spectral shape more resembles that due to convection. This 8ftects of this component of non-velocity signal.
tinction may be helpful in the formulation of strategies to find
low frequency modes of oscillation. In addition, the derived Q-3 |nteraction of the instrument and solar line radiation

lar profile permits a conversion between the intensity variation

and an equivalent velocity shift using a known factor which d&reliminary discussions of the reduction of the GOLF data have
pends on the sun-spacecraft line-of-sight velocity. Thus the rRREN given by Gata et al. [(1998), Robillot et al. (1998), and
variations in intensity which are a consequence of both the rid¥ich et al. (1998) while Gaiia et al. [2000) provide details
velocity amplitude and the time dependent line slope can ha¥fe@nother method of velocity scaling the GOLF signal. The
the latter factor removed and we are able to study the variati#it of these papers describes the development of a model data
of the rms velocity itself in the 5-minute band as a function §ftream composed of contributions from oscillations and super-
orbital velocity. Because the orbital velocity causes the heig#fignular convection. The second describes corrections to the
of formation of the GOLF working point to shift through the’aw intensity and presents some alternate formulations to treat

solar atmosphere, we can determine the height dependencé®fingle wing data. The third gives a summary of two data re-
oscillation amplitude. duction methods and compares the implied velocity output for

these two methods. A related paper to follow by Ulrich et al.
) ) ) (2000) extends the method developed here to incorporate data
1.2. Velocity versus intensity from spatially resolved images from the MDI experiment on

The question of intensity versus velocity sensitivity can be di$OHO.

cussed directly in terms of the data using a comparison with We consider the scattered light signal from the system to
other instruments having known characteristics. An importa@ governed by two tunable parameters: a) the wing selection
technique in this regard is the study of phase relations betwd¥Harizing elements, which we denote by subscrsdr for
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red and blue wings, and b) the modulation state of the electeaidition, we need to refer to actual intensities for a particular
magnet, which we denote by a superscHipbr —. For parts of configuration and to spectral line profiles which are functions
the time sequence during the two-wing mode of operation twd a wavelength difference. The sub and superscript notation
additional parameters: a second rotating polarizing element avas given above. In order to make a clear distinction between a
a 180 redundancy in one retarding polarizer element, playeealized intensity and a line profile function, we use math italic
a role in the data. For the two wing analysis we combine afar the intensities agj refers to the intensity in the blue wing
average the separate data streams from these parameters. with the positive state of the electromagnet. This intensity will

The GOLF instrument system utilizes both 8nd D, lines. generally depend on the sun-spacecraft velocity but we do not
Due to telluric absorption components near the working poiexplicitly designate this dependence. For a line profile function
on the red wing of I, no meaningful groundbased tests ofve use bold face and explicitly give the function on which it
the integrated system were possible and the evaluation of tiependsI, ;{w, t} is such a profile function for spectral line
properties of the instrument must be carried out using the opgrdepending onv which has dimensions of wavelength. The
ational data from space. The use of both members of the dindicated time dependence comes primarily from the transit of
blet complicates the interpretation of the GOLF signal due &ztive regions across the solar disk and is neglected for most of
fact that at any moment three separate wavelength bandsthigdiscussion.
scattered into the detection chain. We designate\;asho, The GOLF system avoids the need for afilter to separate the
and )\, the longitudinal Zeeman components which are offwo sodium D line components by measuring both lines. The
set from the non-magnetic wavelengths; = 589.5924 nm absence of such a filter improves system stability but comes
andXo 2a = Ao2b = 588.9950 nm (Reader & Corliss 1950) to at the price of introducing some uncertainty in knowledge of
wavelengths of the balance between the three scattering components. Boumier

NE o (Mg £ 0Ap) (1991, see a]so Bgumier& Daér'r1993) has modelled thetrar)s—

byt 0.i — gi B B 1) fer of radiation within the sodium cell and successfully sim-
AL = N+ gi(ANg £0Ap) . ulated the wavelength dependence of the scattered light as a
’ function of cell gas temperature. Subsequent subsystem tests
described by Boumier et al. (1994) have validated his simula-
tion. Fig[d shows two measured scattering profiles from these
AN =AB, , 6\g = AéB (2) prelaunched tests;y, at gas temperatures of about 1%nd
163 C. The scale shown far) is based on the comparison of
the photomultiplier outputs for the straight-through beam to the
(91, 920, 920) = (4/3,5/3,3/3) (3 scattered beam and is uncertain on an absolute basis. However,
and following Boumier[{1991) we have used the notatiea the relative intensities between the different scattering compo-
1, 2a, 2b. The magnetic conversion factdris 1.62 x 10~ for nents has an uncertainty of 5%. For comparison the observed
magnetic fields in gauss and wavelengths in nm and we haRtegrated sunlight profiles measured by Delbouille et al. (1973)
neg|ected a small difference in the valuedfor the D, and D, are shownin FI@]. shifted in such a way that they both coincide
lines. with the scattering functions. The solar line is shifted from this

The design of the GOLF magnet provides a field at tHosition by a combination of orbital motion, Einstein shift and
sodium cell which is sufficiently uniform thét \ ; can be taken @ third effect known as the convective correlation shift which
as a constant for all scattered photons. The scattering process gaused by the enhanced brightness of the hotter, rising con-
broadened by the presence of hyperﬁne states in the upper%ive cells relative to the cooler, sinking cells. The convective
lower atomic states and by the thermal motions of the sodififirrelation shift depends on altitude in the solar atmosphere and
atoms in the cell. These later processes dominate over the nfij alter the spectral line shapes. The details of this process are
netic field non-uniformities and each scattering componentfgt well enough understood to permit a reliable calculation of
roughly described by a gaussian with a width parametef the shifts.
about 1.3 pm while thé\ \ 5 values range between 8.0 and 13.8 At low cell gas temperature all scattering components in-
pm. Thus the sampled portions of the solar spectral lines &f€ase in strength in proportion to the gas density and maintain
well separated from each other. Through the use of the modgonstantrelative ratio. However, at cell gas temperatures above
lated electromagnet the magnetic field at the cell has two valu@gout 140 C, the Dy, component which has the largest scatter-
By + 6B and B, — 6 B. The values of3, andd B are inferred ing cross-section progressively saturates and makes a reduced
by Gabriel et al.[(1995) from prelaunched subsystem measui@lative contribution to the detected signal. This effectis evident
ments of the wavelengths of the scattering components from thecomparing the scattering profile at,Din Fig.1. Because
actual flight system. In addition, the value@8 is determined the solar line slope differs at each of the scattering wavelengths,
below from an analysis of the flight data. the balance between the three scattering components influences

Some care with notation is required in describing the GOLtRe conversion factor between intensity variations and velocity.
system because of the variety of varying parameters: the marnsequently, we need to know the cell gas temperature in order
tiple scattering wavelengths, the two distinct spectral lines, tifeproperly analyze the GOLF signal. A platinum temperature
magnetic modulation and the red or blue wing selection. Rfobe near the sodium cell stem provides an important indica-

For a permanent magnetic field of strendth and an electro-
magnet modulation of B the wavelength increments are:

with Zeeman factors of
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does not include a formal temporal filter but instead utilizes a
somewhat complex functional fitting procedure. In some cases it
is desireable to impose an additional hard frequency cutoff with
a high-pass filter. The detrending strongly reduces the spectral
power on time scales longer than 60 days but leaves it largely
unchanged for time scales shorter than 45 days. A hard cutoff
of 60 days is generally used to assure that the poorly fit spectral
components with time scales longer than this do not leak into
the higher frequency spectra. Furthermore, since each phase of
the magnetic modulation is treated independently, the analysis
yields four independent data sets — two for each photometer
channel.

The remainder of this paper consists of five parts: Skct. 3
uses data from the two-wing period of operation to determine
the amplitude of magnetic modulation; Sé¢t. 5 describes our
method of converting the photomultiplier output into a velocity
result; next, a Sedil 6 applies the method to the GOLF data and
presents time series analysis based on the detrended velocity
0.0 i \ data set; and finally a Sect. 7 presents results for the deduced
-0.01 0.00 0.01 power spectra extending frobr2 Hz to6000 zHz and the time

SA (nm) dependence of the rms velocity in the 5-minute band.

Fig. 1. Comparison of the sodium cell scattering functiamg, to the )
observed integrated-sunlight line profiles of the two sodium D lined: Scattering strengths

The scattering functions for Dare shown as solid on the blue Wingr, o 1\ g hetic field measurements carried out during the subsys-
while the scattering function for Dis shown on the red wing. Both lvsis of the GOLE inst td ‘bed by Gabriel et al
the observed solar line profiles and the scattering functions have bL%W analysis ot the Instrument described by ©abriel et al.

shifted so as to have their central wavelengths coincide. The scattefhg2>) Yielded both the magnetic field values and detailed pro-

functions in fact are both selected to be on the blue or red wings by #Hl€S Of the scattered light intensity as a function of wavelength.
alignment of the rotational orientation of the polarizer optics. They aWe describe in this section how the scattering profiles interact
shown here on opposite wings for clarity. with the line profiles and provide a formalism for describing the
combined output from the three scattering components.
Utilization of the full set of photomultipliers in place during

tion of the critical temperature but there is a poorly known offsg%e subsystem tests permited the determination of the scattering

between this measurement and the actual gas temperature.prOfIIe ox In each of the Na D components. Of greatest im-

Two instrumental quantities necessary for a full inter retg_ortance to the deduction of the influence of the line profiles
q y Pre43h the GOLF signal is the balance between the three scattering

tion of the GOLF data are the on-orbit magnetic field modu- ; .
. ; . .components. We define this balance by
lation amplitude and the temperature of the gas in the sodium \
. . H 2
cell. Preflight subsystem tests were carried out to obtain these A/ oy dA 4)
A

quantities. The early two wing observations between Jan. 19 dd

Apr. 1, 1996 are used here _to_det_ermine the magnetic mOd%'ereA is a normalization factor chosen so thaf ¢; = 1, and

tion based on the known variation in the sun-spacecraft veloCity. onq ), are chosen to isolate as well as possible the separate
The same observation period permits an estimation of the httering components. For, dising the red wing laser scans
gas temperature by comparison of the observed intensity rat}'g%Dl) — 589.6003nm andA»(D;) = 589.6103nm while for

as a function of orbital velocity to the average of integrated SUB;, using blue wing data; (Da,) = 588.9783nm, Ay(Day) =

light line profiles weighted by factors dependent on the cell 933(Dy,) = 588.9845nm andAs(Day) = 588.9923nm. The
temperature. - _ _ dependence af; on cell gas temperatuf, is given in Tabl€R.

In this paper we utilize the magnetic modulation to dedugg,ese temperatures have been determined by comparison to the
the average solar line profile as a function of orbital velocity and,4e| calculations by Boumier etdl. (1994). The platinum probe

thus reduce the observed signal to photometric quantity indgqnerature®, are also given in Tablé 2. The temperatures used
pendent of the orbital velocity induced variations. This methgg evaluating tphe observed signal are basedgn

is directly dependent on all instrumental drifts and decays in

sensitivity. Although it is necessary to estimate the long ter§1 Determination of the magnetic modulation
trends in the instrument, because no other smoothing is dOh?rom two-wing observations

during the reduction, it is possible to preserve phenomena on
longer time scales. The range of frequencies preserved in Aithough the data between January 19, 1996 and April 1, 1996

analysis is limited primarily by the detrending process whichre perturbed by a variety of commissioning activities, it repre-
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Table 2. Scattering strengths :10'28 R L ]

w [ 4
T.©) To(© ¢éo,  épa  dva, 5, f
130 139 0.355 0.232 0.413 >5 ' + .
138 149 0.353 0.235 0.412 ] N ]
146 159 0.374 0.243 0.383 o« + 1
155 170  0.381 0.254 0.364 00.26 - 7
163 180 0.385 0.284 0.331 = 3 8
174 195 0.386 0.314 0.300 2 L ]

+ 0.25 | —
sents the only period during which both the blue and red wings g?f L 7
the Na D lines were observed from space withthe GOLFsystemy 54 L7100 oo b o b b a1

which includes the magnetic modulation. The classic resonarge 250 275 300 325 350 375 400
scattering helioseismometer yields an observable designated as Yorbital (m/s)
R: Fig. 2. Comparison of R;) and(R,) as functions of orbital velocity
I, —1I, +dvr = 83.3ms ', The curve forR, is shown as dashed.
= . 5
L1 ®)

The use of the modulated electromagnet permits a monitor-o.ooos
ing of the net solar line profile as averaged by the instrumerg.
The amplitude of magnetic modulation can be found in addi- ©0.0004
tion through the use of the orbital changes in the sun-spacecraft
velocity. The magnetic modulation combined with the wings °-0002
selection by the rotating polarizers provides four measuralgie
quantities(Z,", I, , I7, I,”). These can be combined to yield a,
number of different expressions férlike that of Eq.[(5). First,
if we takel, = (I} + I,7)/2 andI, = (I;} + I.)/2, we re-
cover Eq.[(b) exactly. Second following Boumier (1991), Garc

0.0000

-0.0002

orbital* 5VR)

-0.0004

(1996) and Boumier et al._(1991) we can define red and blge
analogues of EQL15) as follovfs: & _6.0006

I:'fI; 240 260 280 300 320 340 360 - 380
By = IgL-‘r-I; (6) Vorbital (m/s)

I —IF Fig.3. The difference between(R;) (vorbitar + dvr) and
R, = I (7) (R, (vorbital — ur) as functions of orbital velocity.

b T

If the scattering process included only one term instead of
three, the difference betweef, and &2, would be the same ,_, ..., + dvgr and (R,.) Versusvomital — 0vg SO that ifdvg
as would result from a velocity shift equivalent to that imis properly chosen the two curves should coincide.[Big. 2 shows
plied by the separation between the wavelengths of the t¥gs comparison withvz = 83.3+1msL. This figure shows
states of magnetic modulation. The asymmetrically placed g§é full range of R values returned over this span of orbital
of three scattering wavelengths causes the centroid of the cetocity.
bination to be dependent on the scattering gas temperature.The value ofévr which produces the most exact agree-
We can estimate the effective value of the wavelength sepgent between thé&, and R, is uncertain due to irregularities
ration by smoothing eacli function in time and then con- jn the longer term trends of the two functions. The magnitude
sidering each to be a function of the orbital velocity plus af this uncertainty can be estimated by examinihgR) =
offset. If we represent these smoothed functions of veIouzity<R>b (Vorbital + 0VR) — (R),. (Vorbital — dvr) as a function of
by the notation:(R;) (v) and (R.) (v) then we should have ;... with §u5 as a parameter. This comparison is shown in
(Ry) (vorbital + 0vR) = (Ry) (Vorbital — dug) for some value Fig[3. The value ofvy determines the average value/®f R)
of dug. This suggests the strategy of plottirig,) versus so that ifévy, is too small,A (R) is positive and ifvy, is too

1 We modify the notation of Boumief (1991) to use the quantitit(eﬁrge’A (R)is negat!ve. The Correéﬁ}_R leaves the_averagg of
R, and R, in place of O™ andO~ respectively because we later us (R) near zero. A f|gur.e (?f th-e merit for any choicedfr is

the subscriptR to denote quantities derived from differences betwedr® (/2))rms, the rms variation inA (R) considered as a func-
Ry, and R, where a subscripd could be confused with a subscript 10N Of ve,pita1. The best value ofvg is that which minimizes
and to emphasize the fact that all of tRequantities are formed from (A (R)).ms. Due to the irregularities in tha (R) function as

a similar combination of intensities. shown in Fig[B this minimum is not precisely defined. The be-
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Eqgs.[11) and{12) require knowledge of the line profiles over
some range i near each of the working points. For the full
0.0000 L Ll Ll Ll ‘ velocity range of the orbital motion of SOHO, the line profiles
828 3.0 Bee 84.0 are significantly non-linear. For the purpose of the determination
i of the magnetic modulation, we may consider a restricted range
Fig. 4. The behavior of A (R)):ms as a function obuvr. as illustrated in Fig.]2 of=50ms~! in which case the profile
is nearly linear. We may then define a reference velogity
and considetv = v — v,¢ to be small along with the magnetic
havior of(A (R))ms versusivg is shown in FigL 4. The breadthmodulation velocityvp = cdAp /Ao = (cA/\g)dB. We may
of the minimum in Fig. ¥ provides an estimate for the uncesso consider the line profile to be a function of velocity instead
tainty of dur which is about 0.5 ms'. Although this value is of wavelengthi, ;{—(c/\o)z} = I, ;{z}. After adopting the
well determined and is based on signals which have been deftowing compact notation for the derivative with respect to
rected for the known effects such as dead-time and resonape®city:
cell stem temperature variations, the observations were made dI, Ao dI ;
during a period of the experiment when a variety of other p&; ; = d’UJ =-— d)\d (13)
rameters were undergoing adjustment. Therefore, there could -
be systematic effects which cause the above formal error toelfgJI defining:

0.0001

0.0006 ; ; Ibi = Z d)iIA»j{)‘bi,i — Ao} 9)
0.0005 |- 1E=Y 0 - e (10)
0.0004 [ 1 which yield:
g r ]
B4 0003 F 1L =) el {—gi(AXp £ 6)p) — Aov/c} (11)
G — ] i
P3| L il
6.0002 ; é IrlL = Z oin {+9:(AXg £ 6Ap) — Aov/c} . (12)

®
IS
4]

an underestimate of the actual uncertainty indthg parameter. I, ; = I, ;{—g;Avp — Urer} (24)
I_n ordertq converdvg into an eff_ecti_ve magnetic field moq-Im = I, {+g:Avp — vyer} (15)
ulation amplitude we use the derivative of Hd. (5) to obtamia) _ v A 16
relationship between the line intensity slopes ang: bi = Lo {=9iAvE = vrer} (16)
‘[7/",7,' = I{L),j{+giAUB - Uref} (17)
d . . . .
ovg = % oR and using a linear expansion about the reference velocity we
) 1, + 1.)? obtain:
b T
= - OR. 8 + _ R A ,
2T, (dL,/dv) — 1,(dI, /dv) ®) 1 = D0 [T+ 17 i (£gi6vp + 00) (18)
Next we need to relate the amplitude of magnetic modulatigr: — Z@, [ + I (Fg:0v5 + 6v)] . (19)
0B to évr and this requires consideration of the interaction p ’

between the solar line profile and the sodium scattering. E
scattering component has a wavelengtlccording to Eq[{1).
The sun-spacecraft velocity determines; = Ao (1 + v/c)
wherev is the sum of orbital velocity, the Einstein shift ve
locity v = GMy/cRs = 636 ms™!, convective correlation
shiftsv., and the velocity signal we wish to measute The while the slopes”. , are negative.

convective correlation shift is poorly determined theoretically We can how g)?press the intensity change due to the magnetic
and depends on the definition of the position of the solar "r\‘?‘rodulation as

Each solar line profilg can be considered as a functiby,; {w}

wherew is an input parameter having dimensions of wavelength IF=1,+0I, If=1I+4I, (20)

as indicated by the subscriptind the bracket notation indicateswith:

a functional relationship. In our caseis the wavelength dif- _ Zfb'\ll 19:
ference between the scattering component and a centroid of tlllbe_ A 9: 9VB
solar line. Each solar line profil, ;{\ — Ao} canbe takenas ’ )
a constant when averaged over long time periods. These repflizing the fact tha /I << 1 we can writeR, as
sent the @ and D, integrated sunlight profiles. The observed oI, + 41, —0Iy + 01,
intensities are then: Ry = ( I, + 1, ) (1 I, + 1, )

2o properties of these definitions are worth emphasizing: first,

even though we have used a velocity scale for the argument of
the line profile function, we have reversed the sign in order to

‘account for the fact that the velocity appears with a negative
sign in Eqs.[(T¥ ET17); and second, the slopgsare positive

(22)
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of the variable distance. We refer to the output of this step as
the photometric rat®. These steps will be described in Garc
et al. [2000).

1.32 5. Conversion of the raw signal to a velocity scale

5.1. General considerations

In this section we describe an analysis of the GOLF signal based
on the direct photometric signals. In this approach it must be
recognized that we are using the signal in an absolute photo-
metric mode — one of the most difficult tasks in observational
astronomy. Other approaches such as that described by Robillot
et al. [1998) utilize a ratio of signals so that most of the effects
only enter in second order (note that all corrections are applied
Fig.5. The functiondvr /dvs as a function ofv — vginstein- The jn that approach even though the deduced velocity is less de-
derivative is dimensionless while the velocity differs from the Orbit"ﬁendent on the corrections than is the case with this method).

velocity by the convective velocity offset. The cell gas temperaturergs(\)r the direct photometric method, any instrumental drift will

shown for each of the two lines. The values chosen bracket the rat];%e . . .
fmd its way into the signal and can masquerade as a solar veloc-

observed during the first year of operation. For the purpose of findlﬁ% Th | hi his th
the magnetic modulation, we need the gas temperature during the two- e only reason we can attempt this approach Is the great

wing period which ranged between 154© and 155.1 C. stability of the observing platform and instrument. We are also
aided by the separation in frequency between most drifts which
occur over periods longer than one day and the solar oscillation

givingdR = R,— Rwhich can be inserted into EQ](8) to obtainiodes of interest which have periods in the 0.05 to 3.0 hour
range. However, there are also some gain fluctuations mostly

L

1.30
Covv b v b b v by v b by

0 100 200 300 400 500 600

V=VEinstein (m/S)

~
ol
o

> $igi (IT‘IZ/M" + Ib|ff«,i|) from PM1 which produce abrupt jumps in this photomultiplier’s
ovR = (1 o UB counting rate and if uncorrected would add noise to the data in
20 ( el il + Bl ) a frequency band overlapping that of interest. These events are
_ dvp mostly discrete and small in number and have been removed
- E&)B' (23) by applying a compensating discontinuity which is adjusted to

assure smoothness across the jump.

Due to the temperature dependence of the Scattering |, the face of these obstacles it may seen undesireable to use

strengthsp;, the value ofdur/dvs al_so depends on the _tem-a direct photometric approach for the conversion of the GOLF
perature as well as the offset velocity. The total range in te

indi d by the plati be is f 16€9 @'gnal into a quantity having dimensions of velocity. Our moti-
perature as in X Icate y.t ep atinum probe IS from vation is as follows: a prime objective of the GOLF project is to
to 171.6 C during the entire first year of operation. During th

. iod which is of i h i entify for the first time coherent solar oscillations in the period
two wing period which is of interest the range was restricte nge 0.5 to 3.0 hours. Our ability to make this identification is

to l6b9'9 Cto 1702 .C' Tk:islcsgtrgsgolngss;oca ghas teanerafﬁwproved if we understand the sources of non-coherent veloci-
f[ure etween_ apfr;roxmar:e y AN : Wdzre Ii € tiesand develop methods of modeling them from other data. The
is an uncertain offset to the true gas temperature dbig dvs (ghotometric signal is an integral of the intensity over the visible

functions as derived from the Delbouille et al. (1973) integrat %Iar disk so that the full disk intensity can be considered to be
sunlight profiles are shown in Fig. 5. Since the offset velocity gt

the central time of the sequence was 315th sve can derive
dvgr/dvg = 1.314 4+ 0.003. From this result we may derive:

linear combination of the intensities produced by an array of
pixel-sized sub-elements. If we can deduce the pixel by pixel
signal due to non-coherent processes through the use of data
Svg =633+ 1ms ! . (24) from the MDI instrument on SOHO combined with ground-

based observatory data, we can form the linear combination of
The derivedévp corresponds to a magnetic modulation ohese effects with those due to velocities and possibly correct
76.9 + 1 gauss. Eq[{24) provides a precise determination fafr the non-coherent processes. The linear dependence present
the magnetic modulation amplitude and is adopted for the fia-treating the signal as photometric eases the task of isolat-
mainder of this paper. ing these effects. At shorter oscillation periods we can compare
GOLF to other oscillation observations while at longer periods
we can identify and possibly study the effect of solar active
regions and supergranulation on the GOLF measurements. In
The reduction sequence starts with the removal of instrumerttds way we may be able to work our way into the mode
effects along with the compensation for the inverse square effeguency range from above and below.

4. Corrections to the photomultiplier outputs
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In the above context conversion to a velocity scale takes thé 28 [
form of a function of the observed signal as follows:

v = V() <S o (“) (25)

where Sy(¢) is an intensity-like signal that is a very slowly
changing function of time including all identifiable properties ;
of the instrument and orbit as well as the solar line profiles. TAe
observed intensityg(t) is a similarly corrected quantity derived L
from the moment by moment observation of the solar output.”™
The sensitivity functiori; is well-known as a critical parameter

1.27

1.26

24

for resonance scattering instruments and is relates) toy: 1.23
dSp\ " dn,\ " |
Vo =5 (dv) ~ 1y <dv : (26) -400  -200 0 200 400 600

. V=VEinstein (m/s)
It is important to note that even a perfect photometer system

would not function as indicated in E¢.(25) because of the vefig- 6. The functiong. as a function Ofuor, = v — VEinstein. The
large variations caused by the sun-spacecratft velocity variati(sir%'vat've is dimensionless while the velocity differs from the orbital
and the consequent migration of the GOLF scattered wavelenéih)c'ty by the convective velocity offset. The cell gas temperature is

. - . - . own for each of the two lines. The values chosen bracket the range
relative to the solar spectral line. This subsection descrlbeg a . .

. . panned during operations.
method for calculating this effect.
The transformation from the observed count rate which we

designate a€’(¢) to an intensity-like variable allowing a ve-the combined solar line profile as seen by GOLF. At positive
locity calculation of the form given in E4.{R5) requires a serie®nd negative magnetic modulation states we obtain photomet-
of steps having varying degrees of reliability. The reduction s&€ ratesP™ and P~ which correspond to a velocity difference
quence starts with the removal of instrumental effects along with which is an effective velocity offset between the two states
the compensation for the inverse square effect of the variabfemagnetic modulation. In essence we can use the difference
distance. These steps will be described in Gaet al. (200D). in signaldP(t) = P*(t) — P~(t) to estimate the derivative
These corrections for deadtime, stem temperature, the invel¥e= dP/dv. By tracking the data over a large rangevirwe
square law and PM aging are all included here in derivihg can numerically integrat®’ dv to getP(v) itself. This task suf-
the photometric counting rate. Note, however, thatkhewn fers from the same difficulty of any absolute photometry in that
correction for PM aging does not account for the full effects infP(¢) includes all the system gain uncertainties. We can over-
strumental aging and this process is modelled in a more flexilsleme this problem by utilizing the ratiB* /P~ as a function
fashion below. Correction for the effect of the variable distan&é time and orbital velocity since all gain uncertainties cancel
and stem temperature can either increase or decrease the signie ratio. Consequently, we have
The aging eff_ect; monotonically decrease the &_gnal foIIowngr L(voms + 00)  IF
afunction which is probably roughly an exponential decay wi = Db T b
and unknown decay rate. The first step in the reduction is thén Iy (vorn) I,
Eﬁrgarrﬁ (;L;hs ra}:/(\:/a(;ic:)l;n(t)fr?ﬁ (é)e;z t?m%hggr)rrggii;ra'::]ée)(i?verWhere we can express the ratio of the two intensities in terms of

gn & pp . ’ A effective velocity offset given by:
square distance correction and the stem temperature correction.

Sv = Zi Qsigijl{
T/
5.2. Use of the magnetic modulation 2 ¢l

The corrections above are due to instrumental effects and YHiCh definegy. as an effectivg value. This function is shown
geometric inverse square effect of the variable distance. In #4Fig.6 and is fit by:

dition there is the effect of the variable sun-spacecraft velocity
on the solar line intensity at the working point of the GOLF Ge
instrument. This effect produces the instrument’s sensitivity to ) . i ) )
velocity and is essential to the instrument operation. Howevifth vors in Ms™". We thus find that the orbital velocity plus
the large amplitude of velocity variation through the orbital paffi€ ©ffset velocity is:

maps out a significant portion of the solar line profile and com- b+ = (
plicates the interpretation of the absolute photometry throug‘l‘ﬁI ’

the non-linearity of the functional relationship between velocityherev, = ~o/(1 + v1). Using the value ofv from Eq[24,
and intensity. Fortunately due to the magnetic modulation wee havey, = 158.1ms™!, v; = —6.436 x 1073, andv, =
have a method available to determine to a good approximatioi9.1 ms1.

(27)

26vp = g.(20vp) (28)

_ Yo+ Y1Vorb

= 1.2491 — 5.084 x 10 Pvg, = (29)
2(51)3

1+ ’Yl)Uorb +v% = (1 + 71)(Uorb + Ue) (30)
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Fig. 7a and b. The magnetic modulation rati®* /P~ for the two

photomultipliers as a function of the orbital velocity,,. The upper
subfigurea shows the function for PM1 and the lower subfiglre
shows the function for PM2.

Table 3. Fitting coefficients for the magnetic modulation ratio

Wlng Ao A1 AQ
(ms™H~! (ms™')~?
PM1 Blue 0.037885 —1.163 x 107° 0.73 x 107°
PM2 Blue 0.037341 —1.157x107° 0.69 x 107°
PM1 Red 0.052112 1.130 x 107> —1.20 x 107°
PM2 Red 0.052108 1.085 x 107> —0.55 x 107°

a brief cooldown where the missing data has been replaced with
an interpolated fill. For PM2 the ratio remains a unique function
of v.,, Whereas for PM1 the most recent data neads0ms—!
deviates from the previous pattern. Generally the data from PM2
appears more reliable than that for PM1.

Although not needed for the primary data set beginning
April 11, 1996, the magnetic modulation on the red wings of
the lines is also of interest as a diagnostic of instrument per-
formance and as a tool for verification of the analysis method.
Table[3 gives both the fitting coefficients for the correlations
shown in Figd.l7a arld 7b and for similar correlations obtained
for the red wing data between Jan. 20, 1996 and April 1, 1996.
The blue wing coefficients apply to the full data set while those
for the red wing are available only for these early operations.
The red wing data in particular have been contaminated by a
variety of commissioning activities and are less reliable for this
reason as well as having reduced reliability due to the smaller
range in orbital velocity spanned by the sequence.

5.3. Correction for the working point wavelength variation
due to sun-spacecraft velocity changes

Asthe velocity of the spacecraftrelative to the sun varies through
the orbit, the intensity of the solar lines should change due to
the shift of the central wavelength of the solar line relative to the
fixed wavelengths of the scattering points. We wish to correct the
output of the GOLF instrument for this effect by deducing the

effective shape of the solar line from the magnetically modulated
position of the scattering points and the drift in relative velocity

itself. The line profiles have been defined in E¢§.9[ 1D, 18 and

As long as the photomultipliers respond linearly to sol&@. Whereas most of the discussion has been carried out in

radiation the ratia®* /P~ should be a function of orbital ve-

terms of ratios of outputs in order to eliminate the need to use

locity alone. Thus we can express this ratio as a power ser@solute photometry, the line profile functions required in above

expansion:

I+

P+ K 4 5 b
1+ E ~ 2 31
k Yorb Ib— ( )

=
k=0

where K = 2 for our present data. We could also considéer
to be larger than 2 with the coefficienty, = 0 for k& > 2.
In practice the data can be adequately fit with jdst A,, and

equations are not written in the form of a ratio. They can be
converted to a ratio by the adoption of a reference intensity
defined to bely. A convenient choice of; is that where the
sun-spacecraft relative velocity is zero using the low field state
of magnetic modulation.

To illustrate the method of obtaining the line intensity from
the observed ratio of intensities in the two magnetic modula-
tion states, we retain onlyl; and represent the intensity with

A and inclusion of higher terms would raise the risk of fittingerms quadratic in the velocity. The representation of the line
spurious features. Fids. 7a dnd 7b show the relationship betwgRBnsities are to this approximation:

Vorb @nd P+ /P~ for PM1 and PM2. These figures include all
data between April 11, 1996 and Feb. 16, 1998 except for thg 5

i i i b = 1+ aqvorb + agv? (32)
day interval in Nov, 1996 when the GOLF system experlencepg 1Yorb 2Vorb
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Fig. 8. The solar line intensity functiod;" /I, as a function of the
orbital velocityvorbital

L

=1+ a1 (Vorb + 60) + @2 (Vorp, + 60)? (33)
0

1+ ai(1+ 1) (vorb + ve) +
+042(]- + 71)2(vorb + ve)Q . (34)

We can also represefif /I, as the productof,” /I and!," /1,
from Eq[31:

L _ LI
Ly LI,
(1 + 01 Vorb + angrb) (1+ Ag+ Avorn) - (35)

We can equate these two expressiongforand equate coeffi-
cients of like powers of,,;, to obtain two expressions far;
andas:

Ao (36)
Ay (37)

(1 +71)veas + (1 +71)*v2az
(71 — Ao)ar +2(1 + 1) vecs

which are readily solved far; andas. Inthe Appendix we show

5000

4750

4500

4250

Vg (m/s)

4000

3750

3500 —

| | | | | |
-800 -600 -400 -200 0 200 400

Vorbital (M/S)

Fig. 9. The velocity sensitivity conversion factot@‘: as functions of
the orbital velocityvorbital -

line-of-sight velocity (note that the subscript indicating the ap-
plication to the blue wing is dropped here since these appli-
cations will only be to the period between 11-Apr-1996 and
24-Jun-1998 for which the data was exclusively from the blue
wing). The signal function§* have been corrected for the line
intensity variation and some instrumental effects but not for in-
strument aging and other possible instrument drifts. There are
four separate signals to corre€f, S, Sy andS;” and these
are treated independently. For the purpose of describing the pro-
cess, the present discussion will be limited to only one of them:
S5 . Results will be discussed for all channels in the following
section. Because most of the effects treated by the detrending
occur on long time scales, the figures presented here are for low
pass filtered data sampled once per hour. The full reduced data
set retains the 10 second sampling and is detrended for long
time effects by the methods described here.

Fig[I0 showsS as a function of time. The nature of the
variation is not understood, however, it appears to be the re-
sult of a decay modulated by some nearly sinusoidal process.

how to find then,, for an arbitrary number of coefficients using>Nc€ We do not have any constraints we can place on the nearly

as many empirically determinedl,, as needed to represent th
observed intensity ratid,” /I, . The signal functionss* and
S~ are then

I I
S = I—in* and S, = 1—0be . (38)

b b

The line intensity functiond;" /I, are shown in Fig18. The
derivativeq Ip) ~'dl," /dvand(Iy)~'dI, /dvcanbe calculated
straightforwardly from these expansions allowing,gunction

to be determined fof,” andS, individually. These sensitivity

functions are shown in Fig] 9 as functions of the orbital velocit

6. Velocities and detrending

t
The procedures described inthe preceeding sections provide%/(vg

Sinusoidal process, we model this decay as the product of an

exponential-like decay and a sinusoid with a phase function
to be adjusted. To find the exponential-like decay, we need to
examine periods when the nearly sinusoidal function has the
same value. Lacking knowledge of times of equal phase for this
function, we choose times when the uncertain phase will have
the least impact, namely, those times when this function is at
maxima or minima. Examination of Fig.11.0 shows that there are
two maxima and two minima. Imposing a requirement that the
decay-corrected signal should be the same at the two maxima
nd the same at the two minima yields two conditions that allow
's to adjust two constants in the decay formulation. Based on
this plan we take the gain factor to be a quadratic exponential:

= exp [Bi(t — to) + Ba(t — t0)?] - (39)

functionsS* andV, which are dependent on the sun-spacecrditg.[10 shows the product betwesrand this gain factog(t).
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pendence 0§.S. The fitis carried out iteratively in the following
sequence: 1) coefficienty and3; in Eq. (39) are guessed and
a trial value forgS is computed; 2) the turning points S
are found by fitting a 4th order polynomial t&&' in the vicin-
ity of each turning point and then finding either maximum or
minimum of this polynomial; 3) the two coefficients andgs
are adjusted to cause the two maxima and two minima to have
equal values of;S. Following step 3) the process can be re-
peated until the values @f, and3; are adequately stable. The
interdependence between the fitting functicendgS depends
on the proximity of the turning points: near the turning points
z mostly depends ofy.S), ande but is independent af while
midway between the turning pointss most sensitive t@.
e The quantity (¢.5)¢ is the average oS at the maxi-

0 100 200 300 400 500 600 700 soo mum and minimum turning points. While the fitting parame-

t (days after ters 3;, B> ande all must be determined numerically to high

Fig. 10. The derived signal functiof;” (solid) and the gain corrected Precision in order to leave a small remainder, the exact val-
function ¢S5 as a function of time (dashed). For comparison the oues are of little interest. To modest precision, all four time
bital velocity is shown as well offset by 1km plus the Einstein series are fitted by the valugg = 6.95 x 10~ (days) ',
graxitationa) shift of 636 ms' (dotted). B = —4.8 x 108 (days) 2, ande = 0.080. The phase func-
tion is found frome(t) = sin ™" [6—1 (gS/(gS)o - 1)} This
guantity is smoothed by replacing the point by point values with
a 10th order polynomiap,(t). The phase function for PM2 in
the minus magnetic modulation state is shown in[Eig. 11. The
other phase functions are indistinguishable on the scale of this
plot.

Following the end of the time period shown here, the obser-
vations have been interrupted by the SOHO loss of attitude con-
trol and communications. Just prior to the end of the sequence
shown, it is evident in Fig._11 that the pattern of evolution of
¢ has changed. Following the recovery of SOHO, the GOLF
instrument is operating in the red wing and the new data can
be treated with an appropriately applied version of the method
-12 described here. This new data shows that the change ia the

evolution is caused by a decrease.iin the new data the times
o0 " 50050000 soo " s00 oo soo Of the turning points continues to follow the pattern shown in
t (days after Fig.[10 withg being extended from Eq.(B9) with approximately

Fig. 11. The phase function(t) used to detrend the nearly sinusoidafONStanth and,. Thus the evolution of the system throughput
drift of the intensity from the GOLF instrument. Shown is the phasdH€ to the effects discussed in this section is largely indepen-

function for photomultiplier 2 in the minus state of magnetic modul&lent of the operation of the instrument which was off during
tion. the SOHO loss of control period. Consequently, it is unlikely

that the throughput loss is due to aging of the photomultipli-
] S . _ers or a degradation in the sodium cell optics. The change in
Although the residual variation inS' is nearly sinusoidal means that the fitting function derived above cannot be used in
and also nearly synchronous with the orbital velocity variatioRge reduction of the new GOLF time series.
the initial and final turning points @f5 do not coincide withthe  The apove detrending procedure reduces the amplitude of
orbital velocity turning points and the orbital velocity is muchemporal components having periods longer than about one
further from a sinusoid than isS. The cause for this variation enth of the full time period or about 80 days. We can now

is not understood but one can speculate that some interfereggylate the velocity from EG(R5) by takir to be
effect perhaps a gradual change in the index of refraction of one

cavity of the multi-layer band-pass filter is gradually changin@o(t) = g7 (1)(9S)o (1 + esin[ps(t)]) (40)

to produce this sinusoid-like variation in the overall throughpuand usingl, calculated from the orbital velocity as shown in
Regardless of the cause, the trends can be removed by talkiggd. The resulting quantity = V,(S/So — 1) has dimensions
advantage of the near sinusoidal behavior. To accomplish thigfa velocity and is a mixture of line shift and intensity effects
phase functiom(t) is derived so that a fitting functiosn(t) of from large scale convection and magnetic activity as well as
the formz(t) = (9S5)o (1 + esin [¢(¢)]) matches the time de- possible instrumental drifts. The independent treatment of the
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- I - | L S 1 &t. Each curve is labeled by the two functions which are included in

1oApr96  1-Aug96  1-Dec-95  1-Ap97  1-ug-7  1-Deoss?  1-Apr-s8 the cross-correlation function. The lagis the amount _by which the _
Date first function leads the second — i.e. where both functions change sign
from positive to negative, a positivé means the first function crosses

Fig. 12. This figure shows the velocityand difference in velocityv  zerg before the second. The three velocity functions are explained in
derived for PM2 according to the methods described in the text. T text.

difference is the velocity from the plus state of magnetic modulation

minus that for the minus state of magnetic modulation. The time series

was subject to a low pass filter and then resampled to once per houiBFe€dv = v — v, and the velocity derived from the quantity

this plot. The difference has been offset by -20mh.s X =0.5(PT + P7)/(P* — P~) where the angle bracket no-
tation implies a smoothing over one day. The velocities derived
from X show the strongest correlation with solar activity but

two states of magnetic modulation provides an indication of the¢ a shifted lag time whereas the velocity derived directly from

differing effects of solar magnetic activity on the velocity dethe intensity has the greatest correlation with no lag time. Evi-

rived from the intensity and the velocity derived from a localently the darkening of the surface by sunspots and plages (for

slope of the solar line. Fig. 12 shows the final velocity functiothe GOLF working point of sodium) causes the effective veloc-

the difference in the velocity functions between the two statig to be most negative when the spots and plages are nearest the

of magnetic modulation, and for reference a scaled and invertsghter of the disk. For the quantities which depend on the line

plot of the MPSI(see the next paragraph). The difference furglepe dv andvx the time of greatest cross-correlation is shifted

tion has been offset by20 m s~ in order to permit it to be seen from the time when these features are nearest disk center. Grec

easily. Each curve shows the result of a low pass filtered tirseal. [2000) have discussed a quantityhich is similar to the

series sampled once per hour. The above detrending procedwerse of X and found that it provides a means of studying

causes the overall trend lines to be of nearly zero slope. In the location of solar activity measured in a global fashion. A

case of the difference velocity, it is of interest to point out thaletailed comparison between the MPSI and specific excursions

the temporal detrending is not required to bring the differencigsthe velocity derived front shows that the features do line

to near zero. The difference between the fitting functions relap as indicated by the cross-correlation but that the maximal

tive to the fitting function itself i§S;” — S, )/So ~ £2x 10~  excursions are a combination of uncorrected instrumental drift

so that the line intensity determination is accurate to within oa@d the signal induced by the magnetic field features.

part per 500.

The long-time variation shown in Fig.112 evidently has 3 Results

periodicity close to the solar synodic rotation rate and is a con-

sequence of the persistence of solar longitude zones of mege can utilize the velocity scaling and fitting to examine the

netic activity. In order to quantify this effect, we calculate theolar background velocity variations and the dependence of the

lagged cross-correlation coefficient between several velocitys velocity amplitude on orbital velocity.

measures and an index of solar activity which has a high cor-

relation with plage regions. This index, shown on Eig. 12, |§

called the Magnetic Plage Strength Index (MPSI) and has be€e

developed by Chapman & Boyden (1986), Ulrich (1991) anthe power spectra for the velocity and the difference veloc-

Parker et al.[(1998). Fig. 13 shows the cross-correlation furty are shown in Fig$. 14 arld 115 respectively. Also shown on

tion between the MPSI and the velocity the velocity differ- the velocity power spectrum plot is a fit to the pattern based

dv
o
<

%. Power spectra
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Fig. 14. This figure shows the log of the power spectrum versus tirég. 15. This figure shows the log of the power spectrum of the dif-

log of the frequency for the average of all four data channels (PMirence in velocity between the plus and minus states of magnetic

1 and 2 plus both states of magnetic modulation). The power spectraddulation versus the log of the frequency for the average of the data

values have been binned into intervals of constant change (m)og channelsfrom PM 1 and 2. The power spectral values have been binned
into intervals of constant change in l@g.

on the formula given by Harvey (1985) which uses only three

components. This fit is discussed further in the next paragraphuding this wide range of frequencies have been published by
An alternate treatment of the GOLF data (Robillot et al. 1998)ménez et al/(1988) and Palét al. [(1995). At the lowest fre-
calculates a velocity from a ratio which is related to quantiti&giencies, the darkening effects of sunspots certainly can intro-
used in the present approach. The numerator of their ratiadisce a variability which is not a true velocity signal. Indeed, the
proportional to the velocity derived here. The denominator obnsiderations by Harvey (1985) anticipated that the velocity-
their ration at time scales longer than one day is proportiorigde signal at periods comparable to the rotation period would
to our difference velocity while at time scales shorter than obe due to a cross-talk between intensity and velocity. We recog-
day the denominator is essentially constant. One might expeize this and simply refer to the time series as velocity signals
there to be a break in the derived power spectrum related to &ven though some of what they include comes from intensity
denominator smoothing if the numerator and denominator asariations.

correlated at time scales shorter than one day. Consequently, itFor the power spectrum derived from the velocity signal,
is of interest to examine the components separately. The powesre is a break in the slope at approximately:2&. Below this
spectrum from the velocity signal shown in Hig] 14 is based érequency the slope matches that of the Haryey (1985) model
an approach which deals with the GOLF data without any fréer active regions with a slope ef2. The shape above the break
quency dependent factors for all time periods between the i8Gteeper than would be expected from the Harvey model for
day limit from the phase function detrending and the cutoff gfranulation alone although the break point is near where Pall
6000p:Hz imposed for convenience in this display which enet al. (1995) showed the granulation and active region contri-
phasizes the low frequency range. It provides an estimate of theions crossing over. This change of slope suggests that the
solar background spectrum free from the effects of the diurreffects of active regions should become small in the frequency
cycles and atmospheric transparency problems of ground-bassdye of 100 to 100QHz where the search for low frequency so-
observers and takes advantage of the long and nearly contindausnodes is currently concentrated. Apparently the solar back-
GOLF sequence. As such it represents an important estimatiwaund in this frequency range is largely due to convective ef-
of the solar background spectrum. Previous power spectrafieets rather than magnetic and activity related effects. Between
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about 5Q:Hz and 25Q:Hz the power spectral slope is about
—2/3 while between 60@Hz and 100Q:Hz the slope is steep- *-*8
est at—1.15. A change in slope of this type with a decrease to-
ward lower frequency indicates a convective phenomenon with .16
a lifetime comparable to the inverse of the frequency where
the negative curvature in the power spectrum is greatest. Thig ;4
suggests the lifetime of the convective elements most respon;si—
ble for the background noise is due to long-lived granulation., .,
Based on these considerations, the fit to the Harvey formula ui-
lizes only three components: an active region (AR) contribution
with ¢ = 2.4ms™! andT = 10%s, a long-lived granulation
(GL) contribution witha = 0.23ms ! andr = 800s, and a
short-lived granulation (GH) contribution with an amplitude of -08 | /
a = 0.3ms ! andr = 205s. These two contributions represent
parts of a distribution rather than distinct populations with well- —— - i e
defined properties. The amplitude and life-time parameters have 7= weee  1Peesse amapesr d-Augser - dbeesr - 3-Apreos
the usual meaning of the Harvey power spectrum form where Date
the power isP = >~ a?7;/ (1 + (27v7;)?). Due to the steep- Fig. 16. This figure shows the rms velocity variability calculated from
ness of the low frequency part of the power spectrum, there s@gments one synodic Carrington rotation in duration using a velocity
be no contribution from supergranulation or mesogranulatigime series filtered to remove components with periods longer than
unless the contribution hypothesized for the active regions“ié‘ours; The soliq and dotted Iines‘are for the negative and positive
steeper than the 2 slope adopted by the Harvey model. magnetic modulation states respectively.

We caution against a physical interpretation of the power
spectrum shape in terms of the processes of granulation and
supergranulation. The fact that a component having a range of

lifetimes near that of the granulation should be present in thes difference in velocities, peaks at 27.0 and 9.0 days are clear

power spectrum while there can be no contribution from a coRyhile bands of enhanced power are seen near 13 and 7 days.
ponent having the lifetime of supergranulation is very hard to

explain on the basis of a physical model. If conservation of mat- i in th .
ter can cause the contribution from supergranulation to drop oZn?' Amplitude in the 5-minute band

it should apply equally well to granulation and prevent the feahe velocity scaling derived in this paper depends on the deter-
tures with that lifetime from appearing in Fig.14. Itis probablgnined line profile factors and even though the orbital velocity
that some other process must be invoked to explain the featufsyes the GOLF working point on the solar lineynm, the
seen in this power spectrum. Ulrich (1999) has suggested &gale factor included ifi; should properly account for this vari-
cently that atmospheric gravity waves have a resonance atfign. The scale factdr, changes by 30% during the year and
temporal frequency shown in Fig.]14 when driven by structurggfers between the two states of instrumental magnetic modu-
having a spatial wave number appropriate for supergranulatigdtion by 4%. According to line contribution functions provided
This resonance response can alter the balance between theis by Severing (1993), the height of formation using the Ma-
tensity and velocity components of the signal. The nature of thgin (1986) formulation varies between 242 and 310 km on the
power spectrum shown in Flg.114 clearly deserves addition@drnazza et al.[(1981) model C scale. These altitudes differ
attention. in density by 75% so that if the velocity scales@s'/?, the

The strongest peaks at the lowest frequencies corresponghiig velocity should differ by 32% with the rms velocity being
27 and 13 days and are the well-known rotational modulatigfygest when the GOLF working point is closest to the line core
associated with the active region signal (8imrez 198B). The at the most negative velocity. In addition, two states of mag-
power spectrum of the difference velocity has a lower slopgtic modulation are offset from each other by an amount of
of —5/3 and is dominated by shot noise for frequencies aboygs the orbital velocity range and should consequently show a
11pHz. When the difference signal is used to form a ratio prigjifference in rms velocity of 2%.
to the calculation of a velocity, a low-pass filter is used to elim- |n order to study the altitude dependence, the full time se-
inate those frequency components above:Hiz. Due to this ries was band-pass filtered to include only variations in the
shot noise, it is not possible to distinguish between convectifgge-minute band having frequencies between 2082 and
and active region effects in the 100 to 1Qd8z frequency band 5000.Hz. The time sequence was divided into segments of
in the case of the power spectrum of the difference velocity. 27.28 days, a period corresponding to one synodic Carrington

Distinct peaks or groups of peaks are found in the powgstation, and the rms variation in velocity was calculated for
spectrum of the velocity at periods of 26.9, 18.0, 9.0, 6.8 ag@ch. The results are shown in Figl 16 for both states of mag-
3.5days. The peaks at 26.9, 18.0 and 3.5 days are distinct Whigic modulation. One period including the time of the sodium
those at 9.0 and 6.8 days are clusters. For the power spectruedfcooldown in September of 1996 is left out because the gap




R.K. Ulrich et al.: Sensitivity of the GOLF signal to combined solar velocity and intensity variations 813

during the four days of no data has been filled with a noisele&gpendix A: derivation of the solar line intensity
auto-recursive representation which reduced the rms artificialg a function ofvgp

for that Carrington rotation. It is clear from Fig.]16 that the ob- - . .
ng ! : 1] qn %rder to convert the photomultiplier rate ratio to a function

served dependence on altitude is much less than the estimaﬁ . .
) . : ich represents the dependence/pbn the orbital velocity
given here. By extracting the lowest four harmonic componer\l'f's

f : : : we consider thaf, can be expanded in a power series of the
rom the time series o#,,,s and comparing these components . . T _ . . .
with the first four harmonic components from the orbital veIoco—frbltal velocity and_thafb and fy are obtameq by |nsert|_ng
ity, we find that variation iny.. correlated with the change in®_ — Uorb+0? andv™ = Vorb INO this power series. According
the spectral line working pointis only 3.3% instead of the antitt:c—’ Eq. [30) we can write:

ipated 32%. In asimi]ar fashion.the.average valugQf forthe  ,+ — (1 4 ) (vor, + ve) - (A1)

plus state of magnetic modulation is oly8 + 0.05% smaller

than that for the minus state instead of the expected 2%. Suchh& intensities can then be expressed in terms of the general
slight increase in the rms amplitude with altitude indicates thp@wer series:

the modes are damped in this part of the sun’s atmosphere. N
Iy = Iy ayvl, and

n=0

8. Conclusions

This paper has developed a method for converting the signal N

from the GOLF instrument provided in its “one-wing” mode of 6 = 0 > an(l4m)" (vort + ve)" (A-2)
operation into a quantity having dimensions of a velocity. An =0

important time sequence is used from the “two-wing” periogherel, is thel,” intensity when,,;, = 0 and for compactness
of operations to constrain the amplitude of the magnetic magkthe sums we have defined = 1. After utilizing the fact that

ulation. A formalism is presented to describe the three comyy, ., << 1, the difference in intensities can be expressed as
ponents of the scattered light and the interaction between their
wavelengths and those of the solar absorption lines. The prgt — I,
mary result of the method is to provide a sensitivity function 7~
Vo which converts fractional photometric intensity deviations

into a velocity. Such a method requires a reference intensity in The quantity(v,,1, + v.)"™ can be expanded as a binomial to
order to calculate a deviation. We have presented a model of ¢fe
GOLF signal which permits the retention of deviations having
periods up to 45 days. The reference signal can also be obtaiped

. .. . . Uorb + Ue)n
by temporally smoothing the photometric intensity and in thi

N
Z (e70) [(1 + nryl)(vorb + Ue)n - Ugrb] (A3)

n=0

n

n
n—m.,m
E ( m ) Ve Uorb

o . ) ; =0
case the same sensitivity function continues to be appropriate. "
Using the uniform treatment of the instrument for all time _ Z (” ) PRI (A.4)
scales between 80 seconds and 80 days, we have provided an L= \m/ o e

estimation of the shape of the sun’s power spectrum. While ] ] .
uncertainties remain as to the relative importance of intensfifter inserting the expansions f@to:, + ve)" into Eq.[A.3)
and velocity contributions at low frequencies, the break in tif¢e 9et:

power spectrum found at 2684z suggests that active region _ N
effects should be small in the frequency band between 100 dnd= 1 _ Z (14 ny)
1000uHz. The very small variation found in the rms amplitude /o =0
of the oscillatory signal as a function of sun-spacecraft shows n—1
that the kinetic energy density of the oscillation decreases with % [Z ( n ) oYM T
altitude. This is a consequence of the evanescent character of m—o "

the acoustic oscillations in the photospheric layers combined — vy (A.5)

with extra damping. N n—1
n _
= Zan (I+nv) Z (m) v Mol
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(A.12)

Ag —nm Oy

let us reverse the order of summation. We have to correctly setarly the same way relative to their average and provides a
the limits of summation in the new order so that we continue toore symmetric treatment of the two wings. An IDL code to
include the same terms originally present. As written in Eq.J(Adgerive thea coefficients from thed coefficients is available

the terms present hayve< n < N and0 < m <n —1s0

from the UCLA GOLF website.

that when we exchange the order of the summation the limits

transform as follows:
n—1 N N

>y oy

n=0 m=0 m=0 n=m-+1

(A.7)

which allows us to reexpress the intensity difference as:

LI &
b 7 b= > anull, (A.8)
0 m=0
where we have defined:
N n
- = m (1 ( )ff;*m A9
a Ammy1 + Z an(1+nvyp) )V (A.9)

n=m-41

We can combine Eq€.{B1) aiid{A.8) fd;™ — 7, )/I, and
express the result as a functiomgf;,:
I A LN N o™
Bk - % a, = ZgpoontSh
b j=1

(A.10)
N n
Zn:O UnVs,
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