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ABSTRACT6

By combining spectroscopic data from the LAMOST DR7, SDSS DR12, and corrected photometric7

data from the Gaia EDR3, we apply the Stellar Color Regression (SCR; Yuan et al. 2015a) method8

to recalibrate the SDSS Stripe 82 standard stars catalog of Ivezić et al. (2007). With a total number9

of about 30,000 spectroscopically targeted stars, we have mapped out the relatively large and strongly10

correlated photometric zero-point errors present in the catalog, ∼2.5 per cent in the u band and ∼ 111

per cent in the griz bands. Our study also confirms some small but significant magnitude dependence12

errors in the z band for some charge-coupled devices. Various tests show that we have achieved an13

internal precision of about 5 mmag in the u band and about 2 mmag in the griz bands, which is about14

5 times better than previous results. We also apply the method to the latest version of the catalog15

(V4.2; Thanjavur et al. 2021), and find modest systematic calibration errors up to ∼ 1 per cent along16

the R.A. direction and smaller errors along the Dec. direction. The results demonstrate the power of17

the SCR method when combining spectroscopic data and Gaia photometry in breaking the 1 percent18

precision barrier of ground-based photometric surveys. Our work paves the way for the re-calibration19

of the whole SDSS photometric survey and has important implications for the calibration of future20

surveys. Future implementations and improvements of the SCR method under different situations are21

also discussed.22
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1. INTRODUCTION25

Wide-field photometric surveys play a leading role in26

the discovery of new celestial objects, new phenomena,27

and new laws in modern astronomical research. The po-28

tential discovery space and amount of information that29

can be extracted from a given photometric survey is30

closely related to the uniformity of its photometric cal-31

ibration. Hence, a uniform and accurate photometric32

calibration plays a central role in the current and next-33

generation wide-field imaging surveys, such as the Sloan34

Digital Sky Survey (SDSS; York et al. 2000), the Dark35

Energy Survey (DES; The Dark Energy Collaboration et36

al. 2005), the Pan-STARRS1 survey (PS1; Chambers et37

al. 2016), the SkyMapper Southern Survey (SMSS; Wolf38

et al. 2018), the Stellar Abundance and Galactic Evolu-39

tion survey (SAGE; Zheng et al. 2018), the Javalambre40

Photometric Local Universe Survey (J-PLUS; Cenarro41

et al. 2019), the Southern Photometric Local Universe42

Survey (S-PLUS; Mendes de Oliveira et al. 2019), the43

Javalambre Physics of the Accelerating Universe Astro-44

physical Survey (J-PAS; Benitez et al. 2014). the Vera45

C. Rubin Observatory Legacy Survey of Space and Time46

(LSST; Ivezić et al. 2019), the Chinese Space Station47

Telescope (CSST; Zhan 2021), the Wide Field Survey48

Telescope (WFST; Lou et al. 2016), and the Multi-49

channel Photometric Survey Telescope (Mephisto; Er et50

al. 2021, in preparation).51

The calibration of astronomical photometric measure-52

ments are traditionally based on sets of standard stars53

(e.g., Landolt 1992, 2009, 2013; Stetson 2000; Clem &54

Landolt 2013). However, due to the very limited num-55
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bers of standard stars available, it is very challenging to56

achieve calibration precision better than 1 percent for57

ground-based observations (e.g. Stubbs & Tonry 2006).58

The challenges are mainly caused by the temporal and59

spatial variations of the Earth atmospheric transmission,60

and the difficulties in correcting for instrumental effects61

such as flat fielding and electronics of CCDs. In re-62

cent years, a number of approaches have been developed63

for the precise calibration of wide field imaging surveys.64

These approaches can be roughly divided into two cat-65

egories: “hardware-driven” approaches and “software-66

driven” approaches. Note that all these approaches per-67

form “relative” calibration (i.e., establishing an inter-68

nally consistent photometric calibration across the whole69

survey region) rather than “absolute” calibration.70

The “hardware-driven” approaches are based on bet-71

ter understanding of wide field imaging observations, in-72

cluding the ubercalibration method (Padmanabhan et al.73

2008), the Forward Global Calibration Method (FGCM;74

Burke et al. 2018), and the hypercalibration method75

(Finkbeiner et al. 2016). The ubercalibration method is76

originally developed for the SDSS but has been widely77

used (e.g., Schlafly et al. 2012; Liu et al. 2014; Zhou78

et al. 2018; Gaia Collaboration et al. 2016). It requires79

a significant amount of over-lapping observations. The80

FGCM is developed for the DES and LSST. In addition81

to repeated observations, it requires data taken with aux-82

iliary instrumentation at the observatory, and models of83

the instrument and atmosphere to estimate the spatial84

and time variations of the passbands. The hypercalibra-85

tion method assumes that systematic errors of different86

surveys are independent. Therefore, different surveys can87

be used to calibrate each other.88

The “software-driven” approaches are based on better89
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understanding of stellar colors, including the Stellar Lo-90

cus Regression method (SLR; High et al. 2009), the stel-91

lar locus method (SL; López-Sanjuan et al. 2019), and92

the Stellar Color Regression method (SCR; Yuan et al.93

2015a). The position of the stellar locus was firstly used94

by Ivezić et al. (2004) to estimate the accuracy of pho-95

tometric zeropoints of the SDSS. Assuming a universal96

stellar color-color locus, the SLR method can correct for97

effects including variations in instrumental sensitivity, in98

the Earth atmospheric transmission, and in the Galactic99

interstellar and reddening, producing real-time well cal-100

ibrated colors for both stars and galaxies. However, the101

precision is limited to a few per cent, due to the vari-102

ations of stellar populations and the interstellar extinc-103

tion, especially in the low Galactic latitude region. The104

method also requires a blue filter in addition to at least105

two other filters to break possible degeneracy. The SLR106

method can only perform color calibration. To overcome107

this limitation, by using an existing well-calibrated data-108

set as anchors, the SL method can perform photometric109

calibration with the help of the de-reddened stellar locus.110

The method can be further improved by including the111

metallicity effect in colours via the metallicity-dependent112

stellar locus (Yuan et al. 2015b; López-Sanjuan et al.113

2021).114

With the rapid development of multi-fiber spectro-115

scopic surveys, e.g., SDSS/SEGUE (Yanny et al. 2009),116

LAMOST (Deng et al. 2012; Liu et al. 2014), APOGEE117

(Jönsson et al. 2020), and GALAH (De Silva et al. 2015)118

surveys, we have entered into the era of millions of stel-119

lar spectra. On the other hand, thanks to the mod-120

ern template-matching based as well as data-driven stel-121

lar parameter pipelines (e.g., Lee et al. 2008a,b; Wu122

et al. 2011; Xiang et al. 2015, 2017), stellar atmo-123

spheric parameters (Teff , log g, and [Fe/H]) can be de-124

termined to a very high internal precision (e.g., Niu et125

al. 2021a). Therefore, stellar colors can be accurately126

predicted based on the large-scale spectroscopic surveys127

with the star-pair technique (Yuan et al. 2013). Taking128

advantage of the above fact and using millions of spec-129

troscopically observed stars as color standards, Yuan et130

al. (2015a) have proposed the spectroscopy-based SCR131

method to perform precise color calibrations. Compared132

to the SLR and SL methods, the SCR method fully ac-133

counts the effects of metallicity, surface gravity, and dust134

reddening on stellar colors. Applying the method to the135

SDSS Stripe 82 standard stars catalog, we have achieved136

a precision of about 5 mmag in u− g, 3 mmag in g − r,137

and 2 mmag in r− i and i− z, an improvement by a fac-138

tor of two to three. The method has also been applied to139

the Gaia DR2 and EDR3 (Niu et al. 2021a, b) to correct140

for magnitude/color-dependent systematic errors in the141

Gaia colors, with a precision of about 1 millimagnitude.142

With the data releases of the Gaia DR2 and EDR3143

(Gaia Collaboration et al. 2016, 2018, 2021), accurate144

and homogeneous photometric data of the whole sky145

and with an exquisite quality are now accessible, reach-146

ing down to the unprecedented millimagnitude level for147

the G, BP, and RP passbands. With the help from the148

Gaia photometry, the SCR method can accurately pre-149

dict the magnitudes of stars in various bands, providing150

a great opportunity to break the 1 percent precision bar-151

rier of ground-based photometric surveys. Such approach152

has been applied to the second data release from the153

SkyMapper Southern Survey (SMSS DR2). Large zero-154

point offsets are detected, particularly for the gravity-155

and metallicity-sensitive uv bands (Huang et al. 2021a).156

In this work, by combining spectroscopic data from the157

LAMOST DR7, SDSS DR12 and corrected photometric158

data from the Gaia EDR3, we apply the SCR method159

to recalibrate the SDSS Stripe 82 standard stars catalog.160

The paper is organized as follows. In Section 2, we intro-161

duce our data. In Section 3, we apply the SCR method162

to the SDSS Stripe 82 region to recalibrate the data and163

check the precision of our method. In Section 4, we ap-164

ply the method to the latest version of the catalog (V4.2,165

Thanjavur et al. 2021). The discussions and conclusions166

are given in Section 5.167

2. DATASETS168

The repeatedly scanned Stripe 82 (|Dec.| < 1.266◦,169

20h34m < R.A. < 4h00m) is a contiguous equatorial re-170

gion of 300 deg2 in the SDSS. Ivezić et al (2007; I07171

hereafter) delivered an accurate photometric catalog of172

about one million stars in u, g, r, i, z bands, with an inter-173

nal calibration consistency of one percent, thus providing174

a practical definition of the SDSS photometric system.175

The random photometric errors of the I07 catalog are176

below 0.01 mag for stars brighter than 19.5, 20.5, 20.5,177

20.0, and 18.5 in u, g, r, i, and z bands, respectively.178

2.1. LAMOST Data Release 7179

For the recalibration of Stripe 82, we use spectroscopic180

information from LAMOST Data Release 7 (Luo et al.181

2015). The Large Sky Area Multi-Object Fiber Spectro-182

scopic Telescope (LAMOST) is a Chinese national sci-183

entific research facility operated by the National Astro-184

nomical Observatories, Chinese Academy of Sciences. It185

is a special reflecting Schmidt telescope with 4000 fibers186

in a field of view of 20 deg2. The data of this release are187

available via http://dr7.lamost.org/v1.3/.188

LAMOST DR7 includes a total number of 10,640,255189

low resolution spectra covering the whole optical wave-190

length range of 3690 – 9100Å at a spectral resolution of191

about 1800. The LAMOST Stellar Parameter Pipeline192

(LASP; Wu et al. 2011) has been used to determine the193

basic stellar parameters including effective temperature194

Teff , surface gravity log g, metallicity [Fe/H], and radial195

velocity Vr for late A and FGK stars. Their typical er-196

rors compared with SDSS DR9 are −91± 111 K for Teff ,197

0.16±0.22 for log g, and 0.04±0.15 for [Fe/H] (see Table198

2 of Luo et al. 2015). Repeated observations show that199

the internal errors of LAMOST parameters at SNR > 20200

are about 50 – 100 K for Teff , 0.05 – 0.1 dex for log g,201

and 0.05 – 0.1 dex for [Fe/H] (See Figure 3 of Niu et al.202

2021a).203

2.2. SDSS Data Release 12204

SDSS Data Release 12 (DR12; Alam et al. 2015) is the205

final data release of the SDSS-III, containing all SDSS206

observations through July 2014. The SDSS stellar spec-207

tra are processed through the SEGUE Stellar Parameter208

Pipeline (Lee et al. 2008a), and three primary stellar pa-209

rameters (Teff ,log g, and [Fe/H]) are obtained for most210

stars over the range of 4000 – 10,000 K and with spectral211

S/N ratios higher than 10.212
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2.3. Gaia Early Data Release 3213

Gaia is an European Space Agency (ESA) mission aim-214

ing to map over one billion stars in the Milky Way in215

three dimensions. Its EDR3 (Gaia Collaboration et al.216

2021) is based on the first 34 months of the mission,217

including approximately 1.8 billion sources with precise218

astrometric and photometric information in three bands219

(G, BP , and RP ). Modest calibration errors up to 10220

mmag with G magnitude are found for stars of 10 < G221

< 19 (Yang et al. 2021). Hence we apply the magnitude222

corrections of BP and RP (see Table 1 of Yang et al.223

2021) in this work.224

3. THE RECALIBRATION OF STRIPE 82225

3.1. Data Selection226

There are over 20,000 common sources between I07,227

LAMOST DR7, and Gaia EDR3, and over 28,000 com-228

mon sources between I07, SDSS DR12, and Gaia EDR3,229

adopting a matching radius of 1 arcsec. The two sets230

of common sources are called respectively the LAMOST231

sample and the SDSS sample hereafter. We apply the232

SCR method using the two sets of data independently233

at the beginning. In the end, their results are combined,234

and compared with each other.235

Reddening values of stars are required in the SCR236

method. In Yuan et al. (2015a), the dust reddening237

map of Schlegel et al. (1998; SFD) was used. How-238

ever, the SFD map shows spatially dependent system-239

atic errors (e.g., Sun et al., submitted). Therefore, we240

use E(BP − RP ) values determined with the star pair241

technique (Yuan et al. 2013; Ruoyi & Haibo 2020) in242

this work. The E(BP − RP ) values of the LAMOST243

and SDSS samples are determined separately.244

We firstly select reference samples that with SNRg245

(signal-to-noise ratio in the g band) higher than 40 and246

having low E(BP − RP ) values between 0 − 0.05. The247

reference samples are used to define the stellar intrin-248

sic colors as a function of stellar atmospheric parameters249

with linear interpolation. With the above criteria, we250

have 1,182 and 2,849 reference stars from the LAMOST251

and SDSS samples, respectively.252

Then we select target samples with criteria that253

SNRg higher than 15, E(BP − RP ) greater than −0.05254

and effective temperature Teff between 4,500 K and255

6,500 K. The cut on Teff is mainly for robust fitting of256

temperature-dependent reddening coefficients (e.g., Niu257

et al. 2021a,b). We also require that each target star258

should have at least 4 reference stars whose Teff , log g,259

and [Fe/H] values differ by less than 100 K, 0.5 dex, and260

0.3 dex, respectively. With the above criteria, we have261

11,477 and 18,239 target stars selected from the LAM-262

OST and SDSS samples, respectively. These stars are263

called the target samples hereafter. Properties of the264

target and reference samples are plotted in Figure 1 and265

Figure 2. The reference stars appropriately sample the266

range of stellar parameters seen in the full data set, as267

seen in Figure 2.268

3.2. Reddening corrections and intrinsic colors269

To perform photometric calibration for the u, g, r, i,270

and z bands with the SCR method, five colors BP −271

u, BP − g, RP − r, RP − i, and RP − z are adopted272

respectively, where BP and RP are from Gaia EDR3.273

Table 1
Temperature-dependent reddening coefficients with respect to

E(BP −RP ).

Color a1 a0

BP − u +1.333× 10−4 −1.850
BP − g +0.592× 10−4 −0.641
RP − r +0.755× 10−4 −0.952
RP − i +0.272× 10−4 −0.217
RP − z −0.098× 10−4 +0.384

R = a1 × Teff + a0

Reddening coefficients of these colors with respect to274

E(BP − RP ) are required to obtain the intrinsic col-275

ors of the target samples. The reddening coefficients are276

derived from the following steps. Firstly, with an ini-277

tial set of reddening coefficients, the reference stars are278

dereddened. Due to the very broad BP and RP pass-279

bands, temperature-dependent reddening coefficients are280

adopted here. For simplicity, we assume that the redden-281

ing coefficients are linear functions of effective tempera-282

ture. Then we estimate color excess values of the tar-283

get stars, with their intrinsic colors determined spectro-284

scopically from the dereddened reference sample by the285

star-pair technique. Finally, a new set of reddening co-286

efficients are derived by the least-squares fitting method.287

A 2.5-σ clipping is performed in the fitting. The above288

process is iterated, till the new reddening coefficients are289

consistent with previous ones. Note that the reddening290

coefficients are derived using only the LAMOST stars.291

The yielded coefficients are used for the SDSS stars as292

well. The results of temperature-dependent reddening293

coefficients for the five colors are listed in Table 1 and294

displayed in Figures 3–4.295

Note that the spatial variations of reddening coeffi-296

cients across the Stripe 82 are neglected, to avoid pos-297

sible degeneracy between zero-point offsets and redden-298

ing coefficients. Fortunately, the Stripe 82 is located at299

high Galactic latitudes and has small values of reddening.300

Thus, the impacts of possible spatially varying reddening301

coefficients on our results are small.302

In the above process, spectroscopy-based intrinsic col-303

ors of the target stars are also obtained. To test the304

precision of the predicted intrinsic colors, the color fit-305

ting residuals are plotted in Figures 5–6 for the LAM-306

OST and SDSS target samples, respectively. For the307

LAMOST target sample, the typical errors are 0.039,308

0.017, 0.012, 0.011, and 0.015 mag respectively for the309

predicted intrinsic colors of BP − u, BP − g, RP − r,310

RP − i, and RP − z. The residuals show no obvious311

trends with respect to the atmospheric parameters. For312

the SDSS target sample, the typical errors are slightly313

larger, as the SDSS target stars are fainter and suffer314

larger photometric errors.315

3.3. From Color Corrections to Photometric316

Corrections317

With the reddening coefficients and the intrinsic col-318

ors, the observed colors of the LAMOST and SDSS target319

samples are predicted. The predicted magnitudes in the320

u, g, r, i, and z bands are then derived using the Gaia321

EDR3’s BP or RP magnitudes. Then, the magnitude322

offsets in each SDSS band can be determined by com-323

paring the predicted magnitudes and the original magni-324
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Figure 1. Distributions in the R.A. – E(BP −RP ) plane for the LAMOST (left) and SDSS (right) target stars. The LAMOST and SDSS
reference stars are also plotted in red dots.

tudes in I07, as shown in the next subsection.325

3.4. Decouple Spatial Variations of Magnitude Offsets326

in R.A. δextm (R.A.) and in Dec. δffm (Dec.)327

Similar to color calibration (I07; Yuan et al. 2015a),328

the true magnitude of an object, mtrue, can be expressed329

as:330

mtrue = mcat + δextm (R.A.) + δffm (Dec.), (1)

where mcat is from the I07 catalog, δextm (R.A.) is domi-331

nated by fast variations of the atmospheric extinction,332

and δffm (Dec.) is dominated by errors in the flat-field333

correction. The R.A. and Dec. dependence of the dom-334

inant errors comes from the drift scan direction for the335

Stripe 82, which was along the Equator. Unlike in Yuan336

et al. (2015a), we obtain δextm (R.A.) and δffm (Dec.) si-337

multaneously in this work. Note that the LAMOST and338

SDSS target samples are combined in this step.339

Stripe 82 consists of two drift scan strips: the north340

strip and the south strip. Each strip is scanned by six341

columns of five rows of CCDs with gaps between the342

columns. The geometry of the SDSS imaging can be343

found in Figure 1 of Padmanabhan et al. (2008). We344

decouple spatial variations of magnitude offsets in the345

two strips independently. For each strip, we uniformly346

divide the strip into 111 bins in R.A. and 49 bins in Dec..347

The bin width in R.A. is 1 degree, and the bin width in348

Dec. is 1/8 of the CCD width. The magnitude offsets in349

each band of I07 are displayed in Figures 7–8.350

To decouple the spatial variations of magnitude off-351

sets, we assume that each grid has independent δextm (RA)352

and δffm (Dec). According to the above equation, we ap-353

ply it to the LAMOST and SDSS target samples. With354

the least-squares method, we obtain 160 free parame-355

ters (111 in δextm (R.A.) and 49 in δffm (Dec.)) simultane-356

ously for each strip. To avoid the degeneracy between357

δextm (R.A.) and δffm (Dec.), we require that the mean value358

of δffm (Dec.) equals zero for each band. The results are359

displayed in Figures 9–10, and listed in Tables A1–A3360

in the Appendix. The entries in the tables should be361

added to cataloged photometry, as shown in Equation362

(1). Histogram distributions of the combined δextm (R.A.)363

and δffm (Dec.) values in the Stripe 82 region are displayed364

in Figure 11. The calibration errors of I07 are estimated365

to be 0.025, 0.011, 0.007, 0.007, and 0.008 mag for the u,366

g, r, i, and z bands, respectively.367

After corrections of the δextm (R.A.) and δffm (Dec.), mag-368

nitude offsets of the target samples are displayed in Fig-369

ure 12. No more offsets are found, as expected. His-370

togram distributions of the magnitude offsets in the u,371

g, r, i, and z bands before and after corrections are dis-372

played in Figure 13. Unsurprisingly, the dispersion val-373

ues have decreased significantly, by 0.032, 0.014, 0.0087,374

0.0081, and 0.010 mag in the u, g, r, i, and z bands,375

respectively. The decreasements are consistent with the376

calibration errors of I07.377

3.5. Dependence on Magnitudes and Colors378

After corrections of the δextm (R.A.) and δffm (Dec.), we379

investigate the possible dependence of the remaining380

magnitude offsets on target magnitudes and colors. The381

results are shown in Figures 14–15.382

Obvious variations are only found in three (cam-383

col=2/3/6) of the six CCD columns for the z band, con-384

firming the results of Yuan et al. (2015a) that the varia-385

tions are caused by the un-corrected non-linearity of the386

z band detectors. We have performed a third-order poly-387

nomial fit to the observed variations of z magnitude off-388

sets as a function of z magnitude for the aforementioned389

three CCD columns. The results are over-plotted in red390

in Figure 14. The fit coefficients are listed in Table 2 and391

valid for 14 < z < 18.5. The corrections should also be392

added to the cataloged photometry. For stars brighter393

than 14 or fainter than 18.5, the correction values at 14394

or 18.5 are adopted, respectively.395

No obvious variations are found for the magnitude off-396

sets as a function of g− i color. However, for red stars of397

g − i > 1, there seem to be weak color dependences for398

the u magnitude offsets in the first two CCD columns.399

Further investigations are needed.400

3.6. Final Precisions401
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Figure 2. Distributions in the planes of Teff – [Fe/H] (top) and Teff – log g (bottom) for the LAMOST (left) and SDSS (right) target
stars. The reference stars are plotted red dots.

Table 2
Fit coefficients for the z magnitude offsets as a function of z

magnitude.

Camcol z3 z2 z Constant term
2 −0.0008145 0.03857 −0.6021 3.098
3 −0.0005567 0.02618 −0.4073 2.094
6 −0.0014565 0.06873 −1.0732 5.543

In this subsection, we apply three independent meth-402

ods to estimate the precisions of our calibration results.403

Firstly, the north and south strips were scanned by404

the same CCDs. Flat field corrections are expected to405

be the same for the two strips. However, the δffm (Dec.)406

of the two strips are inconsistent due to different flat field407

corrections in I07. Taking into account the differences in408

I07, a good consistency between the two strips is found409

for each CCD. The small constant offsets between the410

two strips are probably caused by different zero points.411

The comparisons are shown in Figure 16. The precisions412

of the δffm (Dec) are estimated. The precision is about 7413

mmag for the u band. For the g, r, i, and z bands, the414

precisions are about 2–3 mmag.415

Secondly, we compare the δextm (R.A.) and δffc (Dec.) re-416

sults between the LAMOST and SDSS target samples.417

Consistent results are found and shown in Figure 17 for418

δextm (R.A.) and in Figure 18 for δffc (Dec.). The compar-419

isons suggest that the precisions are about 5–6 mmag in420

u and about 2 mmag in the g, r, i, and z bands.421

Lastly, we plot the δffc (Dec.) (derived from our422

δffm (Dec.)) versus δffg−r(Dec.) in Figure 19. Strong cor-423

relations are found between the color offsets, and con-424

sistent with Yuan et al. (2015a). The slopes also agree425

well with the expected values (see more details in Sec-426

tion 3.6 of Yuan et al. 2015a). The dispersions against427

the expected relations are consistent with the reported428

precisions.429
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Figure 3. Reddening values in BP −u, BP − g, RP − r, RP − i,
and RP − z colors plotted against E(BP − RP ) for the LAM-
OST sample with 2.5-σ clipping performed. The red and blue lines
mark the reddening coefficients at 5,000 K and 6,000 K, respec-
tively. Note that lines are not forced to go through the origin.

4. APPLYING THE METHOD TO THE NEW VERSION OF430

SDSS STRIPE 82 STANDARD STARS CATALOG431

A new version (V4.2) of SDSS Stripe 82 standard stars432

catalog is recently released (Thanjavur et al. 2021).433

Compared to the original version, the new version de-434

livers averaged SDSS ugriz photometry for nearly one435

million stars brighter than ∼22. Thanks to 2–3 times436

more measurements per star, their random errors are437

1.4–1.7 times smaller than those in the original catalog.438

The new catalog is calibrated against Gaia EDR3, firstly439

using the G photometry to derive grey photometric ze-440

ropoint corrections as functions of R.A. and Dec., then441

using the BP − RP color to derive relative corrections442

in the ugiz bands to the r band. In this section, we443

apply our method to the new catalog with the same pro-444

cedures. The δextm (R.A.) and δffc (Dec.) values obtained445

for the V4.2 catalog are displayed in Figure 20 and listed446

in Tables A4–A6 in the Appendix. Same to Tables A1–447

A3, the entries in the tables should be added to cataloged448

photometry.449

Two phenomena are found. One is that the magnitude450

offsets in the Dec. direction are well corrected in the V4.2451

catalog, particularly in the small scales within a given452

CCD camera. However, there are small (a few mmag)453

but significant global offsets for certain CCD cameras,454

Figure 4. Same to Figure 3 but for the SDSS sample.

e.g., the fourth camera in the south strip. The offsets455

for the fourth camera in the south strip are very similar456

in the ugriz bands, probably due to the fact that the457

calibration of the ugiz bands are based on the r band458

and the offset comes from the r band. The cause of such459

global offsets needs further investigation.460

The other is that the magnitude offsets in the R.A. di-461

rection still suffer certain systematic, up to 0.01 – 0.02462

mag in the ugriz bands. The errors are caused by ignor-463

ing the effects of varying reddening and metallicity along464

the R.A. direction in the calibration process of Thanjavur465

et al. (2021). Both reddening and metallicity increase466

toward low Galactic latitude regions. The variations of467

reddening along the Dec. direction are very weak. There-468

fore, the calibration of Thanjavur et al. (2021) along the469

Dec. direction works well. For the griz bands whose470

metallicity sensitivities are weak (about 0.02 mag/dex,471

see Yuan et al. 2015b), their errors are mainly caused472

by the effect of varying reddening. Consequently, their473

errors show a trend similar to extinction (see Figure 1).474

For the u band whose metallicity sensitivity is strong475

(about 0.2 mag/dex, see Yuan et al. 2015b), its errors476

are caused by the combined effects of varying reddening477

and metallicity.478

The variations of magnitude offset as a function of479

magnitude and color g−i for the six SDSS CCD columns480

after corrections for V4.2 are similar to Figures 14–15.481

Fit coefficients for the z magnitude offsets as a function482

of z magnitude are listed in Table 3. The corrections483



Photometric recalibration of Stripe 82 to a few mmag precision 7

Figure 5. Precision of intrinsic colors for the LAMOST target sample. From top to bottom are BP − u, BP − g, RP − r, RP − i, and
RP − z colors, respectively. The 1st column shows the residual distributions. The Gaussian fitting results are over-plotted in red, with the
σ values marked. The 2nd, 3rd, and 4th columns plot residuals against Teff , [Fe/H], and log g, respectively.

Figure 6. Same to Figure 5 but for the SDSS target sample.
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Figure 7. Magnitude offsets in the u, g, r, i, and z bands as a function of R.A. for the LAMOST and SDSS target samples. Stars in the
north and south strips are displayed in red and black, respectively.
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Figure 8. Magnitude offsets in the u, g, r, i, and z bands as a function of Dec. for the LAMOST and SDSS target samples. The
vertical solid lines mark the approximate boundaries between the different CCD columns. The vertical dashed lines mark the approximate
boundaries between the two strips of Stripe 82.

Table 3
Fit coefficients for the z magnitude offsets as a function of z

magnitude of the V4.2 catalog.

Camcol z3 z2 z Constant term
2 −0.0006906 0.03272 −0.5108 2.625
3 −0.0003347 0.01599 −0.2521 1.310
6 −0.0003234 0.01460 −0.2161 1.045

should be added to the cataloged photometry.484

5. CONCLUSIONS AND DISCUSSIONS485

In this work, by combining spectroscopic data from486

the LAMOST DR7, SDSS DR12 and corrected photo-487

metric data from the Gaia EDR3, we apply the Stellar488

Color Regression method to recalibrate the SDSS Stripe489

82 standard stars catalog. With a total number of about490

30,000 spectroscopically targeted stars, we have mapped491

out the relatively large and strongly correlated photo-492

metric zero-point errors present in the catalog, ∼2.5 per493

cent in the u band and ∼ 1 per cent in the griz bands.494

Our study also confirms some small but significant mag-495

nitude dependence errors in the z band for some CCDs.496

Various tests show that we have achieved an internal pre-497

cision of about 5 mmag in the u band and about 2 mmag498

in the griz bands, which is about 5 times better than499

previous results. We also apply the method to the latest500

V4.2 version of the catalog, and find modest systematic501

calibration errors along the R.A. direction and smaller502

errors along the Dec. direction. The updated catalogs503

are publicly available2.504

The results demonstrate the power of the SCR method505

when combining spectroscopic data and Gaia photome-506

try in breaking the 1 percent precision barrier of ground-507

based photometric surveys. Our work paves the way for508

the re-calibration of existing surveys, such as the whole509

SDSS photometric survey, and has important implica-510

tions for the calibration of future surveys, such as the511

LSST, CSST, and Mephisto.512

The key idea behind the SCR method is that stellar513

colors are intrinsically simple, which can be fully deter-514

mined by a small number of parameters including Teff ,515

[Fe/H], log g, and other elemental abundances. To make516

the method flexible under different situations, different517

forms can be adopted to predict intrinsic colors of the518

selected target stars:519

1. Intrinsic colors are functions of stellar atmospheric520

parameters. They can be computed via the star-521

pair technique or polynomial fitting relations. De-522

pending on the color of interest, different atmo-523

2 https://faculty.washington.edu/ivezic/sdss/
catalogs/stripe82.html
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Figure 9. δextm (R.A.) and δffm (Dec.) for the u, g, r, i, and z bands. The 1st and 2nd columns plot δffm (Dec.) as a function of Dec. for
the south and north strips, respectively. The vertical dashed lines mark the approximate boundaries between the different camera CCD
columns. The 3rd and 4th columns plot δextm (R.A.) as a function of R.A. for the south and north strips, respectively. The shaded regions
are of ±0.02 mag in the u band and ±0.01 mag in the griz bands.

spheric parameters can be included. For broad-524

band filters as in this work, Teff , [Fe/H] and log g525

are sufficient. For some narrow-band filters such526

as J510 of the J-PLUS survey, one may need to527

include the effect of [Mg/Fe] as well.528

2. Intrinsic colors are functions of normalized stellar529

spectra. One can use machine learning techniques530

to predict intrinsic colors of a given star from its531

normalized stellar spectrum. In this way, stellar532

atmospheric parameters are not needed anymore.533

This approach is pure data-driven and model-free.534

3. Intrinsic colors of main-sequence stars (or red gi-535

ants if necessary) are functions of a given color536

(e.g., BP − RP ) and metallicity via the tools537

of metallicity-dependent stellar locus (Yuan et al.538

2015b; Huang et al. 2021a; López-Sanjuan et al.539

2021; Zhang et al. 2021). The metallicities of540

target stars could be from spectroscopic measure-541

ments when they are available, or photometric ones542

delivered by well-calibrated photometric surveys543

(e.g., Yuan et al. 2015c; Huang et al. 2021b;544

Xu et al. 2021; Yang et al. 2022). It is worth545

mentioning that in the literature, stellar color-color546

relations are widely used as transformation rela-547

tions between different photometric systems (e.g.,548

Riello et al. 2021), ignoring the effects of metallic-549

ity and reddening. Although it is convenient, it will550

cause spatially dependent systematic errors up to551

a few per cent and should not be used when high-552

precision calibrations are required. However, using553

stars within a very limited sky area where vari-554

ations of reddening and metallicity can be safely555

ignored, the color-color relations may serve as an556

excellent tool in correcting for small-scale effects557

(e.g., flat fielding).558

4. Intrinsic colors are functions of a given set of colors559

(e.g., U − B, B − V , V − R, and R − I) that are560

well-calibrated and sensitive to stellar atmospheric561

parameters (e.g., Yang et al. 2021). It will also562

be very interesting to explore predicting observed563

colors directly from the Gaia BP and RP spec-564
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Figure 10. Spatial variations of magnitude offsets (δextm (R.A.) +

δffm (Dec.)) in the u, g, r, i, and z bands. Colorbars are to the right
of each panel.

trophotometry when the data is available.565

Alternatively, with Gaia parallaxes accurate to a few566

per cent, and absolute magnitudes predicted from stellar567

spectra to 0.1 – 0.2 magnitude (e.g., Xiang et al. 2017;568

Wang et al. submitted), it is also possible to predict the569

observed magnitudes directly based on Gaia parallaxes570

and spectra, without the help from Gaia photometry.571

Such approach will be explored in future.572

Precise reddening correction is another key ingredient573

of the SCR method. Given that mmag precision has574

been achieved with the Gaia photometry, reddening cor-575

rection precise to mmag also should be pursued with ef-576

forts. Three factors have to be considered:577

1. Systematics of widely used 2D reddening maps.578

Using millions of LAMOST stars, Sun et al. (sub-579

mitted) have investigated the SFD and Planck 2D580

extinction maps (Planck collaboration 2014; Irfan581

et al. 2019) in the middle and high Galactic lati-582

tude regions. Spatially dependent errors are found,583

which are correlated with the dust temperature,584

dust reddening, and spectral index of the dust emis-585

sion. Sun et al. (submitted) have provided recali-586

brated SFD and Planck extinction maps within the587

LAMOST footprint, along with empirical relations588

for regions outside. Nevertheless, further improve-589
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Figure 11. Histogram distributions of magnitude offsets

(δextm (R.A.) + δffm (Dec.)) in the u, g, r, i, and z bands. The solid
red lines are Gaussian fitting results. The σ values are marked.

ments of the Galactic all-sky extinction maps are590

needed in the era of precision astronomy.591

2. Varying reddening coefficients for very broad or592

blue filters. For very broad (e.g., the Gaia pass-593

bands) or blue (e.g., u, NUV , and FUV ) fil-594

ters, their reddening coefficients relative to E(B −595

V ) show strong dependences on stellar types and596

reddening (e.g., Niu et al. 2021a,b, Zhang et al.597

in preparation), even for a given reddening curve.598

Such dependences should be carefully taken into599

account in future.600

3. Variations of reddening laws across the Galaxy,601

particularly in the Galactic disk. We will map the602

spatial variations of the reddening law across the603

Galactic disk in future (Zhang et al. in prepara-604

tion).605

Last but not least, the predicted magnitudes of the606

SCR method are for the “standard” passbands defined by607

the reference field. “Chromatic correction” (e.g., Burke608

et al. 2018) to the standard system is necessary in many609

cases to account for the variations of passbands caused610

by atmospheric extinction and other factors.611
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Figure 12. Magnitude offsets in the u, g, r, i, and z bands
as functions of Dec. (left) and R.A. (right), after corrections of

the δextm (R.A.) and δffm (Dec.). In the left column, the vertical
solid lines mark the approximate boundaries between the different
CCD columns, and the vertical dashed lines mark the approximate
boundaries between the two strips. In the right column, the red
and black dots represent stars in the north and south strips, re-
spectively. The green lines represent the median values.
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Figure 14. The variations of magnitude offset as a function of magnitude for the six SDSS CCD columns after corrections of δextm (R.A.)

and δffc (Dec.). The red solid lines are 3rd-order polynomial fitting results.
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Figure 17. The comparisons of δextm (R.A.) for the south (top) and north (bottom) strips between the LAMOST and SDSS samples. The
lines of equality are over-plotted in red. Data points that are obtained with less than 80 stars are plotted in grey. The dispersion on the
top of each panel considers only black points.
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Figure 18. The comparisons of δffm (Dec.) between the LAMOST and SDSS samples. The lines of equality are over-plotted in red. Data
points that are obtained with less than 100 stars are plotted in grey. The dispersion on the top of each panel considers only black points.
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Figure 20. Same to Figure 9 but for the V4.2 catalog.
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Table A1
δextm (RA) of the north strip.

RA u g r i z RA u g r i z RA u g r i z
(deg) (mag) (mag) (mag) (mag) (mag) (deg) (mag) (mag) (mag) (mag) (mag) (deg) (mag) (mag) (mag) (mag) (mag)

−50.5 −0.015 −0.006 +0.001 +0.001 −0.002 −13.5 −0.004 +0.003 +0.002 +0.001 +0.002 +23.5 −0.000 −0.003 −0.004 −0.001 −0.005
−49.5 −0.011 −0.003 −0.001 −0.001 −0.003 −12.5 −0.009 −0.001 +0.001 +0.002 +0.001 +24.5 −0.013 −0.003 −0.002 −0.000 −0.002
−48.5 −0.007 +0.003 +0.003 −0.002 −0.005 −11.5 −0.009 −0.005 +0.001 −0.000 +0.003 +25.5 −0.000 +0.001 −0.002 −0.003 −0.000
−47.5 −0.014 −0.002 +0.000 +0.001 −0.002 −10.5 −0.007 +0.002 +0.003 +0.002 +0.001 +26.5 −0.013 −0.007 −0.001 −0.002 −0.003
−46.5 −0.017 −0.001 +0.001 +0.003 −0.001 −9.5 +0.007 +0.002 +0.002 +0.002 +0.003 +27.5 −0.002 −0.001 −0.001 −0.001 −0.001
−45.5 −0.025 −0.002 −0.000 +0.001 −0.002 −8.5 +0.001 +0.002 +0.001 +0.003 +0.002 +28.5 −0.009 −0.004 −0.003 −0.002 −0.004
−44.5 −0.006 +0.006 +0.003 −0.002 −0.005 −7.5 +0.000 −0.000 −0.001 +0.001 +0.004 +29.5 +0.003 −0.000 −0.002 −0.003 −0.002
−43.5 −0.005 +0.001 +0.002 +0.000 −0.006 −6.5 +0.002 −0.003 +0.001 +0.002 +0.004 +30.5 +0.006 −0.004 −0.002 −0.000 −0.001
−42.5 −0.015 −0.006 +0.000 +0.000 +0.001 −5.5 +0.002 −0.002 −0.001 +0.001 +0.003 +31.5 −0.009 −0.005 −0.004 −0.005 −0.007
−41.5 −0.029 −0.010 +0.001 −0.001 −0.002 −4.5 +0.005 +0.002 +0.001 +0.002 +0.005 +32.5 +0.003 −0.003 −0.002 −0.001 −0.002
−40.5 −0.013 −0.001 −0.001 −0.001 −0.004 −3.5 +0.002 +0.002 +0.003 +0.003 +0.004 +33.5 +0.002 −0.002 −0.002 −0.002 −0.002
−39.5 +0.002 +0.001 −0.002 −0.002 +0.000 −2.5 +0.006 +0.003 +0.001 +0.003 +0.002 +34.5 +0.002 −0.000 −0.001 +0.000 −0.001
−38.5 −0.008 −0.000 −0.002 −0.001 +0.004 −1.5 −0.015 −0.001 −0.000 +0.002 +0.006 +35.5 +0.002 +0.001 +0.000 −0.001 +0.000
−37.5 −0.008 +0.000 −0.000 +0.002 −0.002 −0.5 −0.009 −0.001 +0.002 +0.003 +0.007 +36.5 +0.007 +0.001 −0.000 −0.002 −0.002
−36.5 −0.002 −0.000 −0.000 +0.001 −0.001 +0.5 −0.007 −0.003 −0.001 +0.003 +0.004 +37.5 +0.004 +0.002 −0.000 −0.000 +0.001
−35.5 +0.003 −0.000 +0.000 −0.000 −0.000 +1.5 −0.008 −0.002 +0.001 +0.002 +0.003 +38.5 +0.011 +0.005 +0.001 −0.002 −0.001
−34.5 −0.007 −0.003 −0.001 −0.002 −0.003 +2.5 −0.009 −0.005 +0.000 +0.003 +0.004 +39.5 +0.002 +0.001 +0.000 −0.001 +0.001
−33.5 −0.003 +0.000 −0.001 +0.000 −0.000 +3.5 −0.010 −0.002 −0.000 +0.002 +0.003 +40.5 +0.004 +0.002 +0.000 −0.002 −0.003
−32.5 −0.014 −0.002 +0.001 +0.001 −0.002 +4.5 −0.017 −0.000 +0.001 +0.002 +0.003 +41.5 +0.003 −0.001 +0.000 −0.002 −0.000
−31.5 −0.007 −0.004 +0.001 +0.001 −0.004 +5.5 +0.001 +0.004 +0.001 +0.004 +0.006 +42.5 +0.004 −0.000 −0.001 −0.002 +0.000
−30.5 −0.013 −0.002 +0.001 +0.002 −0.001 +6.5 +0.002 +0.003 +0.001 +0.000 −0.001 +43.5 +0.002 −0.002 +0.000 −0.001 +0.004
−29.5 −0.007 −0.000 +0.003 +0.001 −0.002 +7.5 −0.015 −0.001 +0.003 +0.005 +0.004 +44.5 +0.004 +0.000 +0.002 −0.000 +0.000
−28.5 −0.001 +0.004 +0.005 +0.004 +0.002 +8.5 −0.005 +0.003 +0.001 +0.001 −0.000 +45.5 +0.004 −0.002 +0.001 −0.002 +0.001
−27.5 −0.006 −0.000 +0.002 +0.001 −0.002 +9.5 −0.004 +0.001 +0.000 +0.001 +0.000 +46.5 +0.005 +0.001 +0.001 −0.001 −0.001
−26.5 −0.007 +0.002 +0.003 +0.005 +0.002 +10.5 −0.005 −0.003 −0.001 +0.001 −0.000 +47.5 +0.003 −0.001 −0.001 −0.001 −0.001
−25.5 −0.006 −0.000 +0.002 +0.002 +0.000 +11.5 +0.001 −0.000 +0.001 +0.002 +0.001 +48.5 +0.009 +0.001 +0.001 −0.000 +0.000
−24.5 −0.006 +0.000 +0.002 +0.002 +0.000 +12.5 +0.006 +0.005 +0.000 −0.001 +0.001 +49.5 +0.013 +0.002 +0.001 −0.000 +0.002
−23.5 −0.003 +0.000 +0.002 +0.001 +0.000 +13.5 +0.005 +0.001 −0.002 +0.001 +0.000 +50.5 +0.009 +0.000 +0.001 −0.001 +0.002
−22.5 −0.014 −0.003 +0.004 +0.004 −0.001 +14.5 +0.007 +0.001 +0.003 +0.002 +0.003 +51.5 +0.006 −0.000 +0.001 +0.002 +0.005
−21.5 −0.006 −0.002 −0.000 +0.000 −0.001 +15.5 +0.001 +0.002 +0.002 +0.002 +0.003 +52.5 +0.006 −0.001 +0.001 +0.001 +0.003
−20.5 +0.001 −0.001 +0.002 +0.002 +0.001 +16.5 −0.001 −0.005 +0.000 −0.000 +0.000 +53.5 +0.009 +0.002 +0.002 +0.000 +0.003
−19.5 −0.008 −0.003 +0.001 +0.001 +0.001 +17.5 −0.006 −0.001 −0.000 −0.001 +0.000 +54.5 +0.002 −0.001 +0.003 −0.001 −0.001
−18.5 −0.004 −0.004 −0.000 +0.002 +0.002 +18.5 −0.006 −0.002 −0.001 −0.001 +0.000 +55.5 +0.002 −0.002 +0.000 −0.001 −0.001
−17.5 −0.012 −0.004 +0.001 +0.003 +0.000 +19.5 −0.000 +0.002 +0.001 +0.000 +0.002 +56.5 −0.002 +0.002 +0.004 +0.000 −0.001
−16.5 −0.014 −0.009 −0.002 +0.003 +0.004 +20.5 +0.001 +0.001 +0.000 −0.000 +0.001 +57.5 +0.004 −0.004 −0.000 −0.001 +0.005
−15.5 +0.004 +0.004 +0.001 +0.002 +0.004 +21.5 −0.000 −0.005 −0.003 −0.002 −0.000 +58.5 −0.001 −0.010 −0.004 −0.002 −0.000
−14.5 −0.001 −0.003 −0.001 −0.000 +0.001 +22.5 −0.003 −0.006 −0.005 −0.004 −0.004 +59.5 −0.005 −0.008 −0.008 −0.003 −0.007

Table A2
δextm (RA) of the south strip.

RA u g r i z RA u g r i z RA u g r i z
(deg) (mag) (mag) (mag) (mag) (mag) (deg) (mag) (mag) (mag) (mag) (mag) (deg) (mag) (mag) (mag) (mag) (mag)

−50.5 +0.001 −0.001 −0.004 +0.002 −0.000 −13.5 −0.008 −0.002 −0.001 +0.001 −0.004 +23.5 −0.011 −0.004 −0.003 −0.005 −0.007
−49.5 −0.024 −0.006 +0.000 −0.004 +0.001 −12.5 −0.007 +0.001 −0.001 +0.001 −0.004 +24.5 −0.018 −0.007 −0.006 −0.006 −0.005
−48.5 −0.018 −0.002 +0.001 +0.000 +0.002 −11.5 +0.000 +0.002 +0.002 +0.003 +0.001 +25.5 −0.004 −0.004 −0.002 −0.001 −0.005
−47.5 −0.014 −0.003 −0.005 −0.002 +0.001 −10.5 +0.003 +0.004 +0.003 +0.003 +0.002 +26.5 −0.006 −0.002 −0.003 −0.001 −0.005
−46.5 −0.007 −0.004 −0.004 −0.005 +0.002 −9.5 +0.005 +0.006 +0.003 +0.003 +0.002 +27.5 +0.002 −0.003 −0.003 −0.005 −0.010
−45.5 −0.008 +0.002 −0.001 −0.000 +0.003 −8.5 −0.002 −0.001 −0.003 −0.002 +0.001 +28.5 −0.002 −0.000 −0.001 −0.002 −0.005
−44.5 −0.005 −0.000 −0.001 −0.003 −0.003 −7.5 +0.006 +0.003 +0.001 +0.001 +0.002 +29.5 +0.001 +0.001 −0.002 −0.002 −0.003
−43.5 −0.008 +0.001 −0.002 −0.002 +0.001 −6.5 +0.003 +0.001 +0.001 −0.000 +0.001 +30.5 −0.004 −0.003 −0.002 +0.000 −0.002
−42.5 −0.018 −0.002 +0.001 −0.000 −0.002 −5.5 +0.009 +0.002 −0.001 +0.002 +0.003 +31.5 +0.008 +0.002 −0.002 +0.000 −0.000
−41.5 −0.023 −0.006 −0.003 +0.002 −0.001 −4.5 +0.004 −0.001 −0.001 +0.001 +0.002 +32.5 −0.002 +0.001 +0.001 +0.002 −0.000
−40.5 −0.022 −0.004 −0.003 −0.004 −0.005 −3.5 +0.006 +0.003 −0.001 +0.001 +0.001 +33.5 +0.003 −0.001 −0.002 −0.001 −0.001
−39.5 −0.003 +0.001 −0.002 −0.001 −0.004 −2.5 −0.006 −0.001 +0.001 +0.002 +0.004 +34.5 +0.005 +0.001 −0.000 −0.000 −0.001
−38.5 −0.010 +0.000 −0.004 −0.001 +0.002 −1.5 −0.007 −0.003 −0.002 +0.003 +0.003 +35.5 +0.001 −0.002 −0.002 −0.001 −0.000
−37.5 −0.012 −0.001 −0.003 −0.002 +0.001 −0.5 −0.001 +0.003 −0.001 −0.001 −0.001 +36.5 −0.002 −0.003 −0.002 −0.002 −0.001
−36.5 −0.011 −0.000 −0.003 −0.003 +0.001 +0.5 +0.006 +0.000 +0.001 +0.002 +0.005 +37.5 +0.001 +0.002 −0.001 −0.001 −0.001
−35.5 −0.009 +0.001 −0.003 −0.004 +0.000 +1.5 −0.012 −0.003 +0.001 −0.001 −0.000 +38.5 +0.005 +0.003 −0.001 −0.001 −0.005
−34.5 −0.009 −0.001 −0.002 −0.003 −0.002 +2.5 +0.002 +0.002 +0.002 +0.001 −0.001 +39.5 −0.002 +0.001 +0.001 +0.001 −0.001
−33.5 +0.001 −0.001 −0.004 −0.003 −0.004 +3.5 −0.007 −0.003 −0.001 +0.001 +0.002 +40.5 +0.005 +0.002 −0.004 −0.003 −0.003
−32.5 −0.004 −0.002 −0.001 +0.001 −0.001 +4.5 −0.008 +0.001 +0.002 +0.002 +0.004 +41.5 +0.001 −0.001 −0.003 −0.004 −0.001
−31.5 −0.006 −0.003 −0.001 +0.000 +0.001 +5.5 +0.007 +0.003 −0.000 +0.000 +0.003 +42.5 +0.009 +0.003 +0.000 −0.002 −0.002
−30.5 −0.008 +0.000 −0.001 +0.000 +0.000 +6.5 +0.011 +0.003 +0.001 +0.001 +0.004 +43.5 +0.000 −0.002 −0.001 −0.001 −0.002
−29.5 −0.010 +0.002 +0.002 −0.000 +0.001 +7.5 +0.002 +0.000 −0.001 +0.001 +0.000 +44.5 +0.005 +0.001 −0.001 −0.001 −0.001
−28.5 +0.002 +0.002 −0.001 −0.000 −0.001 +8.5 −0.002 +0.001 +0.001 +0.002 +0.004 +45.5 −0.002 −0.004 −0.001 −0.001 −0.000
−27.5 +0.000 +0.003 +0.002 +0.001 −0.001 +9.5 +0.002 −0.001 −0.001 +0.001 +0.003 +46.5 −0.000 −0.003 −0.002 −0.001 −0.003
−26.5 +0.001 +0.002 −0.000 +0.001 +0.001 +10.5 −0.008 −0.001 −0.002 +0.001 +0.002 +47.5 +0.002 −0.001 −0.003 −0.003 −0.004
−25.5 −0.003 +0.002 +0.001 +0.001 +0.002 +11.5 −0.001 −0.001 −0.002 +0.000 +0.002 +48.5 +0.009 +0.000 −0.001 −0.002 −0.003
−24.5 −0.003 +0.001 +0.001 −0.000 +0.002 +12.5 −0.001 +0.003 +0.000 +0.002 +0.003 +49.5 +0.014 −0.000 −0.002 −0.002 −0.004
−23.5 +0.003 +0.002 +0.001 +0.001 +0.003 +13.5 +0.006 +0.001 +0.002 +0.002 +0.003 +50.5 +0.006 −0.002 −0.002 −0.003 −0.003
−22.5 −0.003 +0.001 −0.001 +0.001 +0.000 +14.5 +0.014 +0.002 +0.001 +0.000 +0.000 +51.5 +0.003 −0.002 −0.003 −0.003 −0.002
−21.5 −0.003 −0.000 +0.000 −0.001 −0.001 +15.5 +0.001 +0.002 +0.001 +0.002 +0.001 +52.5 +0.002 −0.003 −0.002 −0.002 −0.001
−20.5 −0.002 +0.001 +0.002 +0.000 +0.001 +16.5 +0.001 +0.000 +0.001 +0.003 +0.001 +53.5 +0.000 −0.003 −0.003 −0.003 −0.004
−19.5 +0.003 +0.001 +0.000 −0.001 +0.003 +17.5 −0.009 −0.002 −0.000 −0.001 −0.003 +54.5 −0.003 −0.005 −0.001 −0.002 −0.005
−18.5 −0.002 +0.000 +0.002 +0.000 +0.001 +18.5 +0.008 +0.003 +0.001 −0.000 +0.000 +55.5 +0.013 −0.003 −0.004 −0.003 −0.005
−17.5 −0.016 −0.006 +0.000 +0.001 −0.001 +19.5 +0.001 −0.001 +0.001 +0.000 −0.001 +56.5 −0.000 −0.003 −0.003 −0.003 −0.001
−16.5 +0.011 +0.002 +0.003 +0.000 −0.001 +20.5 −0.005 −0.001 −0.000 −0.002 −0.003 +57.5 −0.006 −0.005 −0.005 −0.004 −0.002
−15.5 +0.020 +0.008 +0.002 −0.001 −0.001 +21.5 −0.007 −0.001 −0.000 −0.002 −0.003 +58.5 +0.003 −0.011 −0.012 −0.004 −0.002
−14.5 −0.001 +0.001 −0.001 −0.001 +0.002 +22.5 −0.008 −0.004 −0.005 −0.005 −0.003 +59.5 −0.017 −0.009 −0.011 −0.005 −0.011
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Table A3
δffm (Dec).

Dec u g r i z Dec u g r i z Dec u g r i z
(deg) (mag) (mag) (mag) (mag) (mag) (deg) (mag) (mag) (mag) (mag) (mag) (deg) (mag) (mag) (mag) (mag) (mag)

−1.262 −0.008 −0.011 −0.007 −0.004 −0.009 −0.402 +0.014 +0.007 +0.003 +0.001 −0.002 +0.454 +0.040 +0.013 +0.003 −0.001 −0.002
−1.232 −0.036 −0.023 −0.013 −0.008 −0.013 −0.376 +0.006 +0.007 +0.005 +0.003 +0.003 +0.480 +0.045 +0.017 +0.005 +0.000 −0.002
−1.206 −0.033 −0.018 −0.011 −0.009 −0.016 −0.350 +0.013 +0.009 +0.004 +0.001 +0.001 +0.506 +0.056 +0.021 +0.009 +0.003 −0.002
−1.180 −0.037 −0.021 −0.011 −0.010 −0.017 −0.324 +0.022 +0.012 +0.003 −0.000 −0.000 +0.532 +0.038 +0.017 +0.009 +0.008 +0.006
−1.154 −0.036 −0.021 −0.013 −0.010 −0.014 −0.298 +0.008 +0.003 −0.001 −0.001 +0.001 +0.558 +0.044 +0.018 +0.010 +0.006 +0.005
−1.128 −0.038 −0.020 −0.010 −0.008 −0.016 −0.272 +0.022 +0.007 +0.003 −0.000 +0.006 +0.584 +0.055 +0.021 +0.009 +0.004 +0.004
−1.102 −0.031 −0.016 −0.008 −0.005 −0.007 −0.246 +0.015 +0.007 +0.001 −0.002 +0.004 +0.610 +0.042 +0.014 +0.008 +0.005 +0.007
−1.076 −0.035 −0.015 −0.004 −0.002 +0.000 −0.220 +0.006 +0.006 +0.004 +0.001 +0.011 +0.635 +0.054 +0.018 +0.006 −0.002 −0.006
−1.050 −0.042 −0.015 −0.011 −0.009 −0.006 −0.195 −0.002 +0.007 +0.007 +0.006 +0.006 +0.661 +0.037 +0.013 +0.004 +0.002 +0.004
−1.025 −0.004 −0.005 −0.006 −0.003 −0.011 −0.169 +0.008 +0.007 +0.005 +0.003 +0.003 +0.687 +0.023 +0.005 −0.004 −0.007 −0.011
−0.999 −0.014 −0.008 −0.007 −0.007 −0.015 −0.143 +0.015 +0.009 +0.006 +0.004 +0.002 +0.713 +0.028 +0.006 −0.003 −0.009 −0.012
−0.973 −0.021 −0.010 −0.003 −0.002 −0.011 −0.117 +0.025 +0.012 +0.005 +0.005 +0.004 +0.739 +0.024 +0.006 −0.001 −0.003 −0.003
−0.947 −0.038 −0.015 −0.005 −0.001 −0.008 −0.091 +0.018 +0.012 +0.005 +0.003 +0.002 +0.765 +0.015 +0.002 −0.003 −0.003 −0.005
−0.921 −0.024 −0.011 −0.005 −0.004 −0.009 −0.065 +0.025 +0.013 +0.005 +0.004 +0.008 +0.791 +0.015 +0.001 −0.000 −0.001 +0.001
−0.895 −0.035 −0.012 −0.003 +0.000 −0.002 −0.039 +0.025 +0.012 +0.007 +0.004 +0.011 +0.817 +0.014 +0.005 +0.001 −0.000 +0.002
−0.869 −0.039 −0.013 −0.002 +0.002 +0.003 −0.013 +0.012 +0.008 +0.007 +0.007 +0.017 +0.843 +0.029 +0.012 +0.004 +0.001 +0.003
−0.843 −0.034 −0.014 −0.004 −0.001 +0.004 +0.013 −0.006 −0.003 −0.003 −0.004 +0.001 +0.869 +0.016 +0.007 +0.007 +0.009 +0.010
−0.817 −0.043 −0.014 +0.001 +0.007 +0.009 +0.039 −0.006 −0.007 −0.009 −0.004 −0.002 +0.895 +0.015 +0.009 +0.005 +0.007 +0.006
−0.791 −0.026 −0.005 +0.003 +0.004 +0.005 +0.065 −0.002 −0.006 −0.010 −0.009 −0.007 +0.921 +0.000 +0.007 +0.007 +0.008 +0.005
−0.765 −0.022 −0.002 +0.009 +0.011 +0.009 +0.091 −0.018 −0.012 −0.011 −0.009 −0.006 +0.947 −0.006 +0.006 +0.009 +0.012 +0.010
−0.739 −0.007 +0.002 +0.005 +0.008 +0.005 +0.117 −0.017 −0.010 −0.010 −0.012 −0.013 +0.973 −0.001 +0.008 +0.010 +0.014 +0.013
−0.713 −0.006 +0.001 +0.002 +0.002 −0.001 +0.143 −0.005 −0.004 −0.008 −0.009 −0.008 +0.999 −0.001 +0.005 +0.010 +0.011 +0.009
−0.687 −0.006 −0.003 +0.003 +0.005 +0.005 +0.169 −0.007 −0.003 −0.004 −0.007 +0.000 +1.025 −0.012 −0.001 +0.004 +0.005 +0.005
−0.661 −0.006 −0.003 −0.003 −0.001 −0.000 +0.195 −0.014 −0.006 −0.003 −0.002 +0.005 +1.050 +0.018 +0.010 +0.008 +0.006 +0.007
−0.635 −0.016 −0.013 −0.011 −0.009 −0.008 +0.220 −0.020 −0.009 −0.002 −0.001 +0.005 +1.076 +0.019 +0.007 +0.002 +0.004 +0.003
−0.610 −0.031 −0.023 −0.014 −0.013 −0.014 +0.246 +0.002 +0.001 −0.000 +0.003 +0.010 +1.102 −0.009 −0.000 +0.005 +0.007 +0.007
−0.584 −0.032 −0.017 −0.013 −0.010 −0.008 +0.272 +0.006 +0.003 −0.001 −0.001 +0.001 +1.128 +0.002 +0.006 +0.006 +0.005 +0.001
−0.558 −0.025 −0.016 −0.010 −0.008 −0.007 +0.298 −0.001 −0.001 −0.001 −0.001 +0.002 +1.154 +0.001 +0.003 +0.003 +0.004 +0.000
−0.532 −0.020 −0.015 −0.011 −0.007 −0.009 +0.324 +0.013 +0.003 −0.000 −0.003 −0.004 +1.180 +0.006 +0.011 +0.011 +0.011 +0.008
−0.506 −0.012 −0.010 −0.009 −0.009 −0.008 +0.350 +0.001 −0.000 −0.001 −0.001 −0.001 +1.206 −0.001 +0.009 +0.012 +0.013 +0.011
−0.480 −0.025 −0.014 −0.008 −0.005 −0.004 +0.376 +0.001 +0.001 −0.002 −0.003 −0.001 +1.232 −0.018 +0.002 +0.010 +0.013 +0.011
−0.454 −0.020 −0.011 −0.006 −0.006 −0.002 +0.402 +0.009 +0.002 −0.002 −0.000 +0.003 +1.262 −0.007 +0.006 +0.017 +0.014 +0.015
−0.428 +0.012 +0.000 −0.005 −0.007 −0.004 +0.428 +0.035 +0.012 +0.004 +0.000 +0.001

Table A4
δextm (RA) of the north strip for the V4.2 catalog.

RA u g r i z RA u g r i z RA u g r i z
(deg) (mag) (mag) (mag) (mag) (mag) (deg) (mag) (mag) (mag) (mag) (mag) (deg) (mag) (mag) (mag) (mag) (mag)

−50.5 −0.017 −0.002 +0.000 −0.004 −0.001 −13.5 −0.008 +0.001 +0.001 +0.002 +0.001 +23.5 −0.001 +0.002 −0.001 +0.003 +0.005
−49.5 −0.003 −0.000 −0.002 −0.003 −0.008 −12.5 −0.011 −0.001 +0.000 −0.000 −0.001 +24.5 −0.011 +0.002 +0.001 +0.003 +0.006
−48.5 −0.002 +0.005 +0.002 −0.004 −0.008 −11.5 −0.012 −0.003 −0.000 −0.001 +0.002 +25.5 +0.003 +0.006 +0.001 +0.002 +0.007
−47.5 −0.012 −0.000 −0.000 −0.002 −0.003 −10.5 −0.005 +0.000 +0.000 +0.000 +0.000 +26.5 −0.007 +0.000 +0.001 +0.001 +0.004
−46.5 −0.021 −0.001 +0.001 −0.001 −0.002 −9.5 +0.002 +0.001 +0.002 −0.001 −0.001 +27.5 −0.005 +0.000 +0.001 +0.002 +0.005
−45.5 −0.015 −0.000 −0.001 −0.003 −0.006 −8.5 +0.002 +0.001 −0.000 +0.000 +0.001 +28.5 −0.008 −0.001 −0.004 −0.000 +0.003
−44.5 −0.006 +0.004 +0.001 −0.003 −0.005 −7.5 −0.002 −0.000 −0.001 −0.001 +0.002 +29.5 +0.004 +0.002 −0.000 +0.002 +0.006
−43.5 −0.001 +0.005 +0.003 +0.000 −0.005 −6.5 +0.004 −0.001 +0.001 +0.000 +0.003 +30.5 +0.007 −0.001 −0.000 +0.003 +0.004
−42.5 −0.012 +0.001 +0.004 +0.000 −0.001 −5.5 +0.002 −0.001 −0.003 +0.000 +0.001 +31.5 −0.006 +0.001 −0.002 +0.002 +0.003
−41.5 −0.029 −0.004 +0.002 +0.001 +0.001 −4.5 +0.007 +0.001 +0.001 +0.000 +0.002 +32.5 +0.006 +0.004 +0.002 +0.005 +0.006
−40.5 −0.012 +0.002 −0.000 −0.002 −0.004 −3.5 +0.002 +0.002 +0.000 +0.001 +0.003 +33.5 +0.003 +0.002 −0.000 +0.002 +0.005
−39.5 +0.004 +0.003 −0.001 −0.001 −0.002 −2.5 +0.005 +0.002 +0.002 +0.001 +0.002 +34.5 −0.000 +0.003 +0.001 +0.003 +0.005
−38.5 −0.008 +0.003 −0.001 −0.001 +0.003 −1.5 −0.004 −0.001 −0.003 −0.002 +0.003 +35.5 −0.001 +0.002 −0.000 +0.002 +0.005
−37.5 −0.006 +0.002 −0.001 +0.000 +0.000 −0.5 −0.010 +0.002 +0.000 +0.000 +0.003 +36.5 +0.007 +0.002 +0.001 +0.002 +0.007
−36.5 −0.003 +0.003 −0.001 +0.000 −0.000 +0.5 −0.008 −0.001 +0.000 +0.002 +0.004 +37.5 +0.003 +0.002 +0.001 +0.003 +0.008
−35.5 +0.001 +0.003 −0.000 −0.000 −0.000 +1.5 −0.008 +0.001 −0.000 +0.001 +0.004 +38.5 +0.013 +0.005 +0.001 +0.002 +0.005
−34.5 −0.007 +0.000 −0.000 −0.003 −0.005 +2.5 −0.015 −0.004 −0.001 −0.000 +0.002 +39.5 +0.001 +0.002 −0.001 +0.002 +0.005
−33.5 −0.002 +0.001 +0.000 −0.004 −0.006 +3.5 −0.009 −0.002 −0.001 −0.001 +0.002 +40.5 +0.003 +0.001 +0.001 +0.000 +0.002
−32.5 −0.012 +0.001 +0.003 +0.000 −0.000 +4.5 −0.019 −0.002 −0.000 −0.001 +0.002 +41.5 +0.001 −0.002 −0.000 +0.000 +0.002
−31.5 −0.003 −0.003 +0.002 +0.001 −0.002 +5.5 +0.006 +0.004 −0.001 +0.003 +0.008 +42.5 +0.003 −0.002 −0.003 −0.002 +0.001
−30.5 −0.011 −0.002 +0.000 −0.002 −0.003 +6.5 +0.010 +0.004 −0.001 −0.000 +0.000 +43.5 +0.002 −0.002 −0.002 −0.001 −0.000
−29.5 −0.003 −0.000 +0.003 −0.002 −0.007 +7.5 −0.011 −0.002 +0.000 +0.003 +0.003 +44.5 +0.004 −0.002 −0.001 −0.002 −0.003
−28.5 −0.002 +0.004 +0.002 +0.002 −0.001 +8.5 −0.004 +0.001 +0.000 +0.001 +0.002 +45.5 +0.001 −0.002 −0.001 −0.002 +0.000
−27.5 −0.004 +0.000 +0.001 −0.001 −0.005 +9.5 −0.000 +0.002 −0.001 −0.000 +0.002 +46.5 +0.003 −0.002 −0.001 −0.002 −0.004
−26.5 −0.008 +0.003 +0.000 +0.001 −0.001 +10.5 −0.005 −0.001 +0.000 +0.002 +0.003 +47.5 +0.001 −0.002 −0.002 −0.001 −0.002
−25.5 −0.007 −0.001 +0.001 −0.001 −0.004 +11.5 +0.002 +0.001 +0.002 +0.001 +0.003 +48.5 +0.010 +0.000 −0.001 −0.001 −0.001
−24.5 −0.004 +0.000 +0.001 −0.001 −0.004 +12.5 +0.003 +0.005 −0.000 +0.000 +0.003 +49.5 +0.008 −0.001 −0.001 −0.001 −0.002
−23.5 −0.002 +0.001 +0.001 −0.001 −0.003 +13.5 +0.004 +0.001 −0.001 +0.001 +0.003 +50.5 +0.008 −0.004 −0.001 −0.003 −0.004
−22.5 −0.014 −0.004 +0.002 −0.000 −0.006 +14.5 +0.008 +0.002 +0.003 +0.003 +0.005 +51.5 +0.004 −0.003 −0.001 −0.000 +0.001
−21.5 −0.005 +0.001 −0.001 −0.001 −0.003 +15.5 +0.003 +0.002 +0.001 +0.002 +0.003 +52.5 +0.009 −0.005 −0.001 −0.001 −0.002
−20.5 +0.004 −0.001 +0.001 −0.001 −0.003 +16.5 −0.003 −0.002 −0.001 −0.000 +0.002 +53.5 +0.008 −0.003 −0.001 −0.003 −0.003
−19.5 −0.009 −0.002 −0.000 −0.002 −0.002 +17.5 −0.005 +0.000 +0.002 +0.001 +0.004 +54.5 −0.000 −0.005 −0.001 −0.004 −0.006
−18.5 −0.002 −0.002 −0.001 −0.001 −0.003 +18.5 −0.004 −0.002 −0.001 +0.001 +0.003 +55.5 −0.003 −0.008 −0.003 −0.005 −0.006
−17.5 −0.011 −0.001 +0.002 −0.001 −0.002 +19.5 +0.003 +0.002 +0.001 +0.000 +0.002 +56.5 +0.003 −0.004 +0.003 −0.001 −0.005
−16.5 −0.011 −0.008 −0.002 −0.002 +0.000 +20.5 +0.006 +0.003 +0.001 +0.002 +0.005 +57.5 +0.016 −0.004 +0.007 +0.004 +0.005
−15.5 +0.006 +0.004 −0.002 −0.003 +0.000 +21.5 −0.000 +0.001 −0.001 +0.001 +0.006 +58.5 +0.017 −0.001 +0.009 +0.012 +0.014
−14.5 −0.002 −0.003 −0.003 −0.002 +0.000 +22.5 −0.003 −0.001 −0.002 +0.001 +0.003 +59.5 +0.014 +0.007 +0.009 +0.017 +0.021
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Table A5
δextm (RA) of the south strip for the V4.2 catalog.

RA u g r i z RA u g r i z RA u g r i z
(deg) (mag) (mag) (mag) (mag) (mag) (deg) (mag) (mag) (mag) (mag) (mag) (deg) (mag) (mag) (mag) (mag) (mag)

−50.5 +0.004 +0.002 +0.001 −0.002 −0.003 −13.5 −0.011 −0.000 −0.001 +0.001 −0.003 +23.5 −0.008 +0.002 +0.001 +0.002 +0.002
−49.5 −0.016 −0.004 +0.000 −0.005 −0.004 −12.5 −0.013 +0.000 −0.000 −0.000 −0.004 +24.5 −0.015 −0.003 −0.000 +0.000 −0.000
−48.5 −0.017 +0.003 +0.002 −0.003 −0.003 −11.5 −0.003 +0.002 +0.003 +0.002 +0.001 +25.5 −0.001 +0.005 +0.002 +0.002 +0.002
−47.5 −0.011 −0.001 −0.001 −0.002 +0.001 −10.5 −0.000 +0.001 +0.002 +0.001 +0.001 +26.5 −0.004 +0.001 −0.001 +0.002 +0.002
−46.5 −0.009 −0.002 −0.001 −0.004 −0.004 −9.5 +0.009 +0.004 +0.004 +0.001 −0.000 +27.5 +0.003 +0.001 −0.001 +0.001 −0.001
−45.5 −0.010 +0.003 +0.003 −0.004 −0.004 −8.5 −0.002 +0.000 −0.002 −0.002 −0.000 +28.5 +0.001 +0.001 +0.002 +0.003 +0.003
−44.5 −0.006 +0.002 −0.000 −0.003 −0.003 −7.5 +0.003 +0.004 +0.002 +0.000 +0.000 +29.5 +0.004 +0.002 +0.001 +0.004 +0.004
−43.5 −0.001 +0.005 −0.000 −0.001 −0.002 −6.5 +0.001 +0.003 +0.002 −0.000 +0.001 +30.5 −0.002 +0.001 +0.001 +0.005 +0.006
−42.5 −0.017 +0.001 +0.003 −0.001 −0.001 −5.5 +0.010 +0.001 −0.001 +0.001 +0.002 +31.5 +0.010 +0.006 +0.001 +0.008 +0.007
−41.5 −0.021 −0.000 +0.000 −0.001 −0.001 −4.5 +0.003 −0.002 −0.000 −0.001 +0.001 +32.5 +0.001 +0.004 +0.005 +0.008 +0.007
−40.5 −0.023 +0.000 −0.000 −0.003 −0.007 −3.5 +0.012 +0.004 +0.000 +0.002 +0.001 +33.5 +0.003 +0.002 +0.000 +0.003 +0.005
−39.5 −0.003 +0.005 +0.000 +0.000 −0.004 −2.5 −0.002 +0.002 +0.002 +0.000 +0.004 +34.5 +0.006 +0.004 +0.002 +0.005 +0.007
−38.5 −0.008 +0.003 −0.001 −0.001 +0.004 −1.5 −0.005 −0.003 −0.002 +0.000 +0.001 +35.5 +0.001 +0.002 −0.000 +0.005 +0.006
−37.5 −0.010 +0.001 −0.001 −0.001 −0.000 −0.5 +0.001 +0.003 −0.000 −0.002 +0.000 +36.5 −0.002 +0.001 +0.000 +0.003 +0.005
−36.5 −0.011 +0.001 −0.001 −0.002 +0.000 +0.5 +0.003 +0.002 +0.002 +0.000 +0.003 +37.5 +0.005 +0.003 +0.001 +0.004 +0.005
−35.5 −0.011 +0.002 −0.002 −0.002 +0.001 +1.5 −0.006 +0.001 +0.002 +0.000 −0.001 +38.5 +0.003 +0.004 +0.000 +0.003 +0.002
−34.5 −0.008 +0.001 −0.000 −0.003 −0.004 +2.5 −0.001 +0.003 +0.002 +0.000 −0.000 +39.5 −0.005 +0.000 +0.001 +0.004 +0.005
−33.5 +0.001 −0.000 −0.001 −0.004 −0.007 +3.5 −0.008 −0.002 −0.001 −0.001 +0.003 +40.5 +0.002 +0.000 −0.002 +0.001 +0.001
−32.5 −0.005 +0.001 +0.002 +0.002 +0.000 +4.5 −0.008 +0.002 +0.002 +0.002 +0.002 +41.5 −0.002 −0.002 −0.001 +0.001 +0.002
−31.5 −0.010 −0.001 +0.002 +0.001 +0.002 +5.5 +0.001 +0.003 −0.000 +0.001 +0.005 +42.5 +0.005 +0.000 −0.003 +0.000 −0.001
−30.5 −0.002 +0.002 −0.001 −0.003 −0.003 +6.5 +0.006 +0.004 +0.001 +0.002 +0.005 +43.5 −0.003 −0.004 −0.003 −0.003 −0.004
−29.5 −0.014 −0.000 +0.002 −0.002 −0.005 +7.5 +0.001 +0.001 −0.000 +0.002 +0.003 +44.5 +0.004 −0.001 −0.002 −0.002 −0.006
−28.5 +0.003 +0.004 +0.000 −0.000 +0.001 +8.5 −0.002 +0.001 +0.002 +0.002 +0.005 +45.5 −0.002 −0.003 −0.002 −0.001 −0.003
−27.5 −0.002 +0.002 +0.002 +0.000 −0.002 +9.5 +0.001 −0.001 +0.000 +0.001 +0.005 +46.5 −0.002 −0.004 −0.004 −0.003 −0.006
−26.5 +0.002 +0.001 −0.001 −0.002 −0.003 +10.5 −0.007 +0.000 +0.001 +0.001 +0.004 +47.5 +0.008 −0.002 −0.003 −0.002 −0.004
−25.5 −0.004 +0.001 +0.001 −0.001 −0.003 +11.5 −0.003 +0.000 +0.002 +0.002 +0.005 +48.5 +0.008 −0.003 −0.002 −0.002 −0.004
−24.5 −0.002 +0.000 +0.001 −0.003 −0.003 +12.5 −0.002 +0.002 +0.001 +0.004 +0.005 +49.5 +0.010 −0.003 −0.002 −0.002 −0.007
−23.5 +0.004 +0.001 +0.001 −0.002 −0.002 +13.5 +0.008 +0.001 +0.003 +0.003 +0.005 +50.5 +0.005 −0.006 −0.004 −0.005 −0.008
−22.5 −0.002 −0.001 −0.002 −0.000 −0.006 +14.5 +0.015 +0.003 +0.002 +0.003 +0.002 +51.5 +0.009 −0.005 −0.003 −0.004 −0.005
−21.5 −0.003 +0.001 +0.002 −0.002 −0.005 +15.5 +0.004 +0.002 +0.001 +0.003 +0.004 +52.5 +0.002 −0.006 −0.003 −0.004 −0.006
−20.5 −0.006 +0.002 +0.003 −0.001 −0.003 +16.5 −0.000 +0.001 +0.002 +0.004 +0.003 +53.5 −0.000 −0.008 −0.004 −0.005 −0.008
−19.5 +0.000 +0.001 +0.001 −0.001 −0.000 +17.5 −0.006 −0.001 +0.002 +0.003 +0.002 +54.5 −0.003 −0.008 −0.004 −0.003 −0.007
−18.5 −0.001 −0.000 +0.003 −0.001 −0.003 +18.5 +0.006 +0.001 +0.002 +0.004 +0.003 +55.5 +0.011 −0.008 −0.004 −0.006 −0.011
−17.5 −0.013 −0.003 +0.001 −0.000 −0.004 +19.5 −0.001 −0.000 +0.002 +0.004 +0.002 +56.5 +0.006 −0.009 −0.000 −0.002 −0.004
−16.5 +0.004 +0.001 +0.001 −0.001 −0.005 +20.5 −0.006 +0.001 +0.001 +0.001 +0.001 +57.5 +0.006 −0.006 +0.003 −0.002 −0.005
−15.5 +0.021 +0.008 +0.004 −0.002 −0.006 +21.5 −0.003 +0.003 +0.002 +0.003 +0.003 +58.5 +0.015 −0.004 +0.002 +0.009 +0.013
−14.5 −0.001 −0.000 −0.003 −0.001 −0.003 +22.5 −0.009 −0.001 −0.000 −0.000 +0.002 +59.5 −0.005 +0.006 +0.007 +0.019 +0.021

Table A6
δffm (Dec) for the V4.2 catalog.

Dec u g r i z Dec u g r i z Dec u g r i z
(deg) (mag) (mag) (mag) (mag) (mag) (deg) (mag) (mag) (mag) (mag) (mag) (deg) (mag) (mag) (mag) (mag) (mag)

−1.262 −0.000 +0.003 +0.002 +0.002 +0.002 −0.402 +0.006 −0.000 +0.000 −0.002 +0.000 +0.454 +0.001 +0.002 −0.000 −0.001 +0.000
−1.232 −0.012 −0.005 −0.001 +0.001 +0.002 −0.376 +0.000 −0.000 +0.000 −0.001 +0.001 +0.480 +0.005 +0.002 +0.000 −0.000 +0.002
−1.206 −0.004 −0.004 −0.000 +0.001 −0.001 −0.350 +0.003 +0.002 −0.000 +0.000 +0.000 +0.506 +0.005 +0.001 +0.001 +0.000 +0.001
−1.180 −0.005 −0.002 +0.000 −0.000 −0.003 −0.324 +0.001 +0.001 +0.001 +0.000 +0.000 +0.532 −0.002 +0.001 +0.001 +0.001 +0.002
−1.154 −0.001 −0.002 −0.001 +0.001 +0.001 −0.298 +0.003 +0.002 −0.000 +0.001 +0.001 +0.558 +0.007 +0.001 +0.000 −0.000 +0.001
−1.128 −0.005 −0.005 −0.000 +0.002 −0.000 −0.272 +0.005 +0.002 +0.001 +0.000 +0.000 +0.584 −0.001 +0.001 +0.000 +0.000 +0.002
−1.102 −0.002 −0.001 −0.000 −0.000 −0.001 −0.246 +0.003 +0.003 +0.001 −0.000 −0.000 +0.610 +0.005 +0.002 +0.001 −0.001 +0.001
−1.076 −0.005 −0.001 −0.001 +0.001 +0.000 −0.220 −0.005 +0.003 +0.002 +0.000 +0.000 +0.635 −0.000 +0.002 +0.001 +0.001 −0.001
−1.050 −0.008 −0.000 −0.002 −0.001 −0.001 −0.195 −0.003 +0.001 +0.001 +0.003 +0.000 +0.661 −0.002 +0.002 −0.000 +0.000 +0.000
−1.025 −0.001 +0.001 +0.000 +0.002 −0.001 −0.169 +0.004 +0.001 +0.001 +0.002 +0.000 +0.687 −0.003 +0.002 −0.001 −0.000 −0.001
−0.999 −0.003 −0.001 −0.000 +0.001 +0.001 −0.143 +0.006 +0.002 −0.000 +0.000 −0.003 +0.713 −0.003 +0.002 +0.000 +0.001 −0.001
−0.973 +0.002 −0.000 −0.001 +0.001 −0.000 −0.117 +0.009 +0.003 +0.001 +0.001 −0.002 +0.739 −0.012 +0.001 −0.000 +0.001 +0.000
−0.947 −0.001 −0.001 −0.001 +0.002 +0.001 −0.091 +0.001 +0.005 +0.001 +0.000 −0.002 +0.765 −0.007 −0.002 −0.002 +0.000 +0.000
−0.921 +0.003 −0.001 −0.001 +0.001 +0.000 −0.065 +0.004 +0.003 +0.001 +0.000 −0.002 +0.791 −0.001 −0.001 −0.001 −0.000 −0.000
−0.895 +0.002 −0.000 −0.001 +0.001 −0.000 −0.039 +0.008 +0.003 −0.000 −0.000 −0.001 +0.817 +0.007 +0.000 −0.002 −0.003 −0.002
−0.869 −0.002 −0.001 −0.000 +0.001 +0.002 −0.013 +0.001 +0.001 +0.001 −0.001 −0.001 +0.843 +0.009 +0.002 +0.000 +0.000 +0.004
−0.843 −0.000 −0.001 −0.001 −0.000 +0.001 +0.013 −0.012 −0.002 −0.001 −0.001 −0.003 +0.869 +0.005 −0.001 −0.001 +0.000 +0.005
−0.817 −0.001 +0.000 +0.002 +0.003 −0.000 +0.039 −0.010 −0.003 −0.003 −0.003 −0.005 +0.895 +0.008 −0.000 −0.001 −0.001 +0.001
−0.791 +0.003 +0.001 +0.002 +0.001 −0.001 +0.065 −0.007 −0.002 −0.003 −0.002 −0.004 +0.921 +0.007 +0.001 +0.000 +0.000 +0.001
−0.765 +0.000 +0.001 +0.003 +0.002 −0.001 +0.091 −0.007 −0.004 −0.003 −0.002 −0.003 +0.947 +0.007 +0.001 +0.000 +0.001 +0.002
−0.739 +0.004 +0.001 +0.000 +0.001 −0.000 +0.117 −0.010 −0.002 −0.003 −0.002 −0.005 +0.973 +0.005 −0.000 −0.000 +0.001 +0.003
−0.713 +0.002 +0.001 +0.002 +0.002 −0.002 +0.143 −0.009 −0.001 −0.002 −0.001 −0.005 +0.999 +0.009 +0.002 +0.001 +0.001 +0.003
−0.687 +0.004 +0.001 +0.002 +0.001 +0.001 +0.169 −0.011 −0.002 −0.002 −0.003 −0.003 +1.025 +0.001 +0.000 +0.001 +0.001 +0.004
−0.661 +0.004 +0.001 +0.002 +0.001 +0.000 +0.195 −0.013 −0.003 −0.002 −0.003 −0.003 +1.050 +0.002 +0.001 +0.001 +0.001 +0.005
−0.635 +0.006 +0.001 +0.000 +0.001 −0.000 +0.220 −0.008 −0.002 −0.000 −0.001 −0.002 +1.076 −0.000 −0.001 +0.000 −0.000 +0.003
−0.610 +0.003 −0.003 +0.000 −0.000 −0.003 +0.246 −0.004 −0.002 −0.002 −0.002 +0.000 +1.102 −0.003 −0.001 +0.000 −0.000 +0.004
−0.584 +0.002 −0.001 +0.000 −0.001 −0.003 +0.272 −0.006 −0.001 −0.002 −0.002 −0.001 +1.128 +0.005 +0.001 −0.000 +0.000 +0.003
−0.558 +0.003 −0.003 −0.000 −0.001 −0.003 +0.298 −0.002 −0.001 −0.001 −0.001 −0.001 +1.154 +0.003 −0.000 −0.000 +0.000 +0.004
−0.532 +0.004 −0.001 +0.000 −0.001 −0.004 +0.324 +0.002 −0.000 −0.001 −0.002 −0.000 +1.180 +0.007 +0.001 +0.002 +0.001 +0.006
−0.506 +0.005 −0.001 −0.000 −0.001 −0.004 +0.350 −0.005 −0.001 −0.001 −0.002 −0.002 +1.206 +0.003 +0.001 +0.002 +0.001 +0.006
−0.480 +0.004 −0.002 +0.001 −0.001 −0.004 +0.376 −0.014 −0.002 +0.000 −0.001 −0.001 +1.232 +0.002 −0.001 +0.002 +0.001 +0.006
−0.454 +0.003 −0.001 +0.001 +0.000 −0.003 +0.402 −0.010 +0.000 −0.001 −0.001 +0.000 +1.262 −0.001 −0.000 +0.004 −0.000 +0.009
−0.428 −0.001 −0.002 −0.001 −0.000 −0.003 +0.428 +0.010 +0.005 +0.001 −0.000 +0.001


