±

±

1 2 3 3 4 5

1

2

3

4

5

1

1

1 l

l

l

l m

a l

n a

l

l

m

l <

l l

m

l

n

l

l

l l

l

a

n l

f

l <

RESUL

TS FR

OM THE LUMINOSITY OSCILLA

TIONS IMA GER

ABSTRACT

1. Intro duction

2. Description of the LOI instrument

3. Observ ations

T.App ourchaux , T.T outain , A.Jiḿ enez , M.C.Rab ello Soares , B.N.Andersen and A.R.Jones

Space Science Department of ESA, ESTEC, NL-2200 AG No ordwijk, (thierrya@so.estec.esa.nl)

Observ atoire de la C^ ote d’Azur, F-06003 Nice Cedex, (toutain@obs-ni ce.fr)

Instituto de Astrofisica de Canarias, Universidad de La Laguna, E-38071 La Laguna, T enerife, (a jm@iac.es)

Norwegian Space Centre, N-0309 Oslo 3, (b o@admin.nsc.no)

Bartol Research Institute, 950 N. Cherry Avenue, P

. O. Box 26732, T ucson, Arizona 85719, (jones@cyprus.sp ol e.gov)

The Luminosity Oscillati ons Imager is a part of the

VIRGO instrument to b e flown ab oard the Solar and

Heliospheri c Observ atory (SOHO) in mid 1995. Using

a ground-based version of the instrument, we have de-

tected low- mo des with 2 time series spanning 163 days

each (from May 2 to Octob er 11, 1994; and from Septem-

b er 17, 1994 to F ebruary 26, 1995). The low resolution

capabili ty of the instrument allows the identifi catio n of

individ ual tesseral orders for =2 to 5. The data reduc-

tion metho d prevents from observing the =0 mo des, and

reduces the amplitud e of the =1 mo des with = 1.

F or each time series, the frequencies and the linear com-

p onent ( ) of the mo de splitti ng are given for =2 to

5 for each order . The frequencies and the are ob-

tained by fitting simultaneous ly the 2 +1 sp ectra with

maximum likelih o o d estimators. The splittin gs are com-

pared with other publis hed v alues.

Keywords: solar oscillati ons - p mo des - internal rotation

Helioseismol ogy is a p owerful to ol to infer the internal

structure of the sun. Over the last two decades several

groups, using v arious apparatus, rep orted on the detec-

tion of global solar p mo des. High resolution imaging in-

struments can detect degree down to =3 (Harvey

, 1988)

while separating the indivi du al tesseral orders , allow-

ing us to measure the splittin g of the mo des. Unfor-

tunately the instabil ity of these instruments prevents to

reliably detect mo des with 3. Integrated sunlight

instruments do not have any resolution, but they can

detect degrees from =0 to =3 (Harvey

, 1988). The v ar-

ious comp onents are not all detected and are mixed in

the p ower sp ectra, making the determination of mo de

splitting at low difficult. V arious attempts to mea-

sure those splitti ngs are starting to give consistent results

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

Kosovichev, 1994). Nevertheless, the rotational splitting

given by these authors is an average over v arious and

.

Recently , T omczyk et al (1994) rep orted on the obser-

v ation of the splittin g of low- mo des using an imaging

instrument with a very stable zero p oint. Their work

pushed us to detect also the splitting s of these mo des

with the Luminosity Oscilla tion s Imager (LOI). The LOI

was built by the Space Science Department of the Euro-

p ean Space Agency as a contributi on to the VIRGO in-

strument. After the completion of the flight programme,

we installed in May 1994 the Qualificati on Mo del of the

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

detecting in intensity low- p mo des. Due to the atmo-

spheric noise, the detection of p mo des in intensity is

difficult (Jiḿ enez et al, 1987; Andersen and Domingo,

1988). Nevertheless, the successful observ ation of low-

p mo des by the LOI contributes to the determination

of the rotational splitting of low- mo des; this was al-

ready rep orted by App ourchaux et al (1995). Here we

present newer results with the analysi s of two quasi in-

dep endent time series: one from May 2, 1994 to Octob er

11, 1994 (same as in App ourchaux et al, 1995), and one

from Septemb er 19, 1994 to F ebruary 26, 1995. The fre-

quencies and the comp onent of the splittin g are given

for each and , for b oth time series.

In this article firstly we browse the LOI instrument (a

more detailed description can b e found in these pro ceed-

ings). In the second part the data reduction analysi s is

develop ed. In the third section, we exp ose how the sp ec-

tra were analysed. In the fourth section, we compare our

splittings with other av ailab le v alues and then conclude.

The design of the LOI instrument was an origina l idea

of Andersen et al (1988). The instrument is describ ed in

details in these pro ceedings (App ourchaux et al, 1995).

It consists of a Ritchey-Chŕ etien telescop e ( =1300 mm)

imaging the sun through a 5-nm passband interference

filter at 500 nm. The image is pro jected on a photo dio de

array detector built to our sp ecificati ons (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 optimized to detect low degree mo des for 7

(App ourchaux and Andersen, 1990). The guidin g pixels

are 4 quadrants of an annulus with an inner and outer ra-

dius of 0.95 and 1.05 solar radius, resp ectively

. The error

signals for the guiding servo are the differences b etween

two opp osite pixels. The error signals are fed back to

two piezo ele ctric actuators that move the secondary mir-

ror around its vertex. The actuators provide b oth the

coarse and fine p ointin g; the total range of the Qualifi-

cation Mo del is 5’ with a 0.2” precision; the 3db band-

width of the servo control is 10 Hz. The current of each

scientific pixel is amplifi ed and digitised using V oltage-to-

F requency Converters (VFCs). The current of each guid-

ing pixel is amplified and digitised using A/D converters.

The 12 scientific pixels are read simultaneous ly while the

4 guiding pixels are read sequential l y

. The sampling time

of the instrument is 53.687523 s. The integration time of

the scientifi c pixels is ab out 99% of the sampling time.

The housekeepin g integration time of the guidi ng pixels

is ab out 2 s. The instrument is controlled with a PC and

all scientific and housekeepin g data are stored on a hard

disk.

The LOI instrument was install ed on an equatorial mount

on May 2, 1994 in T enerife. The observ ations analysed

14 12 10 8 6 4 2 0

Current (in μA)

12 10 8 6 4 2 0 Time (in hours)

14 13 12 11 10 9 8 8.0 7.5 7.0 6.5 6.0

pixel 9 pixel 10 pixel 11 pixel 12 1.24

1.23

1.22

1.21

1.20

Ratio

12 10 8 6 4 2 0 Time (in hours)_σ σ

l , m

l , m

P B

4. Data reduction

4.1 Corr e ction of atmospheric effe cts

4.2 Corr e ction of differ ential extinction and pixel

sensitivity

4.3 Optimal filtering for mo de extr action

Figure 1: A typical day of observ ation: left, the current of the 12 pixels as a function of time; right, an enlargement shows that the

atmospheric fluctuations are coherent over the sun.

Figure 2: Ratio of the central pixels to the average as a func-

tion of time. The effect of the differential extinction is obvious

at the end of the day .

here starts from May 2, 1994 and ends on F ebruary 26,

1995. The duty cycle is ab out 33% over 10 months. Dur-

ing the 10 months of op erations, the instrument had not

a single failure; only 2 days were lost due to a parity error

in the PC. The instrument is easy to set everyday: it re-

quires only to b e aligned on the sun in the morning, and

everything thereafter is automatic. The clo ck of the PC

drifts from day to day

. This drift is daily measured and if

necessary the PC clo ck is readjusted. The observed sta-

bility of the guidin g 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.

It is well known that the fluctuation s of the atmospheric

transparency is the prime source of noise for detecting the p mo des in intensity

. But thanks to the coherence of

the atmosphere, the effect is the same for the 12 pixels of

the instrument as can b e seen on Figure 1. The first order

correction of the atmospheric transparency is p erformed

by divid in g each pixel by an average over the 12 pixels,

This reduces by ab out a factor 20 in the worst case the

atmospheric noise.

After the first correction, there are still low frequency

v ariations due to the different zenithal distances sampled

by the pixels. This effect is clearly seen in Figure 2 for

the central pixels. F or correcting for these v ariation s,

we compute the residual s using a running mean which

is a gaussian filter with a frequency cut-on of 0.5 mHz.

This also takes care of correcting the difference in the

sensitivity of the pixels. The result is shown in Figure

3. F or each pixel, the lowest of the series is used to

remove spikes greater than 5 ; the spikes are replaced

by zeros. The last step is to synchronise, every day

, the

time series for each pixel using a linear interp olati on. No

other instrumental correction are p erformed. These data

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

Andersen (1990). Since the sun rotates with resp ect to

the detector (the and angles are not neglig ib le) the

optimal filters are up dated every week and a linear inter-

p 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. In a previous

pap er (App ourchaux et al, 1995), we used the optimal

filters computed for a p erfect LOI detector. Since then,

we have up dated our filters taking into account the real

configuration of the flight detector, and also correcting

for an error in the orientation of the sun on the detector;

this latter led us to underestimate the splitti ng in the

pap er (App ourchaux et al, 1995).

-200

-100 0 100 200

Residuals (in parts per millions)

12 10 8 6 4 2 0 Time (in hours)

12 10 8 6 4 2 0

Power (in ppm^2/μHz)

3400

3200

3000

2800

2600 Frequency (in μHz) l=1 l=2 l=3

±

m

±

−

2

0 1 1 l ; m

�

l ; m l ; m

5. F requencies and splittings

4.4 Time series and p ower sp e ctr a

l , m

l , m

l , m

μ

l m

l

μ

l

m

l l m

m ν l l

l n l

μ m

l

n l

m ν ν ma a

Figure 3: Residuals for the pixel 12 after removing the low frequencies using a running mean filter. The 5-min oscillations are clearly

visible. It can b e noticed that although the atmosphere is much less quiet after the 5th hour (see Figure 1), the fluctuations have

the same p eak-to-p eak amplitude. This is b ecause the coherence size of the atmosphere do es not during the day

. The coherence is

only lost at the end of the day .

Figure 4: 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 visible; they are the

= 2 = 1, and the = 3 = 0 mo des.

F or the mo de to b e analysed, a single time series

is obtained by computing the weighted average over the

12 pixels using the optimal filter of the mo de. The

optimal filters are complex and allow us to separate the

prograde and retrograde mo des in the F ourier space. T o

minimise the atmospheric noise, the time series for the

given mo de are weighted by the daily v ariance; this

provides a signifi cant 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 4 shows the p ower sp ectrum for the =1, =0 op-

timal filter; mo des with =1, 2 and 3 are clearly detected

with amplitudes of ab out a few part-p er-mill ion (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-noi se ratio in the p ower sp ectra

ranges from 1 to 4. It must b e p ointed out that contrary

to what has b een rep orted by Palĺ e et al (1993), the =1,

=0 mo des are detected by T omczyk (1994) and by us.

The data reduction pro cedure prevents us from detect-

ing 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 attenuated by a factor of 4 in the p ower sp ectrum.

In additio n these mo des are mixed in the p ower sp ectra

b ecause their relative phases are lost in the pro cess.

Figure 5 shows an diagram for two =2 and = 3

mo des.

In order to extract in the b est way the information con-

tained in the sp ectra, we chose to fit simultaneou sl y the

2 +1 sp ectra of a given , mo de using maximum like-

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

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

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

W e assumed that the linewid th 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 splittin g. The maximum likel ih o o d

technique is well known and its error propagatio n 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

2

1

0

-1

-2

Tesseral order m

3030

3025

3020 Frequency (in μHz)

3 2 1 0 -1 -2 -3

Tesseral order m

3090

3085

3080

3075 Frequency (in μHz)

520 500 480 460 440 420 400

Splitting (in nHz)

5 4 3 2 1 Degree

LOI Cacciani et al (1995) JimØnez et al (1994) Elsworth et al (1994) Tomczyk et al (1994) Fossat et al (1995) Toutain and Kosovichev (1994)

1

√

− m � l l

l

� l

l

l

l m

l

n l m

l

μ m

<> a

6. Splitting comparison

Figure 5: diagram for typical =2 (left) and = 3 (right) mo des. The sp ectra are not smo othed. The rotational splitting

can b e easily seen.

Figure 6: Splitting as a function of as measured by v arious authors. The LOI v alues are an average over the two 5-month time

series. All splitting error bars are 1- v alue. Error bars asso ciated with the degree indicate an average over .

is not true as we have gaps in the data (Gabriel, 1994).

Nevertheless, 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 splitti ngs. 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 approxima tion even if there is a crosstalk (due

to the imp erfect isolati on of a given , mo de) b etween

the 2 +1 sp ectra. The effect of the crosstalk is to cou-

ple for a given , mo de the comp onents with each

other; this was taken into account in the analysi s. Due

to the small correlation b etween the 2 +1 sp ectra, the

error bars on the frequency and splittin g will b e slightly

underestimated. The same underestimati on happ ens if

one uses the temp oral sidelob es at 11.57 Hz: the er-

ror bars would b e underestimated by ab out a factor 3.

Due to the low signal -to-noi se ratio in our sp ectra, we

b elieve that a slight improvement in our frequencies and

splittings could b e obtained by adding the temp oral side-

lob es; it is yet to b e done. The correct treatment of the

p ower sp ectra taking into account the statistical dep endencies (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

error bars on the frequency and splitting are biased, and

not the v alues themselves. T o minimis e this bias, the er-

ror bars have b een corrected at least from the crosstalk

b etween the v arious comp onents. T ables 1, 2 and T a-

bles 3, 4 summarise, resp ectively the frequencies and the

splittings of the detected mo des for b oth time series. In

addition, an optimal weighted average ( ) of is given

in T ables 3 and 4.

W e must first p oint out that now our splitti ngs are not

systematicall y lower than other publish ed v alues. One of

the goals of this pap er was to find out why our splitti ngs

had such a b ehaviour in a previous pap er (App ourchaux

et al, 1995). An error in the orientation of the sun on

the detector was found that explai ned very well the sys-

tematic error. The sun was upside down on the detector

�

± l , m

m

l >

R

7. Conclusion

Acknowledgement.

which led to additio nal crosstalk in a given sp ec-

trum from mo des with Δ = 1; this crosstalk was not

mo delled since it should b e null to the first order. This

additional p ower pulled down the estimate of the split-

ting.

Figure 6 shows a comparison of splittin gs measured by

v arious authors. It b ecomes clear now that the splitti ngs

of very low degree mo des do not display any dramatic

change from the surface v alue. The v alues quoted by

Elsworth et al (1994), T outain and Kosovichev (1994),

T omczyk et al (1994) and now by F ossat et al (1995),

and by Cacciani et al (1995) (b oth these pro ceedings )

are in go o d agreement with our results.

Corbard et al (1995) (these pro ceedings ) used the LOI

splittings to infer the rotation inside the sun. F or 4,

they used the BBSO splitting s (Libbrecht and W o o dard,

1993). They found the same results as of T omczyk et al

(1994): that is the sun rotates with a flat rate b elow the

convection zone down to 0.2 . Of course the results is

not surprisi ng given the splitti ng we have. More accurate

rotation inversion are obtained with an homogenous data

set such as the one of T omczyk et al (1994).

Against all o dds, we have shown that the very low degree

mo des could b e detected in intensity from a ground-based

observ atory

. It p ermitted us to do some useful new sci-

ence, and also to v alida te the design of the LOI b efore

the launch of SOHO. W e are now confident that we will

b e able to detect the g mo des with the LOI. W e are now

lo oking forward to the launch of this satelli te.

W e are very grateful to the many

observers of IAC who op erated with dedication the LOI

instrument during all these months. W e are also grate-

ful for the many discussio ns we had at the workshop

with Gabrielle Berthomieu, Yvonne Elsworth, Eric F os-

sat, Douglas Gough, Janine Provost and Steve T omczyk.

One of the authors (T

A) would like to thank Judy and

Steve for their kind hospitali ty and comprehensio n during

his stay in Boulder. The useful comments of Bernhard

Fleck on an erlier version of the pap er were very much

appreciated.

REFERENCES

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

123, J.Christensen-Dalsgaa rd and S.F randsen eds,

Reidel, p. 67

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

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

p. 385

3. App ourchaux, T. and Andersen, B.N., 1990,

Sol.Phys. 128, 91

4. App ourchaux, T., Martin, D. and T elljohann, U.,

1992, SPIE 1679, 200

5. App ourchaux, T., T outain, T., T elljohann, U.,

Jiḿ enez, A., Rab ello -Soares, M.C., Andersen, B.N.

and Jones, A.R., 1995, A&A 294, L13

6. Elsworth, Y., Howe, R., Isaak, G.R. et al, 1994, T o

app ear in the pro ceedings of the GONG-94 confer-

ence

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

8. Harvey

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

E.J.Rolfe, p. 55

9. Jiḿ enez, A., Palĺ e, P

.L., Ro ca Cort́ es, T. et al, 1987,

A&A 172, 323

10. Jiḿ enez, A., Perez Hernandez, F., Claret, A. et al,

1994, ApJ 435, 874

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

12. Libbrecht, K.G. and W o o dard, M., 1993, Com-

pilatio n of p-mo de data, Big Bear Solar Ob-

serv atory

, av ailabl e via the W orld Wide W eb:

ftp://helios.tuc.noao .edu/p ub/b bso

13. Loudagh, S., Provost, J., Berthomieu, G. et al, 1993,

A&A 275, L25

14. Palĺ e, P

.L., Perez Hern´ andez, F., Ŕ egulo, C. and

Ro ca Cort́ es, T., 1993, ASP Conference Series 42, p.

189

15. T omczyk, S., Schou, J. and Thompson, M.J., 1994,

submitted to ApJ Letter

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

649

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

265

1

1

� � l

� � l

a l

�

a l

� n l l l l

n l l l l

n l l l l

<>

n l l l l

<>

± ± ±

± ± ± ±

± ± ±

± ± ± ±

± ± ± ±

± ± ± ±

± ± ± ±

± ± ± ±

± ± ±

± ± ±

± ± ±

± ± ±

± ± ± ±

± ± ± ±

± ± ± ±

± ± ± ±

± ± ±

± ±

± ± ±

± ± ± ±

± ± ±

± ± ± ±

± ± ± ±

± ± ± ±

± ± ± ±

± ± ± ±

± ± ±

± ± ± ±

± ± ±

± ± ±

± ± ±

± ± ± ±

± ± ± ±

± ± ± ±

± ± ± ±

± ± ±

± ±

± ± ± ±

T able 1: F requencies and 1- error in ( Hz) of low- p mo des for the time series spanning May 2 to Octob er 11, 1994 as measured

by the LOI.

T able 2: F requencies and 1- error in ( Hz) of low- p mo des for the time series spanning Septem b er 19, 1994 to F ebruary 26, 1995

as measured by the LOI.

T able 3: Sidereal comp onent of the splitting (in nHz) for low- p mo des for the time series spanning May 2 to Octob er 11, 1994

as measured by the LOI. The errors are 1- v alue.

T able 4: Sidereal comp onen t of the splitting (in nHz) for low- p mo des for the time series spanning September 19, 1994 to

F ebruary 26, 1995 as measured by the LOI. The errors are 1- v alue.

=2 =3 =4 =5

15 - 2408.23 0.23 2459.04 0.16 2505.94 0.18

16 2485.59 0.23 2541.83 0.12 2593.08 0.16 2641.59 0.14

17 - 2676.55 0.21 2728.62 0.15 2777.08 0.11

18 2754.41 0.12 2811.57 0.08 2864.05 0.07 2913.52 0.12

19 2889.88 0.07 2946.95 0.07 3000.25 0.10 3049.80 0.10

20 3024.76 0.10 3082.36 0.13 3135.95 0.09 3186.13 0.09

21 3159.69 0.20 3217.86 0.10 3271.83 0.12 3322.78 0.15

22 3295.42 0.21 3353.72 0.19 3408.07 0.19 3459.54 0.42

23 3430.33 0.17 3490.20 0.22 3544.85 0.30 -

=2 =3 =4 =5

15 - 2408.11 0.15 2458.73 0.23 2506.18 0.20

16 - 2541.69 0.22 2593.01 0.28 2641.54 0.06

17 - 2676.03 0.18 2728.66 0.15 2777.33 0.13

18 2754.30 0.12 2811.39 0.16 2864.30 0.09 2913.37 0.22

19 2889.35 0.09 2947.01 0.06 3000.14 0.09 3049.78 0.11

20 3024.76 0.19 3082.39 0.11 3135.85 0.11 3186.32 0.12

21 3160.16 0.15 3217.82 0.14 3271.52 0.19 3322.71 0.13

22 3295.00 0.14 3354.17 0.19 3408.29 0.15 -

23 3430.77 0.16 3489.78 0.22 - -

=2 =3 =4 =5

15 - 671 104 561 59 482 57

16 788 110 354 62 216 75 504 37

17 - 410 84 434 47 452 31

18 396 71 312 52 431 21 406 28

19 282 39 504 37 423 33 431 23

20 428 76 387 44 386 30 476 22

21 661 192 354 53 505 45 430 48

22 743 149 606 94 412 76 340 113

23 916 97 628 96 491 83 -

428 28 431 19 429 13 449 11

=2 =3 =4 =5

15 - 357 51 242 128 492 50

16 - 403 137 317 91 475 21

17 - 499 85 319 61 390 37

18 650 65 445 65 428 29 405 33

19 399 58 508 26 445 36 434 31

20 632 267 393 48 427 42 534 33

21 266 121 425 58 390 78 482 36

22 399 75 397 175 209 78 -

23 566 107 557 92 - -

467 35 461 18 403 17 460 12