SDSS Stripe 82 Standard Star Catalog

Željko Ivezić1, Douglas Tucker2, J. Allyn Smith2, Gajus Miknaitis2, Huan Lin2, et al.

ABSTRACT

This will eventually become a paper about the construction of SDSS Stripe 82 standard star catalog, and a few of its applications. For now, this is a convenient format to communicate the current state of the results.

1. Introduction

A few words about the need for a standard star catalog, SDSS in general, and its photometric calibration in particular.

2. The Construction of SDSS Stripe 82 Standard Star Catalog

2.1. The Photometric Calibration of SDSS Imaging Data

More details about photometric calibration

2.2. The Catalog Construction

Using 62 SDSS-I runs from stripe 82 (approximately -60 < RA < 60 and |Dec| < 1.26) obtained in mostly photometric conditions, candidate calibration stars are selected by requiring that they have quoted photometric error smaller than 0.05 mag in at least one band. Stars with flags BRIGHT, SATUR, BLENDED, EDGE are rejected. After positionally matching (within 1 arcsec) all detections of a single star, various statistics such as mean, median, root-mean-square scatter, and χ^2 per degree of freedom (pdf) are

1University of Washington, Dept. of Astronomy, Box 351580, Seattle, WA 98195

2FNAL

3Princeton University Observatory, Princeton, NJ 08544

– 2 –

computed. This initial catalog of multi-epoch observations includes 957,844 stars. The median number of observations per star is 10.

The distributions of magnitude, photometric error, χ^2 pdf and the number of observations for a subset of these stars are shown in Figure 1. Note that the random photometric errors are below 0.01 mag at the bright end. These errors are reliably computed by photometric pipeline, as indicated by the χ^2 per degree of freedom distributions. The distribution of these stars in usual color-magnitude and color-color diagrams is shown in Figure 2.

Adopted calibration stars must have at least 4 observations and, to avoid variable sources, χ^2 pdf less than 3 in the gri bands (the same requirements are applied in the u and z bands when using the catalog for calibration, for more details see below). These requirements result in a calibration catalog of 674,559 stars. The distribution of calibration stars in color-magnitude and color-color diagrams is shown in Figure 3 (for a subset of stars that satisfy the above selection criteria also in the u and z bands). For completeness, the distribution of variable sources in color-magnitude and color-color diagrams is shown in Figure 4.

Add here RA-Dec and stellar density vs. RA plots.

2.3. Tests of Catalog Quality

Figure 1 demonstrates that random photometric errors behave as expected. However, there could be systematic calibration errors as a function of time (RA direction), or due to problems with flatfields (Dec direction). We use several methods to test for the presence of such errors at a 0.01 mag or larger level.

2.3.1. The Stellar Locus Method

Systematic photometric errors would manifest themselves as shifts in the position of the stellar locus (apart from an overall gray error). These shifts can be tracked using the principal colors (Ivezić et al. 2004, astro-ph/0410195). The properties of these colors are illustrated in Figure 5. The widths of the principal color distributions (the thickness of the stellar locus) are much smaller than when using single-epoch data (indeed, all four principal color distributions are ”resolved” using this high quality photometry, see Table 1). This decrease of the width is in agreement with the above discussion of random photometric errors. The fact that medians are close to 0 shows that the averaging procedure did not

– 3 –

induce any shifts in zeropoints compared to the average of 291 runs discussed by Ivezić et al. (2004).

Because the widths of principal color distributions are so small, principal colors can be used to efficiently track local calibration problems such as zeropoint errors. For an appropriately defined bin, the median values of principal colors can be compared to the expected statistical deviations. For example, in a bin with 100 stars, the median s color can be determined with an accuracy of ∼0.002 mag. Such a shift would be induced by a zeropoint error in the u band of 0.008 mag (assuming that the g and r bands are perfectly calibrated).

Figures 6–9 show median principal colors as a function of RA, the distribution of these medians, and the distribution of medians normalized by expected errors. For example, the rms for the s color medians is 0.004 mags. If all of that scatter were due to zeropoint problems, then the implied rms for the u band zeropoint scatter is 0.016 mag (assuming that the g and r bands are perfectly calibrated). This is about twice as good as the u band calibration for photometric SDSS runs (see fig. 5 in Ivezić et al. 2004). However, the middle right panel in Figure 6 shows that the width of the median/error distribution is only slightly larger than 1 (∼1.2). That is, almost the same scatter is expected from the shot noise alone. If this factor of 1.2 is taken seriously, that the implied u band zeropoint scatter is 0.016/6, or only about 0.003 mag. It is therefore likely that the u band zeropoint scatter is somewhere between 0.003 and 0.016 mag, and quite likely less than 0.01 mag. Similarly, the observed scatter for other 3 colors is only slightly larger than the scatter expected from the shot noise. In the griz bands, and probably in the u band too, the photometric zeropoint errors for the SDSS5 catalog are <0.01 mag.

The same method can be used to test for systematic photometric errors due to imperfect flatfield vectors. TBDone.

There is evidence for occasional 1-2% problems in the u band. We need to correct the master catalog photometry in a similar fashion as flatfield corrections for individual seasons are obtained.

2.3.2. Comparison with Other Standard Star Catalogs

Doug and Allyn...

– 4 –

2.3.3. The K-correction Method for Luminous Red Galaxies

Huan...

3. The Utility of SDSS Stripe 82 Standard Star Catalog

As examples of the use of the standard star catalog, we discuss calibration of data obtained in non-photometric conditions, and a detailed and robust measurement of the stellar locus morphology.

3.1. Calibration of Non-photometric data

3.1.1. A method to track fast cloud extinction variations

Due to its high stellar density, the standard star catalog described in previous section can be used for calibration of data obtained in non-photometric conditions. Typical number of calibration stars at high galactic latitudes is 10-15 in the u band, 40-50 in the gri bands, and 30-40 in the z band. Based on tests of several such SDSS-II runs, it was found that the cloud extinction variations can be tracked with a sufficient temporal resolution to obtain photometric zeropoint accuracy comparable to that characteristic for photometric nights.

The calibration is done in two steps. First, the implied zeropoints, zp, defined by m_{calibrated} = −2.5 ∗ log(counts) + zp, (1) are median filtered using a window with 5 stars in order to avoid outliers. In the second step, zeropoints are evaluated for each 100 pixel long segment. These zeropoints are computed by finding the smallest window centered on the segment that includes at least 3 stars, and adopting the median zp for these stars. The zeropoint error is evaluated from the root-mean-scatter of zp, divided by the square root of the number of stars. We discuss the performance of this method next.

3.1.2. Performance and Quality Tests

The top panel in Figure 10 summarizes the behavior of cloud extinction in the r band for an SDSS-II SN run (5646) obtained in strongly non-photometric conditions. Although the cloud extinction during the first 150 fields (corresponding to 1.5 hours of time) varies

– 5 –

between 0 and ∼6 mag, it is possible to robustly calibrate these data. Figure 11 zooms in on a 2 minutes long stretch of data where the cloud extinction varies between 0.4 and 3 mag, with changes as fast as 0.02 mag/second. As shown in the figure, the residuals have the distribution width of only 0.08 mag, and most of this scatter is contributed by random photometric errors (i.e. errors in counts), rather than by calibration errors (large cloud extinction results in a smaller number of calibration stars, as well as in lower SNR for those calibration stars that are detected). The zeropoints are evaluated every 100 pixels, or 2.6 seconds of time. Even with such a large and fast varying cloud extinction, the zeropoint errors are smaller than 0.05 mag, with the median value of only 0.02 mag. An example from another run, where the cloud extinction is more moderate, is shown in Figure 12.

The cloud extinction significantly decreased during the second half of run 5646. However, a detailed look (see Figure 13) reveals remaining cloud extinction at the 0.05 mag level, that oscillates between 0 and 0.1 mag on time scales of the order 1 minute (these variations are somewhat smoothed out by the 54.1 second long integration time). As the bottom right panel in Figure 13 demonstrates, the median zeropoint error is only 0.004 mag (this error doesn’t include photometric errors in the calibration star catalog)

The calibration summary in the u and z bands for the same two short stretches of data discussed above are shown in Figures 14–17. Although the number of calibration stars is much smaller in the u band than in the r band, the median zeropoint error is 0.02 mag for the median cloud extinction of 0.7 mag. Figures 18–19 show calibration summary in the r and u bands for a run (2662) obtained in nominally photometric conditions, and which passed SDSS automatic quality assurance criteria. Nevertheless, the median cloud extinction is ∼0.1 mag, with peak-to-peak variations exceeding 0.1 mag. These variations resulted in photometric calibration errors at the level of several hundreths of a magnitude for this run, when calibrated using standard procedure (add runQA plot here).

A summary of calibration accuracy as a function of the cloud extinction and band is shown in Figure 20. As evident, the data can be calibrated with zeropoint errors smaller than 0.05 mag even through 1 mag thick clouds.

Add here a plot of residuals vs. color to demonstrate that there are no color terms due to clouds. This will nicely flow into next section.

3.1.3. The Cloud Properties

Are clouds gray? Yes, even in the u and z bands, see Figures 21 and 22.

– 6 – Is there spatial structure on degree scales? Yes, see Figure 23

3.2. The Morphology of the Stellar Locus Add zoomed in version of the top right panel in Figure 3, and overplot Kurucz model predictions.

4. Discussion and Conclusions

– 7 –

Fig. 1.— The distributions of magnitude, photometric error, χ^2 pdf and the number of observations for a subset of multiply observed stars from SDSS stripe 82. Each row corresponds to one SDSS bands. The small red dots in the first column are individual stars, and the large green dots are the median errors. The errors are reliable, as the χ^2 per degree of freedom distributions in the middle column demonstrate. The distributions of the number of observations are shown in the last column.

– 8 –

Fig. 2.— The color-magnitude and color-color distributions of multiply observed stars from SDSS stripe 82. The points are color-coded according to the observed rms in the g band (0.01-0.06, from blue to red). Note how QSOs (u − g < 0.6) and RR Lyrae (u − g ∼ 1.1) stand out as variable sources (red points).

– 9 –

Fig. 3.— Analogous to Figure 2, except that only non-variable sources are shown.

– 10 –

Fig. 4.— Analogous to Figure 2, except that only variable sources are shown, and with a different color coding (0.02-0.30 range of the g band rms, instead of 0.01-0.06).

– 11 –

Fig. 5.— The top two panels show two projections of the stellar locus (in the ugr and gri planes), and the next two panels show their dependence on magnitude for stars shown by blue symbols in the top row. The large green dots shows median values in bins of colors and magnitude. The last two rows show histograms for each principal color on linear and logarithmic scale (essentially the locus cross-sections). The best-fit Gaussians, with parameters listed in the third row, are shown by the dashed lines in the fourth row.

– 12 –

Fig. 6.— The use of stellar locus to track systematic photometric errors. The median s color as a function of RA is shown in the top panel, the distribution of these medians in the middle left panel, and the distribution of these medians when normalized by expected error in the middle right panel. The bottom two panels are analogous to the middle two, except that they correspond to the whole sample (i.e. not only to the RA stretch shown in the top panel).

– 13 –

Fig. 7.— Analogous to Figure 6, except that w color is shown.

– 14 –

Fig. 8.— Analogous to Figure 6, except that x color is shown.

– 15 –

Fig. 9.— Analogous to Figure 6, except that y color is shown.

– 16 –

Fig. 10.— The top panel summarizes the behavior of cloud extinction in the r band over three hours during SDSS-II run 5646 (one field corresponds to 36 seconds of time). Individual calibration stars are shown by dots, and the blue line shows median-smoothed values that are input for calibration. The adopted zeropoint is shown by the green line. The calibration residuals for each star are shown by dots in the second panel. The blue line in this panel shows the root-mean-square scatter for these residuals evaluated for each field. The distribution of these residuals is shown in the left panel in the third row as the solid line. The median and equivalent Gaussian σ evaluated from the inter-quartile range are also shown in the panel, as well as a Gaussian corresponding to these parameters (dashed line). The right panel is analogous, except that the residuals are normalized by the expected errors (and incorrectly labeled χ^2_{pdf} ). The distribution of cloud extinction is shown in the bottom left panel, and the distribution of errors for adopted photometric zeropoints in the bottom right panel.

– 17 –

Fig. 11.— Analogous to Fig. 10, except that only 2 minutes worth of data with large cloud extinction is shown. Note that the changes in cloud extinction are resolved down to time scales well below 10 seconds (∼0.3 fields). The magenta line and dots in the second panel from top show median residuals for each field.

– 18 –

Fig. 12.— Analogous to Fig. 10, except that only 12 minutes worth of data with moderately large cloud extinction from another run (5646) is shown. Note that photometric zeropoint errors are well below 0.01 mag.

– 19 –

Fig. 13.— Analogous to Fig. 11, except that only 12 minutes worth of data with relatively small cloud extinction is shown. Note a fast 0.2 mag cloud transient for fields 674-676.

– 20 –

Fig. 14.— Analogous to Fig. 11, except that the u band calibration summary is shown. Note the much smaller number of calibration stars. Nevertheless, it is still possible to photometrically calibrate these data with the median calibration error of 0.02 mag.

– 21 –

Fig. 15.— Analogous to Fig. 13, except that the u band calibration summary is shown. Note that the transient from fields 674-676 is observed for fields 670-672 because the u band images lag the r band images by 4 fields.

– 22 –

Fig. 16.— Analogous to Fig. 14, except that the z band calibration summary is shown.

– 23 –

Fig. 17.— Analogous to Fig. 15, except that the z band calibration summary is shown.

– 24 –

Fig. 18.— Analogous to Fig. 10, except that a stretch of data from SDSS-I run 2662 is shown. Despite this run passing quality assurance criteria, which indicates a nominally photometric night, the median cloud extinction is 0.08 mag, with peak-to-peak variations exceeding 0.1 mag.

– 25 –

Fig. 19.— Analogous to Fig. 18, except that the u band calibration summary is shown.

– 26 –

Fig. 20.— An illustration of calibration accuracy as a function of the cloud extinction and band (urz as marked in the panels). Each symbol represents one 100 pixel long calibration segment. Zeropoint error is determined from the root-mean-scatter of photometric residuals. The panels in the right column are zoomed in versions of those in the left column. Note that the data can be calibrated with zeropoint errors smaller than 0.05 mag even through 1 mag thick clouds.

– 27 –

Fig. 21.— A comparison of calibration in five different bands for a half an hour worth of data obtained through exceedingly cloudy conditions. Each symbols represents one calibration star. The blue line shows median-smoothed values that are input for calibration, and the adopted zeropoint as a function of time is shown by the green line.

– 28 –

Fig. 22.— The color of cloud extinction in SDSS bands. Each symbols represents one field. The dashed lines in the bottom two panels indicate expected correlation if the color variations are due to temporal changes in the cloud thickness (rather than due to intrinsic color changes).

– 29 –

Fig. 23.— A comparison of cloud extinction measured for six camera columns and in five different bands. In each panel, six lines correspond to six camera columns. While overall behavior is similar, cloud extinction can vary by more than 1 mag across the camera (∼2.5 degree).

– 30 –

Table 1. The Width of the Stellar Locus

PC width 1 obs^a width N obs^b median^c width for PC/PCerror^d

s 0.031 0.019 0.004 3.02 w 0.025 0.010 0.000 1.82 x 0.042 0.034 0.001 5.34 y 0.023 0.009 0.000 1.64

aThe locus width determined using single-epoch SDSS observations (in mag). bThe locus width determined using multiple SDSS observations (in mag). cThe median principal color determined using multiple SDSS observations (in mag).

dThe locus width normalized by expected measurement errors.