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In the second phase of the NASA Kepler mission (K2), the Kepler spacecraft observed fields along the ecliptic plane for about 80 days each to search for planetary transits and monitor stellar variability. We analyzed the light curves of thousands of main-sequence stars observed as part of the Kepler Guest Observer program. Here we summarize the statistics of discovery and properties of the pulsation amplitude spectra for 249 δ Scuti variable stars or candidates observed during K2 Campaigns 4 through 17. δ Sct variables are core or shell hydrogen-burning stars about twice as massive as the Sun, pulsating in many simultaneous radial and non-radial modes, with periods of about 2 h. The growing collection of long time-series high signal-to-noise photometric data from space missions such as Kepler, combined with constraints from ground and space-based data, will be useful to constrain the interior structure of these types of variables. We hope that this list of δ Sct candidates observed by Kepler will be useful as a starting point for identifying promising targets for asteroseismic investigations.
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1. INTRODUCTION

The NASA Kepler mission was launched March 6, 2009, with a primary objective to use high-precision long time-series CCD photometry to search for exoplanets via planetary transits, and a secondary mission to study stellar variability and characterize exoplanet host stars (Borucki et al., 2010; Gilliland et al., 2010; Lundkvist et al., 2018). Stellar pulsations can be used to infer the interior structure of stars, and to determine their masses, radii, and ages, some of the goals of the field of asteroseismology (Aerts et al., 2010). The K2 mission was devised in 2013 (Howell et al., 2014), after failure of the second of four reaction wheels that were used to point the spacecraft cameras continuously toward the same field of view in the Cygnus-Lyra region to monitor stars for planetary transits. K2 relied on solar radiation pressure to assist spacecraft orientation, and observed 19 new fields along the ecliptic plane for up to 80 days each. The spacecraft eventually exhausted its fuel and was retired on November 15, 20181.

We report on analyses of light curves from the K2 mission from Campaigns 4 through 17 obtained as part of the Kepler K2 Guest Observer program2. We focus here on searching for δ Sct variable star candidates. The δ Sct variables are main-sequence stars (core or shell hydrogen-burning), with effective temperature (Teff) about 7,000 K and masses of about 2 M⊙ that pulsate in many simultaneous radial and non-radial modes with periods of about 2 h (Aerts et al., 2010). Kepler photometry can detect brightness variations produced by radial and low-degree non-radial acoustic (p-mode) pulsations for which the variations do not average out over the unresolved disk.

Apart from the Sun and sun-like stars, the δ Sct variables are arguably the most promising type of variable for using pulsations to infer interior structure. Similarities to and differences from the Sun can be used test physics input and methods of solar and stellar modeling. For example, the δ Sct stars have convective cores and radiative envelopes, whereas the Sun has a radiative core and convective envelope. The δ Sct p-mode pulsations are driven by the κ effect (opacity valving) mechanism, whereas solar-like oscillations are excited stochastically (Aerts et al., 2010). Most δ Sct variables rotate more rapidly than the Sun. Many interesting phenomena remain to be explained, for example, mode selection, pulsation amplitudes, frequency and mode amplitude variations, peculiar element abundances, and the prevalence of many hybrid stars showing both γ Dor gravity-mode and δ Sct p-mode pulsations, unexpected according to pre-Kepler theoretical predictions (see, e.g., Grigahcène et al., 2010; Uytterhoeven et al., 2011; Balona, 2018).

2. DATA AND ANALYSIS METHODS

For our K2 Guest Observer (GO) program proposals, we used the MAST interface to the K2 Ecliptic Plane Input Catalog, EPIC3 Huber et al. (2017), to search for stars within the coordinates of the K2 campaign field of view having either B-V or J-K colors between −0.3 and 1.2, placing them on or near the main sequence, allowing for uncertainties in color photometry or interstellar reddening. We used the k2fov tool found at the Kepler Asteroseismic Science Consortium web site4 to retain only targets that fell on active silicon in the Kepler field of view, and limited our target lists depending on campaign constraints. The target lists were truncated as necessary by the K2 GO office by removing the faintest targets first (at our request) or the brightest targets that are most costly in terms of number of pixels required. Table 1 summarizes the number of light curves observed for each campaign, and the brightest (Kp minimum) and faintest (Kp maximum) Kepler magnitude of the sample. For Campaigns 4, 5, and 7, we deliberately targeted open-cluster stars in the Pleiades, Hyades, M67, M44 (also known as the Praesepe or Beehive cluster), and R147, based on catalogs of cluster member candidates. The C13 field also has a small overlap with the C4 field and includes Hyades members. We did not propose K2 GO surveys for C14-C16, but in the future we could analyze light curves in the K2 data archive for these campaigns having the same target selection criteria. The C17 field significantly overlapped that of C6, and we deliberately chose to revisit stars with prior observations to extend the time series of observations. The two δ Sct candidates found in C17 in Table 1 were also found in C6. We have yet to analyze data from our C18 and C19 proposed observations, also revisiting many stars observed previously in Campaigns 5 and 12.


Table 1. K2 Guest Observer survey results, with number of stars observed, minimum, and maximum Kepler magnitudes of stars observed in campaign, and number of identified δ Sct candidates.
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Here we analyze light curves with long-cadence observations (30 min integrations), although several of the stars were observed also in short cadence (1 min integrations) for our or others' Guest Observer programs. We developed a Python script with a graphical interface5 that processed the fits files for raw data available at the MAST K2 archive6, and plotted the light curve and amplitude spectrum for each star, displaying also stellar properties in the data file header from the EPIC catalog. Because of the 30 min cadence and associated Nyquist frequency limit of 24.5 cycles/day (c/d), we do not consider frequencies above the Nyquist limit; some modes with frequencies above this limit may appear as ‘Nyquist reflection’ frequencies between 0 and 24.5 c/d (see, e.g., Murphy et al., 2013).

We then examined by eye each light and amplitude spectrum, and flagged as δ Sct candidates those stars with one or more modes with frequency >5 c/d and amplitude greater than about 4 × the noise level of the adjacent power spectrum. We did not flag as δ Sct candidates those stars for which the amplitude spectrum shows only frequencies that are multiples of the spacecraft roll correction period of ~6 h (4.075 c/d) that are highlighted in the amplitude spectra plots. Some candidates were discarded, such as those having only low signal-to-noise frequencies > 5 c/d; there could therefore be many more δ Sct stars among the observed sample. It would also be useful to identify those stars with Teff placing them within the δ Sct instability region, but that show no apparent pulsation frequencies. We did not attempt to identify γ Dor candidates because these would be much more numerous, being less massive, and because of the high potential of ambiguities between intrinsic pulsation frequencies and a rotational period or variation from starspots/magnetic activity, a binary orbital period, instrumental artifacts, or Nyquist reflections of higher frequencies. Overall, 251 δ Sct candidates were flagged, two of which in C17 also were found in C6 (see Table 1). The percentage of δ Sct candidates varied from 4% (C11) or 5% (C7) down to only 0.15% (C8).

Figure 1 shows spectroscopic Hertzsprung-Russell diagrams, log surface gravity (log g) vs. Teff, for the C8, C11, and C7 targets, respectively, with the δ Sct candidates shown as red dots. The log g and Teff are taken from the K2 EPIC catalog (Huber et al., 2017). Figure 2 shows the Teff distribution of stars in each of these campaigns. We chose to illustrate results of these three campaigns because they represent the extremes in number of δ Sct candidates among the campaigns of Table 1. C8 has the most stars observed (3370), but only five δ Sct candidates (0.15%), primarily because this sample contains mostly stars in the lower main sequence with Teff < 6,000 K that are too cool to be δ Sct variables. The field for C11 (toward the Galactic Center) was so rich that the target list was truncated at magnitude < 13.2; therefore, the sample is biased toward hotter and higher-mass main-sequence, stars, and has a larger percentage of δ Sct candidates (3.8%). C7 has the smallest number of observed targets (506), but it actually has the largest percentage of δ Sct candidates (4.5%). This sample contains stars both on the lower main sequence and in the Teff region expected for δ Sct and hybrid stars.
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FIGURE 1. Spectroscopic H-R diagram, log surface gravity vs. log Teff, for C8, C11, and C7 targets observed by K2. Red dots label δ Sct candidates.
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FIGURE 2. Teff distribution of C8, C11, and C7 targets observed by K2.



Figures 3–9 show example light curves and amplitude spectra for several δ Sct candidates. Figure 3 shows the brightest candidate, EPIC 210425611, with Kp magnitude 5.6, observed during C4. This star is the previously known δ Sct variable h Tau, also known as V483 Tau and 57 Tau (Liakos and Niarchos, 2017). Its amplitude spectrum also shows low-frequency γ Dor-type modes. Figure 4 shows the light curve and amplitude spectrum for the faintest candidate, EPIC 247333962, with Kp magnitude 15.9, observed during C13. The amplitude spectrum clearly shows several δ Sct frequencies, illustrating that Kepler is able to detect pulsations even for very faint targets.
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FIGURE 3. Light curve (Top) and amplitude spectrum (Bottom) for brightest δ Sct variable EPIC 210425611 (also known as h Tau, V483 Tau, and 57 Tau), with Kp magnitude 5.6, observed during C4. The red dashed vertical lines in the amplitude spectrum mark multiples of the spacecraft roll correction frequency, 4.075 c/d.
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FIGURE 4. Light curve (Top) and amplitude spectrum (Bottom) for faintest δ Sct candidate, EPIC 247333962, with Kp magnitude 15.9, observed during C13.
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FIGURE 5. Light curve (Top) and amplitude spectrum (Bottom) for candidate with the largest number of δ Sct-type frequencies (over 30) visible by eye, EPIC 212792450, observed during C6.




[image: image]

FIGURE 6. Light curve (Top) and amplitude spectrum (Bottom) for known high-amplitude δ Sct star, EPIC 240323947 (V974 Oph), observed during C11.
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FIGURE 7. Light curve (Top) and amplitude spectrum (Bottom) for hottest δ Sct candidate, EPIC 233466131, observed during C11.
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FIGURE 8. Light curve (Top) and amplitude spectrum (Bottom) for the coolest δ Sct candidate, EPIC 235864398, observed during C11.
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FIGURE 9. The light curve (Top) and amplitude spectrum (Bottom) of δ Sct candidate in an eclipsing binary, EPIC 247553546, observed during C13.



Figure 5 shows the light curve and amplitude spectrum for the candidate with the largest number of δ Sct-type frequencies visible by eye, EPIC 212792450, observed during C6. Figure 6 shows the highest-amplitude δ Sct variable, EPIC 240323947, observed during C11, with two modes of frequency just above 5 c/d beating against each other. This star is the known high-amplitude δ Sct star V974 Oph (Poretti, 2003).

Figure 7 shows the light curve and amplitude spectrum for the hottest δ Sct candidate, EPIC 233466131, observed during C11. This star, with EPIC catalog Teff 10,722 K, seems too hot to be a δ Sct variable, but is also too cool to be a β Cep p-mode pulsator. Figure 8 shows the light curve and amplitude spectrum for the coolest δ Sct candidate, EPIC 235864398, observed during C11. This star has Teff = 4950 K, a low surface gravity (log g = 2.68), and high luminosity, according to the EPIC catalog, and is likely evolving off of the main sequence. Finally, Figure 9 shows the light curve and amplitude spectrum of a δ Sct candidate in an eclipsing binary, EPIC 247553546, observed during C13.

For each of the 249 δ Sct candidates, Table 2 lists the EPIC catalog number, Kp magnitude, Teff, log g, alternate identifier in the SIMBAD Astronomical Database, number of references to the star in the literature from SIMBAD, and whether it is a known δ Sct variable. Most of the stars with Kp mag < 10 are not referenced beyond the EPIC catalog and have no alternate designation. However, many of the brighter stars have many references, and 17 are known δ Sct variables; these stars may be excellent candidates for asteroseismic analysis using the Kepler data. Not all of the candidates in Table 2 may turn out to be δ Sct stars. From the pulsation amplitude spectra alone they could be confused with, e.g., p-mode pulsating β Cep variables, or g-mode pulsating subdwarf B variables. However, β Cep variables typically have Teff of around 20,000 K, and so are hotter than the hottest stars in Table 2. The sdBV stars have Teff of 20,000–30,000 K, and log g ~ 5.2–5.8 (Heber, 2016), higher than the stars in Table 2. It is possible that the Teff and log g of the EPIC catalog are incorrect; Huber et al. (2016) use both color photometry and spectroscopy to derive the EPIC catalog values, taking into account systematic biases uncovered in the original Kepler input catalog, and quote uncertainties of ~ 3% for Teff (i.e., 210 K for a 7,000 K star), and 0.3 dex for log g. It is also possible that the K2 light curve data is contaminated by nearby stars, or that the stars are members of multiplets; deciphering these possibilities will require additional investigations.


Table 2. Summary of properties of δ Sct candidates.
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Figure 10 shows distributions of properties from the EPIC catalog for the 249 δ Sct candidates. Most of the candidates have Kp magnitude between 8 and 12, but there are a significant number of faint candidates with Kp >14. The Teff distribution peaks at about 7,000 K, as expected for δ Sct variables, but there are a few somewhat hotter and cooler candidates. Most of the stars have metallicity [Fe/H] around 0, i.e., near solar; many have metallicities higher than solar, as would be expected for these variable candidates more massive and younger than the Sun. Some stars have a very low [Fe/H]; these stars could have formed from lower-metallicity material or may be showing abundance anomalies resulting from diffusive settling.
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FIGURE 10. Kp magnitude (Left), Teff (Center), and metallicity [Fe/H] (Right) distributions of 249 δ Sct candidates, based on EPIC catalog quantities.



Figure 11 shows a Hertzsprung-Russell diagram of the 249 candidates, based on EPIC catalog luminosity and Teff values. Most of the stars lie along the main sequence, but a few appear to be evolving off of the main sequence. Figure 11 also shows the mass and distance distributions of the candidates, based again on EPIC catalog values. The mass distribution peaks at about 1.6 M⊙, typical for δ Sct variables. The distance distribution appears to have a bimodal structure, with most candidates nearby, but some at 1,000–2,000 pc, representing a population perhaps in a distant young cluster or Milky Way spiral arm.
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FIGURE 11. H-R diagram (Left), mass distribution (Center), and distance distribution (Right) of 249 δ Sct candidates, based on EPIC catalog quantities.



3. RESULTS

For each δ Sct candidate, we counted by eye the number of modes with frequencies between 5 and 24.5 c/d having amplitude greater than about 4 × the local background level. We did not count frequencies that were very close to multiples of the 4.075 c/d (~6 hour) spacecraft roll correction frequency marked by red vertical dashed lines on the amplitude spectra (see, e.g., Figures 3–9). We also noted the amplitude and frequency with maximum amplitude, and flagged any candidates with more than one high-amplitude mode with frequency < 5 c/d, indicating a γ Dor/δ Sct hybrid candidate.

We created a Matlab algorithm to process the light curves, pre-whiten the δ Sct frequencies in order of the highest amplitude modes, and count the number of modes with signal/noise ratio > 6. The algorithm also searched for frequencies that were multiples of the spacecraft roll correction frequency, as well as frequencies that were combinations of a stellar frequency and the spacecraft roll correction frequency, thereby eliminating some spurious frequencies. Because the algorithm could identify frequencies with lower amplitudes than identifiable by eye, but also could eliminate more artifact combination frequencies, the algorithm sometimes counted more, but also sometimes fewer frequencies than counted by eye. The algorithm results generally agreed with the by-eye determination of the amplitude and frequency of the maximum-amplitude δ Sct mode, although it could quantify these values to higher accuracy than the by-eye estimate. The Matlab algorithm also identified and determined intrinsic and combination frequencies for later use in asteroseismic analyses.

Table 3 summarizes the number of modes with frequency > 5 c/d, and the amplitude and frequency of the maximum-amplitude mode, counted by eye and by using the Matlab script, for the 249 candidate δ Sct stars. The Table also flags the stars showing more than one low-frequency (< 5 c/d) mode that are hybrid candidates.


Table 3. Summary of pulsation properties of δ Sct candidatesa.
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Figure 12 plots the distribution of the number of frequencies per star > 5 c/d (counted by eye), the distribution of amplitudes of highest-amplitude modes (excluding the two highest-amplitude candidates), and the distribution of frequencies having maximum amplitude for the 249 candidates. Most of the candidates have < 10 δ Sct modes, but some show more than 30 modes by eye, and up to 100 modes when counted using the Matlab algorithm; therefore these stars may yield the most useful constraints for asteroseismic studies. Most of the stars have maximum-amplitude mode < 2 parts per thousand that would be difficult to detect without long time-series, high-precision photometry such as obtained by Kepler. There does not seem to be any preferred frequency with maximum amplitude in the 5–24.5 c/d frequency range.
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FIGURE 12. Distributions of number of frequencies per star > 5 c/d (Left), amplitude of maximum-amplitude mode (Center), and frequency of maximum-amplitude mode (Right) for 249 δ Sct candidates.



Figure 13 shows the number of frequencies counted by eye vs. the number found using the Matlab algorithm; as discussed earlier the Matlab pre-whitening algorithm is able to identify a larger number of significant frequencies, but also is able to find and remove more artifact frequencies. The middle panel shows the distribution of the number of frequencies > 5 c/d per star vs. Teff, and the last panel shows the distribution of amplitude of the maximum-amplitude frequency vs. Teff. It appears that stars with the largest amplitudes and the largest number of frequencies are found in the middle of the temperature range at about 7,000 K, i.e., in the middle of the δ Sct instability region.
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FIGURE 13. Plot of number of modes per star with frequency > 5 c/d counted by eye vs. using Matlab algorithm (Left), number of frequencies per star vs. Teff (Center), and amplitude of maximum-amplitude mode vs. Teff (Right) for 249 δ Sct candidates.



4. CONCLUSIONS

Kepler has obtained unprecedented long time-series high signal-to-noise photometric data enabling the discovery and characterization of variable stars pulsating in many simultaneous radial and non-radial modes. We have identified 249 obvious δ Sct candidates so far in light curves collected as part of our K2 Guest Observer proposals for 11 (out of 19) campaigns of K2. Seventeen of these stars were already known as δ Sct stars, according to the SIMBAD database. 126 out of 249 candidates show low frequencies < 5 c/d and may be hybrid γ Dor/δ Sct pulsators. We do not find any correlations between pulsation properties (e.g., number of frequencies, frequency with maximum amplitude, etc.) and stellar properties (e.g., Teff, log g, . .), as listed in the EPIC catalog.

As stated by Bowman and Kurtz (2018), “The full scientific potential of studying δ Sct stars is as yet unrealized.” The δ Sct variables inspire many questions: Why are all of the frequencies expected by linear pulsation theory not observed? Why is it so difficult to find patterns or correlations between stellar properties and pulsation properties such as pulsation amplitudes and frequency content? Some correlations have been discussed in the literature, for example between stellar properties and mean frequency spacings, with the spacings interpreted as a large separation correlated with mean density, or possibly a rotational splitting frequency (see e.g., García Hernández et al., 2015; Paparó et al., 2016a,b; Moya et al., 2017; Bowman and Kurtz, 2018). Why do some stars in the instability regions not show pulsations (see, e.g., Balona, 2013; Murphy et al., 2015)? Why are there so many hybrid γ Dor/δ Sct variables scattered throughout the pre-Kepler theoretical instability regions of both stellar types? What determines the amplitudes of individual modes? Why do amplitudes or frequency content vary with time (Bowman et al., 2017; Breger et al., 2017)?

The Kepler and K2 data will be valuable for asteroseismic modeling to address these unsolved problems for A-F type main-sequence stars. Two questions that these K2 data will help to address are: If the star was known as a δ Sct being identified in the Kepler data, has its amplitudes or frequency content changed over time? Can additional frequencies be found using the high signal-to-noise data of Kepler/K2? The K2 targets are in general brighter than those in the original Kepler field, and are easier to observe using ground- or space-based spectroscopic and photometric observations, or other techniques such as interferometry, to provide long-term monitoring or additional constraints.
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Campaign # Stars Observed min Kp mag max Kp mag #8 Sct Candidates Comment

(brightest) (faintest)
c4 894 299 166 9 Pleiades/Hyades
c5 1268 620 198 12 M67/Beehive
c6 996 604 150 4 North Galactic Cap
4 506 737 165 23 R147, near Gal. Center
c8 3370 604 160 5
c10 2500 6.06 158 5 North Galactic Cap
o1 2814 609 132 107 Galactic Center
c12 1859 598 159 15
c13 2890 512 159 69 Hyades

c17 560 6.04 150 2 Overlap with C6
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6.26
15.66
15.03
15.63
14.37
11.45

)

7072
6058
7623
6794
8564

7284
8457
7000
6767
7989
6528
6865
6865
8333
7420
7030
8016
8352
7834
7491
6192
6393
7639
7860
6702
7629
7848
7520
6519
7203
7895
6277
6392
6851
7604
7312
7233
7233
6967
7190
6700
6496
7027
6482
6625
6615
7067
6815
7M1
7028
6840
6696
7492
8157
6207
7430
8223
7485
6613
8067
7774
6210
6876
7505
7142
7533
6426
6581
8484
7612
7167
6698
7326
6563
6201
6748
6790
6804
8719
6236
6526
5317
6927
7366
7577
7201
7025
7360
7057
7516
6617
6474
6795
6864
7101
6751
7020
7496
8105
8232
7595
8081
7713
7347
7471
7005
7536
6963
7876
9871
7781
7161
859
7546
7034
7205
10722
7146
8035
6917
7540
7869
7538
7133
7750
6994
7637
6140
8247
6838
6971
6821
7257
4894
7431
6988
7001
6785
4950
7650
753
6693
6533
6511
6498
8643
7095
6656
6988
6474
7004
7857
9785
7224
6680
8548
8140
7790
6566
7345
7345
7426
7660
7421
7494
7154
7984
7644
7072
7555
7775
7489
7816
6660
7584
6763
7652
7015
8072
7004
7556
798
7457
7002
8944
7764
6803
5863
5279
6433
7217
5987
6648
6616
7495
6649
7944
6541
6412
6094
8676
6361
6256
6164
6837
6233

6850
7533
6580
6490
6838
6057
6432
6213
7320
6407
7532
6935
6707
6686

7302
7169
7378
6310
6911
6448

6167
6285
6134
6867
7217
6409
6531
6413
6362
6750
6027
6668
6957
8883
6703
7543
6378
6366
6926

# Fregs.
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#Freqs.M

29
19
39

28
28
22
14
1
1
24

29

24
20
20
38
21
16
21
36
14
21
26
17
29
27
29
70
28
10
14

30
34
46
20
27
21

1
105
12
17
33
16
20

21
53

30
7

26
40

19
34
16
64

27
16
18
15
26
13
19

"

19
22
22
24
10
28
16
56
10
13
19
20
1

17

17
14
21

10
16
18
13

27
20
21

13
15
28
21
10

26
25
10
14
18

19

29
17
20

1
16
10

1
12
19
26

36
20

55
10
25
16
16
17

26
15

24
34

21

1"
71
a1

19
16
15
18
27
19
1

18
14
20
16

24
11
22
19
16
35

32
22

13
12

@ The superscript M refers to the values determined by the Matlab algorithm.

Amax
(PPm)

1.6E404
7.0E402
4.5E403
3.0E+02
9.2E402
4.0E402
1.2E408
3.0E402
2.6E+03
5.0E+02
1.26408
1.0E403
1.4E403
1.4E403
9.2E402
9.8E+01
B.4E+02
28E401
1.6E403
5.0E+02
5.4E+02
4.3E+02
7.2E402
7.0E+02
256403
1.2E403
1.8E408
1.0E+08
1.8E403
226403
3.1E+03
36E+02
5.6E401
1.3E403
1.76408
1.5E403
3.3E403
35E+03
5.5E+02
30408
2.8E+03
5.0E+03
2.7E+08
1.8E403
7.8E402
1.1E402
556402
6.0E+02
4.5E+03
226402
1.8E+03
4.5E402
7.2E402
1.5E408
1.2E408
2.0E+03
35E+02
6.0E+03
1.1E403
1.26408
1.2€403
556402
1.1E404
4.8E402
2.5E+08
35E402
4.0E+02
5.0E+03
3.1E+03
1.8E402
7.0E+01
1.8E402
4.8E+03
4.0E408
8.2E402
80E+03
3.3E403
536402
3.8E402
1.26402
4.5E+03
1.8E408
1.0E403
1.26408
9.0E+02
9.0E+02
1.4E408
9.2E402
176408
1.0E+03
3.8E+02
80E+02
6.1E+02
1.9E+03
1.9E403
35E403
7.2E401
1.3E+04
74E+08
4.2E403
4.2E403
1.2€408
2.0E403
8.1E+02
276403
1.8E403
1.1E402
7.8E+02
6.5E+02
136408
1.8E402
126402
8.1E+03
1.4E403
2.0E+02
3.0E+02
82E402
32E+02
3.0E+02
9.0E+02
25E402
80E+02
1.8E404
3.7E402
1.1E+03
1.26402
7.5E402
1.6E403
6.2E402
1.26402
25E+02
32E+02
2.0E+03
80E+02
35E+02
36E+02
5.2E+03
85E+01
5.0E402
3.2E+03
35E+02
186402
1.8E403
1.0E+03
4.6E402
8.1E+02
5.3E+02
6.0E+02
4.2E402
326408
45E+03
8.0E+02
7.0E402
7.0E402
1.0E404
35E+03
6.1E404
1.7E402
3.0E+03
4.0E+03
1.26408
85402
1.1E+03
20E+03
9.0E+02
8.0E+02
1.6E403
26E+03
3.1E408
3.2E+08
6.8E+01
1.4E+04
1.2E408
1.5E+03
1.4E+04
48E+03
9.0E402
2.7E408
7.0E402
1.26408
45E403
1.1E+03
4.4E+02
126408
80E+02
41E+02
6.1E402
4.0E+02
5.0E402
25E+01
1.6E403
126408
9.0E+02
2.0E+03
6.4E+02
37E+02
4.5E+03
1.26403
45E+02
25E+03
38E+03
4.0E+02
2.1E+03
2.0E+03
1.9E403
1.2E403
4.9E+03
1.4E+03
726402
3.7E403
1.6E402
2.2€+03
1.26403
1.0E+04
7.2E402
1.1E403
1.26403
8.0E+02
8.0E+01
1.1E408
6.0E+02
236403
8.0E+02
1.4E408
526403
37E+02
6.1E402
7.2E403
1.3E+03
1.4E408
2.0E+03
1.5E408
8.5E402
2.7E+03
2.1E402
2.4E+03
1.2E404
1.4E408
7.0E+02
1.3E402
1.6E+03
55E+02
6.2E+02
2.6E+02
6.4E+02
1.3E+03
1.1E403
38E+02
1.0E+08

Alax
(ppm)

1.60E+04
6.80E+02
5.04E403
3.90E+02
1.19E+08
4.54E402
1.38E+08
4.18E402
2.58E+03
5.99E+02
1.45E403
1.24E403
1.78E408
1.55E+08
1.24E408
9.92E401
4.69E402
2.92E401
1.61E+08
7.54E+02
5.67E402
4.99E402
6136402
7.82E+02
2.00E+03
1.34E+03
1.49E+08
1.59E403
2.11E+03
2.55E408
3.76E+03
4.96E+02
6.04E+01
1.17E+03
1.87E408
1.59E+08
3.41E403
3.88E403
6.80E+02
3A7E+08
B.96E+03
7.16E+03
3.65E403
1.17E+03
875E402
1.36E+02
5.86E402
6.21E402
4.50E+03
281E+02
2.31E408
4626402
871E402
1.50E+03
1.24E+08
2.46E403
354E402
6.56E+08
1.09E+03
1.24E408
1.52E+03
5556402
1.11E+04
6.28E+02
B.67E403
5.07E+02
4726402
5.04E403
3A7E403
1.83E402
7.27€4+01
1.44E402
5.76E403
4.64E403
4.27E402
8.24E408
421408
5.90E+02
331E402
1.84E402
5.78E403
1.85E+03
1.10E+03
1.21E408
1.24E408
8136402
1.06E+08
9.28E402
1.72E408
1.13E+03
4.82E+02
8.75E402
2.48E+02
2.14E+08
1.93E402
3.99E403
7.89E+01
1.31E+04
897E+03
4.21E+03
4.30€403
1226403
1.98E+03
1.14E403
3.60E403
1.74E403
1.66E402
9236402
5.43E402
1586403
2.48E402
1.06E+02
8436403
1.67E+03
2.51E+02
2.90E+02
1.21E408
3.44E402
3.80E+03
9.44E402
3.68E402
1.05E+03
1.97E404
5.14E402
1.16E+03
1.26E402
9.74E+02
1.67E403
6.37E+02
1.41E+02
3286402
3236402
1.93E408
9.12E402
3.49E+02
4.21E+02
7.33E+03
1.14E402
5306402
3.87E+03
3.66E402
220E:02
1.91E408
1.13E+03
4.70E402
8.74E402
6.35E+02
6.79E+02
5.14E402
3436408
2.90E403
8.33E+02
6.95E402
8.49E+02
1.026404
3.89E+03
8.18E404
1.74E+02
3.66E403
5556403
1.70E408
1.16E+03
1.15E408
2.15E403
9.01E+02
9.08E+02
258£403
3.42E408
3.43E403
331E+03
9.75E401
1.39E+04
1.74E408
1.57E+03
1.20E+04
5.11E+03
9.96E402
2.68E+03
7.736402
1.12E403
4.62€403
1.02E403
6.67E+02
1356403
1.27€+03
4.20E402
8.38E+02
377€+02
6.63E402
31E+01
1.67E408
1.29E+03
9.43E402
2.14E408
7.77E+02
3.65E402
4.75E+03
1.23E403
4.39E+02
2.80E403
3.78E+03
5.54E402
2.36E+03
231E+03
2.67E+08
1.27E+03
5.46€403
1.82E+03
801E+02
4.82E+08
2.17E402
2.35E403
1.25E+03
9.88E+03
9.20E+02
1.12E+03
1.49E403
8.87E+02
1.15E+03
1.23E403
7.82E+02
2.25E408
1.02E403
1.54E+03
578403
4.70E402
8.56E402
8.04E408
1.32E+03
1.62E+03
2.64E403
1.63E+03
1.01E+03
2.75E+03
2.24E402
2.70E403
1.88E+04
1.42E+03
7.39E402
1.42E402
1.84E+03
737€+02
6.30E+02
257E402
5.77E+02
1.34E+03
1.11E+03
401E+02
1.21E+03

Y Amax
(c/d)

12.7
23.0
16.0
14.2
120
17.7
213
101
1.3
182
16.7
15.4
17.0
17.0
19.2
9.3
209
23.1
17.0
17.9
23.0
21.0
21.8
239
18.3
16.5
20.6
122
226
239
17.0
228
6.8
15.6
17.0
21.8
16.4
15.6
17.7
125
14.4
8.7
92
6.6
17.2
19.4
229
8.0
20.2
14.6
142
16.5
16.1
10.8
17.7
208
238
9.0
17.0
17.8
23.1
24.1
235
59
12.0
232
16.2
101
10.0
22.4
213
19.6
9.2
97
18.7
104
14.0
148
75
741
14.0
219
16.8
174
53
53
16.4
9.7
18.2
53
14.8
146
15.6
188
20.4
243
16.2
8.6
83
14.7
14.7
15.7
15.7
23.6
69
189
74
220
1565
189
8.4
1.7
22.4
232
7.7
6.7
17.4
20.7
77
15.6
74
215
72
14.7
200
210
19.1
13.7
1.8
183
20.2
15.7
185
135
10.7
171
80
5.7
165
1.6
158
104
5.1
185
20.2
16.7
76
175
70
104
55
1.8
203
70
10.7
120
52
23.1
10.2
1.7
200
200
13.6
23.4
14.1
15.1
122
145
146
99
52
92
14.0
226
103
171
18.2
i
5.1
15.0
16.2
199
1.0
19.6
13.3
15.7
9.3
6.7
1.4
55
6.0
20.2
209
235
14.2
2
15.7
18.4
188
108
195
20.0
90
12.4
133
208
6.8
78
16.0
1.6
232
232
14.8
12.4
10.7
14.8
192
241
16.7
184
19.1
180
215
6.6
106
237
&2
9.4
242
196
163
182
19.7
16.7
10.1
19.0
139
73
202
139
223
18.1
226
12.2
19.7
230
19.0
56
6.4

.
(c/d)
12.72
2153
14.94
1656
1085
17.85
2135
10.10
1136
19.95
16.71
15.32
1699
1699
17.25
935
20.89
2300
17.04
17.88
23.23
2098
20.23
2058
21.39
16.45
23,64
12,12
23.86
23.97
17.04
1553
682
15.59
17.04
2177
16.42
15.60
1835
12.56
14.38
8.84
9.21
668
17.33
19.35
2288
7.84
20.17
7.35
14.20
15.51
15.09
1089
17.68
20.80
23.23
896
1696
17.90
23.00
2436
2368
589
1199
23.20
16.60
10.07
9.96
22.35
2125
650
911
963
1364
10.32
14.02
19.76
7.47
607
1395
21.87
1684
1687
523
523
1635
9.67
18.20
5.30
19.74
14.60
972
18.86
20.30
2432
12,31
855
804
14.80
14.80
15.75
15.75
23,68
689
18.92
7.36
21.96
486
18.80
832
11.68
22.39
2356
7.73
492
17.39
19.87
7.78
14.90
727
21.46
7.08
14.77
20.07
20,97
10,05
13.67
11.83
14.21
22.95
15.83
19.44
1858
10.72
17.08
7.98
580
16.51
11.80
15.73
1037
6.14
18.56
20.18
16.63
7.63
2331
696
978
7.10
11.83
2022
702
10.68
12.49
523
2309
10.25
926
2002
2002
13.63
23.43
14.16
15.14
12,08
1459
14.60
993
5.18
922
13.49
17.60
1022
17.41
18.24
17.26
601
14.98
16.25
19.94
10.49
19.61
18.30
15.86
9.34
668
11.43
506
596
20.16
2087
23.46
14.25
724
15.83
18.42
18.82
10.77
19.48
19.98
9.04
12:34
18.30
2173
686
7.94
16,52
10.60
23.19
2337
14.82
12.34
10.57
14.85
19.15
24.07
15.69
18.37
21.39
17.93
2150
664
1053
2373
2121
939
24.16
17.44
15.25
17.04
1274
16.77
10.06
18.94
13.85
725
17.22
21.99
2222
2323
2257
4.87
19.80
23.02
19.64
559
6.40
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