p

±

,

1

2

3

4

5

1 1 2 1 3 3 4

5

1

1

1

Send offprint r e quests to l

l

l

l

m

a l

n a

l

p

p

l

m

l <

l l

m l

n

l

l

l p

p

l p

l

a

n l

F requencies and splittings of lo w-degree solar mo des:

Results of the Luminosit y Oscillations Imager

A&A manuscript no.

Y our thesaurus co des are:

06.15.1; 03.13.5; 03.09.4

T.App ourchaux , T. T outain , U.T elljohann , A.Jiḿ enez , M.C.Rab ello-Soares , B.N.Andersen and

A.R.Jones

Abstract.

Key words:

1. Intro duction

Space Science Department of ESA, ESTEC, NL-2200 AG No ordwijk

Observ atoire de la C^ ote d’Azur, F-06003 Nice Cedex

Instituto de Astrofisica de Canarias, Universidad de La Laguna, E-38071 La Laguna, T enerife

Norwegian Space Centre, N-0309 Oslo 3

Bartol Research Institute, 950 N. Cherry Avenue, P

. O. Box 26732, T ucson, Arizona 85719

Received 3 Novemb er, 1994; accepted 8 Decemb er 1994. Letter to A&A, 294, L13

: T. App ourchaux

(will b e inserted by hand later)

ASTRONOMY

AND

ASTROPHYSICS

10.2.1995

The Luminosity Oscillations Imager is a part

of the VIRGO instrument to b e flown ab oard the So-

lar and Heliospheric Observ atory in mid 1995. Using a

ground-based version of the instrument, we have detected

low- mo des with a time series spanning 163 days. The low

resolution capability of the instrument allows the identi-

fication of individual tesseral orders for = 2 to 5. The

data reduction metho d prevents from observing the = 0

mo des, and reduces the amplitude of the = 1 mo des with

= 1. The frequencies and, for the first time, the linear

comp onent of the mo de splitting ( ) are given for =2 to

5 for each order . The frequencies and the are obtained

by fitting simultaneously the 2 + 1 sp ectra using maxi-

mum likeliho o d estimators. The splittings are compared

with other published v alues.

solar oscillations - mo des - internal rotation

Helioseismology is a p owerful to ol to infer the internal

structure of the Sun. Over the past two decades, v ari-

ous apparatus rep orted on the detection of global solar

mo des. High resolution imaging instruments can detect

degree down to = 3 (Harvey

, 1988) while separating the

individual tesseral orders , allowing to measure the split-

ting of the mo des. Unfortunately the instability of these

instruments prevents to detect mo des with 3. Inte-

grated sunlight instruments do not have any resolution,

but they can detect degree from = 0 to = 3 (Harvey ,

1988). The v arious comp onents are not all detected and are mixed in the p ower sp ectra, making difficult the de-

termination of mo de splitting at low . V arious attempts

to measure those splittings are starting to give consistent

results (Jiḿ enez et al, 1994; Loudagh et al, 1993; T outain

and Kosovichev, 1994). Nevertheless, the rotational split-

ting given by these authors is an average over v arious

and .

It is hop ed that with the Solar and Heliospheric Ob-

serv atory (SOHO), long observ ations combined with the

absence of atmospheric noise will lead to significant im-

provements in the knowledge of the internal solar rotation

(Domingo and Poland, 1989). F rom the ground, it has

b een prop osed by T omczyk et al (1994b) to observe the

splitting of low- mo des using an imaging instrument with

a very stable zero p oint. Their seminal work gave us the

momentum for trying to detect from the ground the mo de

splitting with the Luminosity Oscillations Imager (LOI).

The LOI was built by the Space Science Department of the

Europ ean Space Agency as a contribution to the VIRGO

instrument (V ariability of Solar Irradiance and Gravity

Oscillations), one of the helioseismology instruments of

SOHO. After the completion of the flight programme, we

installed in May 1994 the Qualification Mo del of the LOI

at the Observ atorio del T eide (Iza ~ na, T enerife) for detect-

ing in intensity low- mo des. Due to the atmospheric

noise, the detection of mo des in intensity is difficult

(Jiḿ enez et al, 1987; Andersen and Domingo, 1988). Nev-

ertheless, the successful observ ation of low- mo des by

the LOI leads to improv ement in the determination of the

rotational splitting of low- mo des. Here we present new

measurements using a technique to fit the sp ectra that

was develop ed indep endently of T omczyk et al (1994a).

The frequencies and, for the first time, the comp onent

of the splitting are given for each and .

In this letter, we describ e firstly the LOI instrument

and secondly how the data were obtained and reduced. In

8

6

4

2

0

Power (in ppm_2 / μHz)

3400

3200

3000

2800

2600

Frequency (inμHz)

l=1 l=2 l=3

′

±

± f

l <

σ

σ

Fig. 1. l , m

μ

l , m l , m

2. Description of the LOI instrumen t

3. Observ ation and data reduction

2

Power sp ectrum for the = 1 = 0 optimal filter, smo othed to 21 p oints to enhance the mo des. The frequency

resolution is 0.071 Hz. Each mo de and its two aliases can b e identified. In addition , the spatial sidelob es are clearly visibl e;

they are the = 2 = 1, and the = 3 = 0 mo des

the third section, we exp ose how the sp ectra were anal-

ysed. In the last section, we compare our results with other

av ailable v alues and then conclude.

The design of the LOI instrument was an original idea of

Andersen et al (1988). It consists of a Ritchey-Chŕ etien

telescop e ( =1300 mm) imaging the Sun through an 5-

nm passband interference filter at 500 nm. The image

is pro jected on a photo dio de array detector built to our

sp ecifications (App ourchaux et al, 1992). The detector is

made out of 12 scientific pixels and of 4 guiding pixels.

The shap e of the scientific pixels are trimmed to detect

low degree mo des for 7 (App ourchaux and Andersen,

1990). The guiding pixels are 4 quadrants of an annulus

with an inner and outer radius of 0.95 and 1.05 solar ra-

dius, resp ectively

. The error signals for the guiding servo

are the differences b etween two opp osite pixels. The er-

ror signals are fed back to two piezo electric actuators that

move the secondary mirror around its vertex. The actua-

tors provide b oth the coarse and fine p ointing; the total

range of the Qualification Mo del is 5 with a 0.2” preci-

sion; the 3db bandwidth of the servo control is 10 Hz. The

current of each scientific pixel is amplified and digitised

using V oltage-to-F requency Converters (VFCs). The cur-

rent of each guiding pixel is amplified and digitised using

A/D converters. The 12 scientific pixels are read simulta-

neously while the 4 guiding pixels are read sequentially .

The sampling time of the instrument is 53.687523 s. The

integration time of the scientific pixels is the same as the

sampling time. The integration time of the guiding pixels

is ab out 2 s. The instrument is controlled with a PC and all scientific and housekeeping data are stored on a hard

disk.

The LOI instrument was installed on an equatorial mount

on May 2, 1994 in T enerife. The time series analysed here

starts from May 2 and ends on Octob er 11. The duty

cycle is ab out 33 %. Most observ ations were p erformed

when the Sahara desert blows sand in the sky of T enerife,

and therefore lowers the transparency and increases the

scattered light. The clo ck of the PC was drifting from day

to day

. This drift was daily measured and if necess ary

the PC clo ck was readjusted. The observed stability of

the guiding was ab out 0.2-0.4”. This is an upp er limit

since the atmospheric transparency changes as the guiding

pixels are read. The LOI was not aligned with the solar

rotation axis and the Sun was rotating from day to day

with resp ect to the detector.

The data reduction was done in three steps. Firstly

, we

correct the pixels for the fluctuations in the atmospheric

transparency; this is done by dividing, at a given time,

each pixel by an average over the 12 pixels. Thanks to

the coherence of the atmosphere over the solar disk, this

reduces by a factor 20 the main atmospheric effect. Sec-

ondly

, we correct the pixels for their different sensitivity

and of the differential extinction; this is done by dividing

each pixel by a running mean of the pixel. The running

mean is a gaussian filter; the frequency cut-on of this fil-

ter is 0.5 mHz. F or each pixel, the lowest of the series is

used to remove spikes greater than 5 ; the spikes are re-

placed by zeros. Thirdly

, the time series for each pixel are

resynchronised every day using a linear interp olation. No

other instrumental correction are p erformed. These data

30

20

10

0

-10

-20

Power (in ppm_2/ μHz)

3030

3025

3020

Frequency (inμHz)

m

−

−

±

√

2

0 1 1 m ν l , n Fig. 2.

4. F requencies and splittings l , m

l , m

P B

l , m

l , m

l , m

μ

l , m

l ,

/μ

l , m

m ν l

l

l , m

l n, l

μ m

l

n, l

m ν ν ma a l l

l , m l

n, l m

l

μ

3

diagram for the = 2 = 20 mo de. The sp ectra

are not smo othed. The fit for this mo de are sup erimp osed in

b old are used for computing the time series for a given

mo de.

The optimal linear combination of the pixels to obtain a

given mo de was rep orted by App ourchaux and An-

dersen (1990). Here we used their optimal filters computed

for a p erfect LOI detector having neither tracks nor guid-

ing pixels. This approximation has proven to b e sufficient

for our purp ose and correct optimal filters are b eing com-

puted for the SOHO instrument. Since the Sun rotates

with resp ec t to the detector (the and angles are not

negligible) the optimal filters are up dated every week and

a linear interp olation provide the daily optimal filter. If

one were to neglect this image rotation, one would see the

effect by an increased cross talk b etween the mo des. F or

the mo de to b e analysed, a single time series is ob-

tained by computing the weighted average of the 12 pixels

using the optimal filter of the mo de. The optimal fil-

ters are complex and allow to separate the prograde and

retrograde mo des in the F ourier space. T o minim ise the

atmospheric noise, the time series for the given mo de

are weighted by the daily v ariance; this provides a signif-

icant improvement in the p ower sp ectra. The time series

are normalised to take into account the weighted window

function. The frequency resolution of the p ower sp ectra is

0.071 Hz.

Figure 1 shows the p ower sp ectrum for the = 1 =

0 optimal filter; mo des with = 1 2 and 3 are clearly

detected with amplitudes of ab out a few part-p er-million

(ppm). The noise level is ab out 0.8 ppm Hz which is

ab out a factor 4 higher than the noise obtained from space

by IPHIR. The signal-to-noise ratio in the p ower sp ec-

tra ranges from 1 to 4. It must b e p ointed out that con-

trary to what has b een rep orted by Palĺ e et al (1993), the

= 1 = 0 mo des are detecte d by T omczyk (1994) and

by us. Figure 2 shows a diagram for an = 2 mo de;

the rotational splitting is also clearly visible. The data

reduction pro cedure prevents from detecting the = 0

mo de b ecause this mo de is filtered out when correcting

for the fluctuations of the atmospheric transparency . F or

the same reason the = 1 = 1 mo des are attenu-

ated by a factor of 4 in the p ower sp ectrum. In addition

these mo des are mixed in the p ower sp ectra b ecause their

relative phases are lost in the pro cess.

In order to extract in the b est way the information

contained in the sp ectra, we chose to fit simultaneously

the 2 + 1 sp ectra of a given mo de using maxim um

likeliho o d estimators (MLE); this technique is also used

by T omczyk et al (1994a). The window for the MLE was

14.2 Hz centred on the frequency of the = 0 mo de.

W e assumed that the linewidth is the same for the 2 + 1

comp onents of an mo de; and that the frequency of

an comp onent is = + , where is the lin-

ear comp onent of the splitting. The maxim um likeliho o d technique is well known and its error propagation prop-

erties are well understo o d (T outain and App ourchaux,

1994). The use of MLE leads to two ma jor approxima-

tions. Firstly

, it is assumed that in a p ower sp ectrum the

frequency bins are indep endent of each other. This is not

true as we have gaps in the data (Gabriel, 1994). Nev-

ertheless, the metho d we used is much simpler than the

metho d suggested by Gabriel (1994), and will not bias the

estimate on frequency (Lazrek and Hill, 1992) and split-

tings. Secondly

, we assumed that for a given , the 2 + 1

sp ectra are indep endent of each other. This is a very go o d

approximation even if there is a crosstalk (due to the im-

p erfect isolation of a given mo de) b etween the 2 + 1

sp ectra. The effect of the crosstalk is to couple for a given

mo de the comp onents with each other; this was

taken into account in the analysis. Due to the small corre-

lation b etween the 2 + 1 sp ectra, the error bars on the fre-

quency and splitting will b e slightly underestimated. The

same underestimation happ ens if one uses the temp oral

sidelob es at 11.57 Hz: the error bars would b e underesti-

mated by ab out a factor 3. The correct treatment of the

p ower sp ectra taking into account the statistical dep en-

dencies (frequency bins, temp oral and spatial sidelob es)

remain to b e done using the metho d describ ed by Gabriel

(1994). However we b elieve that only the estimate of the

1

A

1

1

1

L-AA

± ±

±

±

± ± ±

T able 1.

T able 2.

m

<> a

l

l ,

a

l

a l ,

l

l

l p m σ μ l p

n l l l

n l l l

a

l p σ

n l l l l

<>

5. Discussion and conclusion

References

±

± ±

± ±

± ±

± ±

± ±

± ± ±

± ± ±

± ±

± ±

± ±

± ±

± ±

± ±

± ±

± ±

± ±

±

± ± ±

± ± ± ±

± ± ± ±

± ± ± ±

± ± ± ±

± ± ± ±

± ± ± ±

± ± ± ±

± ± ±

± ± ± ± error bars on the frequency and splitting are biased, and

not the v alues themselves. T o minim ise this bias, the er-

ror bars have b een corrected at least from the crosstalk

b etween the v arious comp onents. T able 1 and T able 2

summarise, resp ectively the frequencies and the splittings

of the detected mo des. In addition, an optimal weighted

average ( ) of is given in T able 2.

F or = 2, we are in agreement with Elsworth et al (1994),

and T outain and Kosovichev (1994) (average over = 1 2:

440 10 nHz, 452 20 nHz resp ectively), and in disagree-

ment with F ossat et al (1994) (low order mo des: 499 15

nHz); these 3 v alues represent an average of the splitting

of sectoral mo des, and should therefore b e slightly higher

than our by a few nHz (D.O.Gough, 1994, priv ate com-

munication). F or = 3, we are in disagreement with F os-

sat et al (1994) (low order mo des: 463 15 nHz). On the

other hand, we are in go o d agreement with the v alues of

found by Rho des et al (1990) for = 3 4 and 5 (426

28 nHz, 412 10 nHz, 406 8 nHz, resp ectively). It

must b e p ointed out that the agreement with Rho des et al

(1990) may b e even b etter as the auto correlation metho d,

that they used, systematically overestimates the splittings

b elow = 10 (Brown and Morrow, 1987).

The splitting we found for = 2 confirm the findings

of Elsworth et al (1994), F ossat et al (1994), Jiḿ enez et

al (1994), and of T outain and Kosovichev (1994) ab out a

core not rotating much faster than the solar surface.

The measurements made by the LOI are an improve-

ment for low- -mo de analysis, b ecause the v arious

comp onents of the mo des can b e individually detected.

4

Andersen, B.N. and Domingo, V., IAU Symp osium 123,

J.Christensen-Dal sgaard and S.F randsen eds, Reidel, p. 67

Andersen, B.N, Domingo, V., Jones, A.R. et al, 1988, ESA

SP-286, Eds V.Domingo and E.J.Rolfe, p. 385

App ourchaux, T., Martin, D. and T elljohann, U., 1992, SPIE

1679, 200

App ourchaux, T. and Andersen, B.N., 1990, Sol.Phys. 128, 91

Brown, T.M. and Morrow, C.A., 1987, ’The internal Solar An-

gular V elo city’, B.R.Durney and S.Sofia eds, Reidel, p. 7

Domingo, V. and Poland, A., 1989, ’The SOHO mission’, ESA

SP-1104, p. 7

Elsworth, Y., Howe, R., Isaak, G.R. et al, 1994, T o app ear in

the pro ceedin gs of the GONG-94 conference

F ossat, E., Loudagh, S., Gelly

, B. et al, 1994, T o app ear in the

pro ceeding s of the GONG-94 conference

Gabriel, M., 1994, A&A 287, 685

Harvey

, J., 1988, ESA SP-286, Eds V.Domingo and E.J.Rolfe,

p. 55

Jiḿ enez, A., Palĺ e, P

.L., Ro ca Cort́ es, T. et al, 1987, A&A 172,

323

Jiḿ enez, A., Perez Hernandez, F., Claret, A. et al, 1994, ApJ

435, 874

LOI frequencies and 1- error in ( Hz) of low-

mo des (d: mo des detected but no frequency estimate av ailabl e)

=1 =2 =3

15 - - 2407.68 0.15

16 - 2486.06 0.13 2542.00 0.15

17 - 2619.69 0.16 2676.35 0.20

18 d 2754.38 0.10 2811.50 0.18

19 d 2889.74 0.10 2946.80 0.16

20 - 3024.96 0.11 3082.16 0.11

21 3097.71 0.31 3159.67 0.17 3217.84 0.11

22 3233.08 0.15 3295.41 0.18 3353.83 0.45

23 - 3430.89 0.18 3490.05 0.30

=4 =5 =6

15 2458.70 0.23 2506.02 0.18 -

16 2592.87 0.17 2641.30 0.21 d

17 2728.80 0.21 2777.20 0.14 d

18 2864.09 0.08 2913.56 0.15 d

19 3000.21 0.14 3049.78 0.12 d

20 3135.89 0.13 3186.23 0.15 d

21 3271.61 0.16 3322.96 0.31 -

22 3407.98 0.24 3460.42 0.32 -

23 3544.12 0.29 - -

LOI sidereal comp onent of the splitting (in nHz)

for low- mo des. The errors are 1- v alues

=2 =3 =4 =5

15 - 445 46 455 92 438 39

16 457 110 319 59 243 79 405 51

17 525 101 450 74 322 80 409 39

18 362 65 281 73 408 23 418 40

19 258 74 476 59 319 39 430 32

20 301 65 317 52 331 33 408 34

21 497 109 387 50 480 53 405 103

22 807 116 613 215 425 81 132 102

23 484 127 527 140 198 97 -

402 31 392 21 373 14 413 15

Lazrek, M. and Hill, F., 1992, A&A 280, 704

Loudagh, S., Provost, J., Berthomieu, G. et al, 1993, A&A 275,

L25

Palĺ e, P

.L., Perez Hern´ andez, F., Ŕ egulo, C. and Ro ca Cort́ es,

T., 1993, ASP Conference Series 42, p. 189

Rho des, E.J., Jr, Cacciani, A., Korzennik, S. et al, 1990, ApJ

351, 687

T omczyk, S., 1994, T o app ear in the pro ceedings of the GONG-

94 conference

T omczyk, S., Schou, J. and Thompson, M.J., 1994a, submitted

to ApJ Letter

T omczyk, S., Streander, K., Card, G. et al, 1994b, submitted

to Sol. Phys.

T outain, T. and App ourchaux, T., 1994, A&A 289, 649

T outain, T. and Kosovichev, A., 1994, A&A 284, 265

This article was pro cessed by the author using Springer-V erlag

L T

E

X A&A style file version 3.