Lawrence Berkeley National Laboratory
Lawrence Berkeley National Laboratory

Title
An Improved Photometric Calibration of the Sloan Digital Sky Survey Imaging Data

Permalink
https://escholarship.org/uc/item/28n6j1dj

Authors

Padmanabhan, Nikhil
Schlegel, David J.
Finkbeiner, Douglas P.

Publication Date
2008-05-27

Peer reviewed

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/28n6j1dj
https://escholarship.org/uc/item/28n6j1dj#author
https://escholarship.org
http://www.cdlib.org/

LBNL REPORT61732
Preprint typeset usingTegX style emulateapj v. 12/01/06

AN IMPROVED PHOTOMETRIC CALIBRATION OF THE SLOAN DIGITAL SKY SURVEY IMAGING DATA

NIKHIL PADMANABHAN 23 DavID J. SCHLEGELY*, DOUGLAS P. ANKBEINER*®, J. C. BARENTINE®’, MICHAEL R. BLANTON®,

HOWARD J. BREWINGTON’, JAMES E. GUNN?, MICHAEL HARVANEK’, DAVID W. HOGG?, ZELJKO IVEZIE®?, DAVID JOHNSTON?,

STEPHENM. KENT*, S.J. KLEINMAN?7, GILLIAN R. KNAPF*, JUREK KRZESINSKI®?, DAN LONG’, ERIC H. NEILSEN, JR.17,

ATsuko NITTAY 7, CrRAIG LooMis* 7, ROBERTH. LurPTON', SAM ROWEIS'®, STEPHANIEA. SNEDDEN’, MICHAEL A. STRAUSSY,
AND DOUGLAS L. Tucker!?

LBNL Report 61732

ABSTRACT

We present an algorithm to photometrically calibrate widilfoptical imaging surveys, that simultaneously
solves for the calibration parameters and relative stéliaes using overlapping observations. The algorithm
decouples the problem of “relative” calibrations from tbatabsolute” calibrations; the absolute calibration
is reduced to determining a few numbers for the entire suiieypay special attention to the spatial structure
of the calibration errors, allowing one to isolate partamgrror modes in downstream analyses. Applying this
to the Sloan Digital Sky Survey imaging data, we achievi’; relative calibration errors across 8500 &ay
griz; the errors are- 2% for thew band. These errors are dominated by unmodelled atmosplagiations
at Apache Point Observatory. These calibrations, dubbbdraalibration”, are now public with SDSS Data
Release 6, and will be a part of subsequent SDSS data releases

Subject headingsnethods: data analysis, techniques: photometric, catasogveys

1. INTRODUCTION

A common challenge for all physics experiments is relating

a detector signal to the underlying physical quantity o¢iint
est. Astronomical imaging surveys are no exception; a CC
camera counts Analog to Digital units (ADU) in each pixel,
a quantity that is (approximately) proportional to the n@mb
of incident photons. This relationship must be calibrated t

yield physical flux densitiegergcm=2s~'Hz'). Key sci-

entific programs of current and next generation imaging sur-
veys demand ever more precise photometric calibrations. Fo
example, wide field imaging surveys allow one to measure

the clustering properties of galaxies (and therefore, the u
derlying dark matter) on scales otherwise accessible anly i
the Cosmic Microwave Background (CMB); comparing the
CMB at redshiftz ~ 1000 with the relatively recent Universe
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at <1 allows increasingly precise tests of our cosmological
model. The first such measurements of clustering on giga-
parsec scales and larger were recently reported (Padmamabh

pet al. 2007; Blake et al. 2007). These results emphasize the

need for accurate photometric calibrations over wide areas
the underlying clustering signal is a rapidly decreasintrfu
tion of scale, and could easily be overwhelmed by percent-
level systematic errors in the photometric calibration.e&-s
ond example is reconstructing the structure of the Galasey, u
ing the photometric properties of different stellar popiolas.
There have been a number of efforts to do this with exist-
ing data (Juric et al. 2005), and it is a key scientific program
for the next generation of imaging surveys. Finally, there i
the general (and powerful) motivation that reducing system
atic errors invariably reveals hitherto unseen details @and
enues of enquiry. Leveraging the current and next generatio
of imaging surveys to yield their maximum scientific poten-
tial requires revisiting the problem of photometric cadition,
moving beyond the simplifications currently made (Stubbs &
Tonry 2006). Several surveys are photometrically caldxtat
to a few percent; the challenge for the next generation of sur
veys is to delivek 1% calibrations over wide areas.
Photometric calibration involves relating the output of a
CCD to the physical flux received above the Earth’s atmo-
sphere. For wide-field imaging surveys, we separate this int
two orthogonal problems - “relative” calibration, or theopr
lem of establishing a consistent photometric calibratialn (
beit in possibly arbitrary flux units) across the entire syrv
region, and “absolute” calibration, which transforms takaf
tive calibrations into physical fluxes. This separationdsful
since there exist a number of applications (such as the two
discussed above) that are relatively tolerant of errordién t
absolute calibration, but demand precise relative cailitma.
Current calibration techniques, which usually involve eom
paring observations to “calibrated standards”, do noteesp
this distinction, making it difficult to control errors indtrel-
ative calibration. Furthermore, calibrating off standay-
tems normally involve relating different telescope andefilt
systems, and are quickly limited by the accuracy with which
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these transformations can be measured. Accurate relative ¢ lute calibration still must be obtained by comparison again
ibrations would therefore only use data from the native-tele standard stars, this is now applied uniformly across thizgeent
scope/ filter system, obviating the need for any such transfo survey region. These ideas are not new to optical astronomy;
mations. precursors may be found in the work of Maddox et al. (1990);
A second separation, emphasized by Stubbs & TonryHoneycutt (1992); Fong et al. (1992); Manfroid (1993); Fong
(2006) is to separate the “transfer function” of the telggco et al. (1994); Glazebrook et al. (1994). What is new to this
and detectors from that of the atmosphere. The telescopeavork is both the (large angular) scales to which the method is
and detectors form an approximately closed system whose reapplied and the accuracies obtained.
sponses can be (potentially) mapped out with exquisiteprec  The Sloan Digital Sky Survey (York et al. 2000, SDSS) is
sion with laboratory equipment. The atmosphere, on therothe one of the most ambitious optical imaging and spectroscopic
hand, is an open, highly dynamical, system with a range of surveys undertaken to date. It has imaged a quarter of the
relevant time scales; the best one can do is to monitor it with sky in five optical bands, and has spectroscopically folbwe
limited precision. Although we agree with this separationi up more than a million of the detected objects. This makes
principle, applying it would go significantly beyondthe peo  the SDSS both a scientifically rich data set and an excellent
of this paper. We therefore do not make this distinction & th proving ground for the next generation of surveys. Accord-
analysis presented here, but we return to it at the end of thisingly, our goal in this paper is to develop the idea above in
work. the context of the photometric calibration of the Sloan Dig-
Techniques for relative photometric calibration have beenital Sky Survey (SDSS). We begin by recapitulating aspects
applied to optical imaging in the past, although much more of the SDSS essential to this algorithm in Sec. 2. Sec. 3 then
limited than the present work in the scope of either the num- presents the details of the algorithm. We then assess the per
ber of objects or the field of view. Landolt (1983) and Landolt formance of our calibrations with simulations of the SDSS;
(1992) are widely recognized as describing one of the best-the results are in Sec. 4. We then present a recalibration of
established “photometric systems”. Landolt observedrs¢ve the entire SDSS imaging data in Sec. 5. Sec. 6 announces the
hundred stars near the celestial equator with a photortialtip  release of this calibration to the public, and Sec. 7 coredud
tube on the Cerro Tololo 16-inch and the Cerro Tololo 1.5-m with a discussion of the features and limitations of thiskyor
telescopes. Landolt achieved exceptional relative phetom  as well as its applicability to the next generation of imagin
calibrations in five broad optical bandpasses (JohnsomKro surveys. Although we focus on the SDSS, we phrase our dis-
Cousins UBVRI). His data are accurate to 0.3% per obser-cussion in terms that allow adapting the methods described
vation of each star, with an even better accuracy implied for here to arbitrary imaging surveys.
those stars that have many observations. Unfortunatedy, th
full benefit of the accuracy of this photometric system canno 2. THE SDSS

be realized for other surveys due to the systematic uncertai  The Sloan Digital Sky Survey (York et al. 2000) is an on-
ties in transforming from Landolt's system responses to ob- going effort to image approximately a quarter of the sky, and
servations on other telescopes using (typically) CCD pimeto - ohtain spectra of approximately one million of the detected
etry. There are some observations using exactly the Landoltobjects_ The imaging is carried out by drift-scanning thg sk
system, most famously of supernova 1987A, which made usejn photometric conditions (Hogg et al. 2001), using a 2.5m
of the otherwise-decommissioned Cerro Tololo 16-inch-tele telescope (Gunn et al. 2006) in five bandg:iz) (Fukugita
scope (Blanco et al. 1987). . . etal. 1996; Smith et al. 2002) using a specially designeewid
The other example of accurate relative optical photometry field camera (Gunn et al. 1998). These data are processed
has come from the searches for massive compact halo obpy completely automated pipelines that detect and measure
jects (MACHOs) from microlensing events in dense star fields photometric properties of objects, and astrometrically- ca
(e.g. Udalski et al. 1992; Alcock et al. 1993; Aubourg et al. prate the data (Lupton et al. 2001; Pier et al. 2003). The first
1993). MACHO events were detected from differencing im- phase of the SDSS is complete and has produced seven major
ages taken with an identical mstrumentovertlmescalee\ofs data releases (Stoughton et al. 2002; Abazajian et al. 2003,
eral years. More recently, these same techniques have beeppos, 2005: Adelman-McCarthy et al. 2006, 2007; Adelman-
used to detect the optical transits of planets. With a properpiccarthy & for the SDSS Collaboration 2069)
treatment of the correlated noise properties in the timeser The SDSS imaging data (see also Fig. 1) are taken by drift-
of images (Pont et al. 2006), it is possible to detect transit scanning alongtripescentered on great circles on the sky in
with peak depths of only-1%. Note that the challenges here g five filters. These stripes ae5° wide, and are filled by
are different from the wide field imaging case considered in g interleavedstrips The actual data is taken inns, which
this work, since one is interested in differences in photome  are part of strips; multiple runs may be taken in a singletiigh
of a single star. , not necessarily on the same strip. Each run is further subdi-
_ Cosmic Microwave Background (CMB) anisotropy exper- yided into sixcamera columnsr camcols corresponding to
iments also demand very precise relative calibrations.s Thi the six columns of CCDs on the camera. The data from each
accuracy is obtained with repeat observations of the sk, an ccD is in turn split intoframes consisting of 1361 drift scan
cross-linked scan patterns. The redundancy thus obtalned arows. The five frames corresponding to the same region of
lows one to simultaneously solve for the CMB temperature at sky observed in the five SDSS filters, are collectively referr
a given direction on the sky and the detector calibration pa-to as afield. Note that while runs and camcols correspond
rameters. In this paper, we propose adopting this techniquegp physical separations of the data, the division into fraise
as a new approach to calibrating optical imaging surveys -pyrely artificial. The integration time is approximately.54
replacing the CMB temperature fluctuations with the magni- seconds per frame in each filter, with a time lag~of3 sec-

tudes of stars. Note that as this involves comparing meltipl onds between each adjacent filter. The order of the filters as
observations, this is a differential measurement, ancfbes

only yields a relative calibration. However, while the abso 6 nttp: // ww. sdss. org/ dr 6
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Fall (see Fig. 2). While the Fall equatorial stripe has suffi-
cient repeat observations to make precise photometrytgessi
(Ivezit et al. 2007), the calibration for the bulk of the \sey
Scan Direction region would only be constrained at the survey poles, glearl
D —— undesirable. The only other natural overlaps occur when the
beginning and ends of runs overlap each other along strips.
While this does connect the survey from one pole to the other,
most of the overlaps occur on the same CCD column, and so
have limited utility since these are degenerate with flatifiel
To address both these inadequacies, two additional sets of
data were taken. The first were short scans that cross the nor-
mal scan directions. Sudbliquescans exist for most observ-
ing years (Fall through Spring), and were taken to check for
temporal variations of the flat fields. These are invaluate f
constraining flat fields, since they compare each CCD column
with every other. The other data were a grid of long scans,
dubbed the “Apache Wheel”, designed to connect every part
of the survey with every other. Observing such a grid with the
usual SDSS scanning speed would have required a significant
expenditure of telescope time, adversely affecting therss
goals of the survey. The compromise was to observe these
FIG. 1.— The geometry of the SDSS imaging. Part of an SDSS strifie w data_" at 7 times the normal scanning spee(_j (|_'e' with an ef-
the two interleaved strips (denoted by N and S) is shown. Baghconsists  fective exposure time of 8 seconds), and binning data into
of six camcols (numbered 1 through 6 in the figure), while ezancol is 4x4 native camera pixels. Reducing these data required mod-
further divided into fields (for simplicity, we show field dsions for only ifications to the survey data reduction pipelines (Luptoalet
two camcols). See the text for more details. . . .
2001), and was done at Princeton (along with a re-reduction
of regular survey data) as part of this calibration efforheT
they observe the sky iSuzg. survey region we consider in this paper is in Fig. 2, with the
The current survey flux calibrations are applied in a three greyscale encoding the number of repeat observations-of dif
step process, involving three different telescopes antlysub ferent regions of the sky.
different filter systems. The absolute flux system is defined
by BD+174708 (Oke & Gunn 1983), an FO subdwarf star 3. THE ALGORITHM
and is based on synthetic photometry in the expected (at the 3.1. The Photometric Model
time) SDSSu/¢'r'i' 2 filters and an improved spectral energy

distribution for this star (Fukugita et al. 1996). This isds . : X
to calibrate a primary network of 158 stars observed by the fi¢ standard systems may be found in Bessell (2005); we focus
on the details relevant to this work below. Assuming linear-

Hi’ggf %ilrrr]r(l:gsast, gﬁgslt?ﬂf' Igrﬁj”éﬁs?gﬁﬁ?e%sg%?;%a&grzﬁggr? ity, the flux f of an object at Ealr7th (above the atmosphere) is
sky (Smith et al. 2002). Unfortunately, these stars saturat related to the detected flufu =" by

the SDSS survey telescope; the calibrations are therefore i f=Kfapu ; (1)
directly transferred via a 20 inch Photometric Telescog® (P
at Apache Point (APO), which observes these primary stan-
dards, as well as 15200 .5 x 41.5 arcmin® secondary patches

of sky. These patches are what finally calibrate the data from
the 2.5m survey telescope (Tucker et al. 2006). Note thaethe
are three different filter systems, and not just realizatioh
one system. In addition to conflating the absolute and rela-
tive calibrations, this indirect transfer of the caliboatimakes
achieving< 1% calibrations via this method a challenge, al-
though it does return relative calibrations accurate-t@%
(Ivezit et al. 2004). Note that these errors have natuedésc

of 2.5°/12 (the width of a camcol) and.5° (the width of a
stripe) perpendicular to the scan direction.

Before continuing, it is worth emphasizing the% calibra-
tions for a wide field optical survey was unprecedented until
very recently. However, motivated by the promise of future m =mapu — 2.5log;,(K) . (2
wide field surveys and the challenge I0f, photometry, we
realized that the next stepustshort-circuit the above multi-
stage calibration pipeline. The calibration algorithm we-p —2.510go(K) = a(t) — k(t)x + f(i,5;t) + ..., (3)
pose here relies on repeat observations to constrain the phQyhere i terms are a function of time. The optical response

tometric calibrations. Unfortunately, in the standardveyr ¢ 1o telescope and detectors is the “a-terrfr), while the
strategy, the only significant repeat observations occthet '

poles of the survey (where the great circles of stripes con- 17 ap Apu, or Analog-Digital Unit is the digitization of the afay detec-
verge), and on the celestial equator, which is re-imagenyeve tor output

0S'C

An introduction to photometric calibrations and photomet-

the problem of photometric calibration is to determitieThe
above equation is deceptively compdCtdepends on the ex-
posure time, detector efficiency, filter responses, thetelee
optical system, the optical path through the atmospheee, th
spectral energy distribution of the objects in questionl alh
the variables that these in turn are sensitive to. Furthesmo
Eq. 1 makes no reference to the unitsfoind KC; the prob-
lem of determining the correct units is thatabsolutepho-
tometric calibration; we restrict our discussion belowhe t
problem ofrelative calibrations.

Since all the above terms affect the flux multiplicativety, i
is convenient to work in log-space; the above effects become
additive corrections. Converting fluxes to magnitudes-£
—2.5log,, f), EQ. 1 becomes

ExpandingC in terms of its various dependencies, we obtain
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1 05 1 15 2 25 3 35 4 45

FIG. 2.— The sky coverage of the SDSS data used in this paper,nsimoan equal area resolution 7 HEALPIX/HEALCART (Gorskiatt 1999; Finkbeiner
2004) projection. The: scale covers RA° to 360°, while they axis runs from DE®O0° to —90°. The grey scale denotes the mean number of observations of
a star in a particular pixel. Note that we saturate at 5 olasiens, although on the equatorial (white) stripe, theegpixels with a mean number of observations
as high as 15. The bulk of the survey data is in the North Gal&zp, the prominent structure in the center of the image Hfuatorial stripe, imaged every
Fall, is the white horizontal stripe halfway in the image eTdpproximately equally spaced vertical runs are exampldepache Wheel data.

TABLE 1 wheref(z) is the Heaviside function, and f (hereafter, the
FLAT FIELD SEASONS “amp-jump”) is the relative gain of the two amplifiers. Note
that as written,f, is a continuous function of CCD column.

SDsls Run 5%372, 19_SE$_61998 %‘:;?neiﬂésof Sy Finally, we need to specify the time dependence of these
205 51115 28-Oct-1998 quantities. The a-terms and amp—jumps are assumed to be
725 51251 13-Mar-1999 constant during a night, and we simply specify these as piece
1924311 gﬁgg ég'hsﬁep'zlggg wise constant functions.

1659 51790 03'_52;'_2000 After i2 gain change It was also realized early in the survey (about 2001) that the
1869 51865 17-Nov-2000 Vacuum leak in Dec 2000 flat fields were time-dependent, and appeared to be changing
2121 51960 20-Feb-2001  After vacuum fixed discontinuously over the summers when the camera was dis-
gégg g%iig %g:/’i\"fé:gggi After summer shutdown assembled for maintenance. These changes are most likely as
3311 52516 30-Aug-2002 After summer shutdown sociated with changes in the §urface chgmlstry of the.CC;Ds.
4069 52872 20-Aug-2003  After summer shutdown We therefore model the flat fields as being constant in time
4792 53243  26-Aug-2004  After summer shutdown over a “flat field season”, roughly the period between any
5528 53609 26-Aug-2005 After summer shutdown maintenance of the camera. The boundaries, in MJD and

NoOTE. — The starting dates, and the corresponding first SDSS mthéo SDSS run number. of these “seasons” are listed in Table 1.
flat field seasons. Ideall iaht f,'l h fi i int It
y, one might have chosen an even finer time interval to
detector flat fields (in magnitudes) afg, j; t) wheres, j rep- test the constancy of the flat fields; however, the SDSS lacks
resent CCD coordinates. The atmospheric extinction is thesufficient oblique scan data to improve the time resolution.
product of the “k-term”(¢) and the airmass of the observa- We note here that the standard practice of measuring flasfield
tion, z. Note that this is a crude phenomenological model (it from sky data does not work for the SDSS, due to scattered
heuristically resembles a first order Taylor expansion,ibu  lightin the camera.
completely adequate for our purposes. We therefore defer a The time dependence of the k-terms at APO is more com-
discussion of its limitations and potential extensions¢o.5. plicated, as the atmosphere (on average) gets more tramspar
We now specialize to the SDSS; we calibrate each of theas the night progresses, at the rate-of mmag/hour (milli-
five filters individually, and assume that each of the six a@me magnitudes/hour) per unit airmass. We therefore madg!
columns are independent, yielding an a-term and flat field to over the course of a night as
be determined per CCD. We implicitly assume that the filter
response for each of the six CCDs is identical (we return to k(t) = k + %(t —tres) 5)
this in Sec. 7). The k-term is however common to all camera a dt ref) o
columns and depends only on the filter. Also, since the SDSS
observes by drift-scanning the sky, the flat fields are nodong wheret,.; is a reference timé. Note thatt in the above
two-dimensional, but only depend on the CCD column and equation only runs over the course of a single nighaind
are represented by a 2048 element vector. This is compiicate dk/dt can (in principle) vary from night to night, and there is
by the fact that some of the SDSS CCDs have two amplifiers,no requirement on the continuity &{t) across nights. Table 2
resulting in a discontinuity at the center of the flat field. We summarizes the parameters in our photometric model, whose

model this by assuming the flat fields have the form,
18 We adopt 0700 UT as.. s, corresponding to midnight Mountain Stan-
f(&,7) = fo(j) +6(j — 1024)Af 4) dard Time.
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TABLE 2
CALIBRATION PARAMETERS
Parameter Number Fit Comments
a-terms 6 X 5 X Npight Yes
k 5 X Nnight Yes k-term at = ¢,
dk/dt 5 No
Flatfields 6 X 5 X Nseason Yes 2048 element vector
(iterative)

Ampjumps 6 X 5 X nyun No

NOTE. — The parameters that make up the photometric model. The num
ber of parameters are functions of,; 5. (the number of nightsypscason
(the number of flatfield season®),..» (the number of runs), and the number
of filters (5), and camera columns (6). Also listed is whetherparameter is
fit for or not.

final form is

I+f’7(j)7
(6)

with o, 3, andy indexing the appropriate a-term, k-term (and
trer), and flat field for the star in question.

m = MADU + G —

dk
k ) (t—tger
ﬁ"‘(dt)ﬁ( Byref)

3.2. Solution

Having specified the parameters of the photometric model

we now turn to the problem of determining them. It is natural
to consider repeat observations of stars to constrain theese
rameter®’. Let us therefore consider,,, observations with
observed instrumental magnitudes, py,j, of nsqr UNique
stars with unknown true magnitudes. Note thatn,, is the
number of observations @fll stars, i.e.n.s = > 0" n;
wheren; is the number of times staris observed. Using
Eg. 6, we construct &2 likelihood function for the unknown
magnitudes and photometric parameters,

Nstar

Xz[aa’ kﬁv (dk/dt)ﬁva] = Z X? ) (7)

mM; — Mj ADU — Ga(s) + Kkaiy (E)x — fris 2
X2 = Z [ J (4) T MB() 7(4) 7
) . gj
JE0O()
_ _ (8)
wherej runs over the multiple observatior®(i), of thei*"
star,o is the error inm; 4 py, andk(t) is given by Eqg. 5. We

which is trivially solved form; to give,

m;,apU + aa(y) — k) ()T + f10)
m; = Z D)

9

JEO(3)
—1

(%) 10)

As substituting the above result into Eq. 9 to solve for tHe ca
ibration parameters is algebraically unwieldy, we reoigan
these results by making the following notational change. We
arrange the unknown photometric parameters inta,an el-
ement vectop,

< | 2

JEO(1)

by
(dk/dt)s
fy

Then substituting Eq. 10 into Eq. 8 yields a matrix equation
for x2,

p= (11)

x> =(Ap—b)'C '(Ap—b), (12)

whereA is anngys X npqr Matrix , andb is annp, element
vector, andv! represents the transposexaf The errors are

'in the covariance matriC which, in Eq. 8, is assumed to be

diagonal (but can be generalized to include correlations be
tween different observations). For clarity, we explicitlyite

out the form ofAp — b for the case of a single star observed
twice at airmass; andx,, and with errorgr; ando,, where
only the a- and k-terms are unknown,

1 0 —XT1 0 _ Il IQ —Illl —IQIQ
0 1 0 —XT2 Il IQ —Illl —IQIQ
ai
as
X kl
k2

[ miapu —m1,apuli —me apulz
mo, apy — Mi,apuli — ma2 apula

). @

where I, is the normalized inverse variancel;
0, 2/>;0; % Each row ofAp — b has a simple interpre-
tation as the difference between the magnitude of a paaticul

also assume that errors in observations are independ@nt; th observation of a star, and the inverse variance weightetchmea

is not strictly true as atmospheric fluctuations temporedis
relate different observations. One can generalize theeatmov

magnitude of all observations of that star. Also, altho#gh
is a large matrix £ 50,000,000 x 2000 for the SDSS), it is

take these correlations into account and, as we show belowextremely sparse, and amenable to sparse matrix techniques
our results are not biased by this assumption. Note that Eq. 7 Obtaining the best fit photometric parameters simply in-
hasn.ss known quantities, and.;q, + #(parameters) un- volves minimizing Eq. 12. Although there are several cheice

knowns. In general, the number of photometric parametershere, we proceed via the normal equations (e.g., Press et al.

& Nstar, @NdNops > 2ns14r, iIMplying that this is an overde- 92), 9
termined system. di — A'C'Ap—A'C 'b=0. (14)
To proqeed, we start by minimizing Eq. 7 with respect to dp
m; this yields, The inverse curvature matrix,
dx? mi—m; ApU —aa) tksy) DT F1() d%?
_— = . . d S @ _ —1
., 2> jcow) o2 } dodn (AfC A)ij , (15)

=0, 9)
19 While in principle, one could also consider galaxies, wetrigsour
discussion to stars to avoid subtleties of extended objeatometry.

provides an estimate of the uncertainty in the recovered pa-
rameters. Note that it is howeweotthe covariance matrix of
the parameters, since Eq. 12 was derived marginalizing over
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the unknown magnitudes of all the stars. Furthermore, sincethat are poorly constrained (i.e. those that could resyibin

the measurement errors do not account for temporal vamgtio tential errors of> 1% ), and project these out; this renders

in the atmosphere, the “error” estimates from the curvaturethe normal equations stable and they can be directly solved.

matrix may be significantly underestimated. Note that this introduces a tunable parameter to the soldtio
We conclude by noting the similarities between the above the eigenvalue threshold below which we project out modes.

and algorithms used for making maps of the CMB (e.g. This threshold is chosen such that the final calibrations are

Tegmark 1997¥°. The SDSS runs are analogous to CMB insensitive to its exact value.

scan patterns, while the magnitudes are equivalenttothe te  Although projecting out poorly determined eigenvectors

perature measurements. However, unlike the CMB, our prin-yields a minimal set of parameters well constrained by the

cipal goal is the calibration parameters, with the magmtud data, we must add back in these “null” eigenvectors to get a

of the stars being a secondary prodtict solution in our original (and preferred) parameter space. W
_ . achieve this by introducing priors on the photometric param
3.3. Degeneracies and Priors eters, and then adjusting the values of all the photomegric p

Our choice of photometric parameters is non-minimal in rameters along the null vectors to best satisfy these priws
that there exist degeneracies between them. These degenerdUming equally weighted Gaussian priors on the parampters
cies are of more than academic interest, as they make the notith @ mean valug,, this can be phrased as an auxiliary
mal equations singular, and solutions of them unstable. WeMinimization,

now Qiscuss the source o_f_t_hese degeneracies, and how the X]Q)rior =P’ + Vaurdx — p0|2 ’ (16)
resulting numerical instabilities can be tamed by the use of ) ) )
priors. wherep’ is the solution of the normal equations, Eq. 14,

. _ . and we have gathered the;.q., null eigenvectors into a
e Zero point: As the above algorithm is based solely on Npar X Ndegen MATX V. Varying dx to minimizexirior,

magnitude differences, any overall additive shift of all \ye ghtain our final solution for the photometric parameters,
the a-terms does not chang& Note that this is simply

the problem of absolute calibration rephrased. p=0"+ Vaudx. (17)

e Disconnected RegionsThis is a generalization of the 3.4. Implementation Details

previous case; the zero points of each disconnected re- The ahove discussion described our calibration algorithm i
gion of the survey can be individually changed, with- generic terms, with minimal reference to survey specifics. W
out changing¢". Note that disconnected in this context oy discuss the details and approximations specific to imple
refers regions with neither spatial nor temporal overlap menting this algorithm for the SDSS.

(as we assume the photometric parameters are stable The first approximation involves determining the flat field
over the course of a night) with other parts of the sur- yectors. As described, the flat field vectors are determiied s
vey. multaneously with the other photometric parameters. Doing

e Zero point of flats In Eq. 6, the zero point of the flat S? V;OUId however have appro(;qmat(f}!y d°|Ub|ed tr:_e ;rgjnber
fields is degenerate with the a-terms; this degeneracyg P otome_tncbparameterr]s, and significantly complic h tf
is trivially lifted by forcing the flat fields to have zero ~dc€9generacies between the various parameters. We therefore
mean. chose an iterative scheme where the flat fields are held con-
stant while the other parameters are determined. We then use
e Constant Airmass The photometric equation schemat- the best fit solution to measure the magnitude differences be
ically is ~ a — ka; therefore for data with little or no ~ tween multiple observations as a function of CCD column,
airmass variation, there is a degeneracy direction thatand fit a flat field vector to these via a quadratic B-spline with
keepsa — kz constant, while changing both the a- and 17 uniformly spaced knots. As we show in the next section,
k-terms. While this does not affect the calibration in this scheme rapidly converges to the true solution. In addi-
regions where, — kx is constrained, extrapolating the tion, the SDSS photometric pipeline estimates the amp-fump
a- and k-terms to regions with different airmasses can by requiring that the background be continuous across the am
result in incorrect calibrations. plifiers. Instead of fitting to the amp-jumps, we simply hold
them fixed to these values.

There is a useful generalization of the above discussion; The second approximation involves the k-terms and their
the inverse eigenvalues of the curvature matrix (Eq. 14 andtime derivatives. The typical airmass variations over the
15) are a measure of the error on the determination of lin- course of a single night tend to be small, making the deter-
ear combinations of the photometric parameters (encoded bymination of k-terms very degenerate with the a-terms, as dis
the corresponding eigenvectors). The degeneracies distus cussed in the previous section. The situation is even more
above are characterized by eigenvalse8, which make the  degenerate for the time derivative of the k-terms. We fixgéhes
normal equations unstable. However, any badly constraineddegeneracies by using priors for the k-terms, and fixing thei
combinations (even if they afermally well determined) can  time derivatives to values estimated by the SDSS photometri
amplify noise and un-modeled systematics in the data, potentelescope (Hogg et al. 2001). Table 2 summarizes which pa-
tially introducing errors when the calibrations are apglié/e rameters are fit in our implementation, while Table 3 lists th
therefore identify all eigenvectors of photometric paréen®  mean values fok anddk /dt.

o e _ ' o _ ~ We must also specify the actual objects used for calibrat-
Ieamgg'; gl\nngtma;c;ggﬂit:l' as this work was inspired by the tegles  ing. We restrict ourselves to objects that the SDSS classifie

21 This results in ?he unu%ual situation of havirga few million nuisance as stars, e.md use apertuye (7.43 arcs_econd r.adlus) phojomet
parameters that must be marginalized over to obtainthousand parameters ~ tO determine their magnitudes. The first choice sidesteps th
of interest. subtleties of galaxy photometry, while aperture photognetr
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TABLE 3 TABLE 4
CALIBRATION ERRORS

Fiter Mag. nstar Nobs ko dk/dt  o(dk/dt)

Limit  (x108) (x109) (x10%)  (x102) i
w185 47 146 049 -12 25 Filter (Am) o o3 %(30) oo
s 185 93 201 017 07 17 w  -167 1338 1253 085 7.25
180 117 365 010 -1.0 1.7 g 08 7r9 73l 072 177
i 175 115 359 006 -1.2 15 T 093 781 726 08l 169
» 170 116 364 006 2.2 1.7 i 092 684 638 075 132
p 097 806 7.61 068 270

NoOTE. — The magnitude limits used to select stars for calibrat@mrthe
5 SDSS filters, with the resulting number of unique stats,, and the total

number of observations; (in millions of stars). Also listed are the mean NoTE. — A summary of the calibration errors for the five SDSS filters
k-termko (used as a prior), the mean time variation of the k-tetky,dt (in as determined by simulations; all values are in mméagm) is the mean
mags/airmass/10 hours), and its scatter about the meanafiéreis used in of the difference between the estimated and true calibratadue for each
our simulations to determine the step size for the randork agbroximation SDSS field, whiles is the corresponding standard deviation, withthe 3o

to the atmospheric extinction. Note that we do not fit for theetvariation of clipped value, and%(30) the fraction (in percent) o8o outliers. Finally,
the k-term but simply use the values for the entire survey. oy is the calibration error just from measurement noise (beafsimulation

) o ) . with no unmodeled random component to the atmosphere).
avoids aliasing errors from the point spread function (RSF)

timation into the calibration. The magnitude limits we use a

in Table 3, along with the number of unique stars, and obser-
vations. We choose not to make any color cuts on the stars to
eliminate variable stars and quasars. These only add rise t
any calibrations, but cannot bias the results; we thergiste

use outlier rejection3g clipping) and iterate our algorithm to
minimize such contamination. A significant advantage of thi
approach is that the calibration of the 5 SDSS filters is inde-
pendent, allowing us to use colors of sub-populations ofsta
as external tests of the calibrations; this is discusseeiaild

drift in time given bydk/dt. The size of the steps is set
by the observed value of the scattewity dt (Table 3).
Note that this random component attempts to model the
correlations in time induced by the atmosphere, albeit
by making the simplification that the spectrum of fluc-
tuations is described by a Gaussian random walk. Non-
photometric data is simulated by exactly the same pro-
cess, although we arbitrarily increase the scatter in the
random walk.

in Sec. 5.4, ] e We add noise to the instrumental magnitudes by con-
Our algorithm does assume that the input data were taken sidering the Poisson noise from both the object and the
under photometric conditions. We therefore, at the outset, sky. Note that the Poisson fluctuations from the sky

eliminate all data taken under manifestly non-photometric

conditions. As we discuss below, the algorithm does provide

diagnostics of the photometricity of the data; we therefbre = These simulated catalogs are structurally identical tcatie

erate the algorithm removing any remaining non-photoretri tual data. We can therefore analyze themaxactlythe same

data. manner, and compare the derived parameters with those in-
Finally, there remains the issue of the absolute calibmatio put, providing us with an end-to-end test of our pipelinet-Fu

of these data, or determining the five zero points for each fil- thermore, these simulations have exactly the same fodgprin

ter. Improving the absolute calibration is beyond the saufpe  timestamps and overlap patterns as the real data, alloveing u

this paper; we therefore determine the zero points by match-to estimate our final errors and explore parameter degenera-

ing magnitudes on average to those obtained by the standardies.

SDSS calibration pipeline. These are therefore essgntiall

an AB system (Abazajian et al. 2004), tied to the SDSS fun- 4.1. Results

damental standard, BD+14708 (Oke & Gunn 1983). Figs. 3 and 4 show the differences between the true and es-
timated a- and k-terms, and flat field vectors for thband
4. SIMULATIONS in one of our simulations, analyzed identically to the real
Simulations serve the dual purpose of verifying the above SDSS data. The flat field vectors are recovered with an error
algorithm and our implementation of it, as well as quantiyi < 0.5%. The SDSS pipeline stores flat fields as scaled inte-
the level of residual systematics. We construct the siroriat ger arrays; the roundoff error from this is about an order of
as follows : magnitude lower. The a- and k-terms are similarly correctly
estimated on average, although there are significant misest
mates for both. However, a striking feature of Fig. 3 is the
similarity in the residuals for the a- and k-terms, remiaisic
of the discussion of the degeneracies between the a- and k-
Rerms in Sec. 3.3. This suggests comparing the estimated and
true values ofi — k(x) on a per-field basis, whefe) is the
o We simulate “true” magnitudes for each of the stars, average airmass over a given field and filter; it is this combi-
using a power law distribution, where the normalization nation that determines the photometric calibration of alfiel
and slope are matched to their observed values. The results of this comparison are in Table 4. We start by
noting that the calibrations are determined correctly (en a
e Given an observation of the star, we then transform the erage) to~ 0.1% or better, verifying both the algorithm and
magnitude into an observed instrumental magnitude, our implementation of it. The errors in the calibrations are
assuming values for the a- and k-terms and flat fields. < 1%, or 10 mmags for all the filters (except, where they
We simulate the time variation of the k-term by describ- are slightly higher), suggesting that the SDSS can break the
ing k(t) — ko by a Gaussian random walk in time, witha “sound barrier” of delivering % relative calibrations over the

dominate the error budget for most of the objects.

e We start with the actual catalog of stars observed by the
SDSS, with the magnitude cuts described above. This
ensures (by construction) that the pattern of overlaps in
the simulations matches the observed data, essential t
obtaining realistic results.
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FiG. 3.— The difference between the estimated and true a- anthkfor
ther band in one of our simulations. There are approximately &g that
correspond to a given k-term, and the scales ontheis are adjusted so that
corresponding terms are aligned. Note that the estimateddk-terms are
highly covariant.

entire survey region. Catastrophic failures in the catibres
are also negligible, evidenced both from the near equatity b

tween the sigma-clipped and total variances, and the almost

Gaussian fraction dfo outliers. Finally, we note that the er-

rors in the calibrations are dominated by the unmodeled ran-

dom fluctuations in the k-terms. Simulations with no random
fluctuations achieve calibration errors of 0.1%, suggest-
ing that the SDSS calibration errors are therefore comlylete

dominated by unmodeled behaviour in the k-terms. The ex-

ception again is the band where measurement noise is only
a factor of~ 2 smaller than the random noise in the atmo-
sphere.

The spatial distribution of the calibration errors is in Fig

The calibrations are uniform across the whole survey area at

the~ 1% level, and are noticeably better at the survey poles

where the number of overlap regions increases (see Fig. 2).

Importantly, although there is spatial structure ovenidiial
SDSS runs (which is inevitable, given that we calibraterenti
runs as atomic units), there are no coherent structuresiower
entire survey region.

The above discussion assumes calibrations making the de-
fault choices described in Sec. 3.4. We can use our sim-
ulations to discuss the robustness of the algorithm to these

choices below. For simplicity, we only consider thdand
for these tests.

e Magnitude Limits : As discussed above, the errors in

the calibration are dominated by unmodeled systemat-
ics in the atmosphere, and not measurement noise. We

therefore expect the algorithm to be relatively insensi-
tive to the choice of the magnitude limit. We explicitly
verify this by re-calibrating after decreasing the magni-
tude limit by 0.5 mag. Although this reduces the num-
ber of stars and observations by 30%, the calibration
errors are unaffected, as expected.

Apache Wheel dataAs described in Sec. 2, the SDSS
imaging data was supplemented by a grid of 4x4 binned
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FIG. 4.— The difference between the estimated and true flat fasttbvs for
ther band of one of our simulations. Each line corresponds toferdiit flat
field season. Since the mean of the flat fields are degenerthi¢heia-terms,
we only plot the deviations about the mean. For clarity, ahly flat field
vectors for one camera column are plotted; the results other camera
columns are similar. The errors in the flat field estimatiom~ar0.5% (peak
to peak).

data designed to improve the uniformity of the calibra-
tion over the entire survey region. Calibrating the sur-
vey without these data increases the calibration error to
10.4 mmag (compared with the 7.8 mmag in Table 4),
an increase of 30%. Most of this increase is however
driven by catastrophic failures; ti3e clipped variance
only increases to 8.1 mmag, a more modest increase of
10%. As expected, the Apache Wheel data better con-
strain parts of the survey that were poorly connected, as
they were designed to do. However, for regions already
well constrained, the improvements are marginal.

dk/dt : Since we do not fit for a value afk/dt, we
must understand how errors in our assumed value of
dk/dt propagate to the calibration. Fig. 6 shows the
difference between calibrating a simulation assuming
the correct value oflk/dt, and assumingk/dt = 0.
While the increase in the size of the calibration errors is
small, the incorrect value afk/dt introduces an over-

all tilt to the survey (in the figure, this is approximately
10 mmag). This tilt results from the fact that regions
of similar RA are observed at approximately the same
relative time in the night. The errors from an incor-
rectdk /dt therefore do not cancel, but accumulate into
a tilt, because we always observe the sky west to east.
This is exacerbated by the fact that there is little data
connecting the survey at the ends through the Galactic
plane, and therefore no closed loops to prevent the ap-
pearance of such a tilt. This is the most serious system-
atic error in the calibration, and could affect any large
scale statistical measures. In fact, both Padmanabhan
etal. (2007) and Blake et al. (2007) observe excess clus-
tering of photometrically selected luminous red galax-
ies at the very largest scales. We speculate that a tilt in
the calibration could be a possible contaminant to the
measurements on those scales.
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FiG. 5.— An image of the calibration errors ferband on the sky obtained for one of our simulations. The ptigje is the same as Fig. 2, but zoomed in on
the Northern Galactic Cap of the SDSS. The greyscale satuaaimagnitude errors gf0.02 mag.

spatial structure of the calibration errors (Sec. 5.2), ai w
as the photometric stability of the SDSS (Sec. 5.3). Finally
we compare our calibrations with the currently public SDSS
calibrations (Sec. 5.5).

In what follows, we use “magnitude residual” to denote the
difference between the (calibrated) magnitude of an olaserv
tion of a star and the mean magnitude of all observations of
the star.

5.1. Internal Consistency

The first internal consistency test is the distribution ofma
nitude residuals. Since the scatter in the residuals also in
cludes measurement noisg) (it is more illuminating to con-
sidery = (m—(m))/o; if the measurement errors are a good

; estimate of the scatter in the residualsshould be Gaussian
I —— ! % distributed with unit standard deviation. This is plotten f
the stars used in the calibration, for the five filters, in Fig.

FiG. 6.— The difference in calibration between assumitigdt = 0 At the faint end, we observe thgtis distributed as expected,
and the true value. The tilt over the survey region is cleagparent, and suggesting that the measurement noise is a good description
is approximately 10 mmag over the survey region. The grégsgzes from  of the scatter, and that calibration errors do not apprégciab
—0.01 mag to-+0.005 mag. increase the scatter. The discrepancy at the bright enceis du
to a floor ¢ = 0.01mag added in quadrature) we impose on

5. THE SDSS PHOTOMETRIC CALIBRATION the magnitude residuals, to reflect the fact that the dontinan

Having described and verified our algorithm, we apply itto error for these stars is no longer Poisson noise but possible
the SDSS imaging data. Since we do not have ground truth tosystematics in the measurements. Note that calibratienserr
compare our results, we describe both the internal comsigte  would only broaden the distribution gf
(Sec. 5.1) and astrophysical tests (Sec. 5.4) we use tosasses We also consider the magnitude residuals as a function of
the photometric calibration. In addition, we also addrbéest the CCD column, grouping the data by CCD and flat field sea-
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F1G. 7.— The magnitude residuals weighted by their errg)saé a function
of apparent magnitude, for the five SDSS filters. The resifiwah given
observation is the difference between the observed mafmnand the mean
magnitude averaged over all the observations of the stae dbited lines
showy = =1, while the solid lines show the 16% and 84% contours; these
should coincide with theg = +1 lines if the scatter in the magnitudes is
well described by the errors. The discrepancy at bright rtades is due to
an error floor we impose to down-weight the brightest stars.
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FiG. 8.— An example of a flatfield vector from ome-band chip during
Season 3. The grey scale and 25%, 50%, and 75% contours saownath-
nitude residuals as a function of CCD column, for all starsested multiple
times during that season. The smooth central (red) line shbe best fit
(splined) flatfield vector.
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FIG. 9.— Magnitude residuals as a function of time/field numlzertivo
example runs; all six camera columns are combined in thegs. pfhe con-
tours again show the 25%, 50%, and 75% levels. The red hatelggohs
mark periods of time independently known to be non-photométom the
SDSS photometricity monitors. Note that both these rungarthe multiply
imaged Equatorial stripe, and therefore have lots of ogerl&lowever, for a
large fraction of the data, the overlaps are considerablseraparse.

sons; this is an estimate of the accuracy of our flat field cerre
tion. An example of these magnitude residuals as a funcfion o
the CCD column for camcol 5 in—band is shown in Fig. 8.
We don't correct for the flat field in this plot, to show the
structure of the flat field itself. The r.m.s scatter in the miag
tude residuals about the derived vectoxi$).5% throughout

the chip, although it increases at the edges of the CCD. Also,
since we do not fit for amp-jumps but use the values derived
from the photometric pipeline, the flat fields adjust to cotre
for errors in the amp-jumps. Note that the errors in the amp-
jump estimation are small (the true amp-jumps are usually a
few tenths of a magnitude, while the errors are a few milli-
magnitudes) that the splines have the necessary flexibility
adequately flatten the field.

Finally, we plot the magnitude residuals, grouped by run,
as a function of field number (and time); two examples are in
Fig. 9. These plots are our primary diagnostic of the photo-
metricity of the data. Photometric data have the mean rakidu
scattered around zero, although often with coherent eators
the few millimagnitude level. By contrast, the residuals fo
unphotometric data show large excursions from zero, often a
the ~ 10% level or greater. Most of these data have already
been correctly flagged as being non-photometric by the SDSS
photometricity monitors (Hogg et al. 2001) and have been ex-
cluded from the solution. Any remaining non-photometric
data is manually flagged as such, and removed in a second
iteration of the calibration. For all the non-photometratal
that overlaps photometric data, we can estimate an a-term pe
field that minimizes the residuals which determines the cal-
ibration of those fields (these are still flagged as being non-
photometric).
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Fic. 10.— Examples of the spatial structure in the calibratiors for © -10Fo =
ther band, organized from left to right, and top to bottom in irieg order E.
of their uncertainties. The top left mode is the best coirstth while the
bottom right mode is the worst constrained. The middle roevexamples
of modes with typical errors. The modes are normalized shahthe maxi-
mum absolute error is 1. Note that the worst constrained risotte exactly
degenerate overall zeropoint of the survey. The structaresimilar for the FiGc. 11.— [top] The difference between the a-termsuoband camera
other bands. column 4 and 1; since the atmospheric corrections are commbnoth of
. these, this is a measure of the stability of the telescopenerasystem. The
5.2. Spatial Error Modes drift in the camera during early data due to problems withvéium system

. . . . . . . (see Table 1) is clearly visible; the vertical dotted lindvelD 51960 marks
Since our goal in this paper is accurate relative calibratio /o " o" o0 b system was fixed. Note that all of the changetoag

it behooves us to understand the spatial structure in the calterm drifts; the system is stable on short (i.e. day) interas assumed in our
ibration errors. Our starting point is the curvature matrix model. [bottom] The drift in the relative (to camera columrzéro points of
Eq. 15. The eigenvectors of this matrix partition our basis camera columns 2 through 6, for all five filters in mmag/yearasured after
of photometric parameters into uncorrelated linear comtbin MJD 51960.
tions, whose uncertainties are given by the inverses ofdhe ¢ (for definiteness, we compute the a-terms relative to camera
responding eigenvectors. An error in each photometric pa-column 1); these differences are insensitive to any common
rameter can be thought of as a pattern of errors on the skymode effects (such as the atmosphere). An example is in
determined by the runs corresponding to that parameter. Oné-ig. 11. During the initial phases of the survey, we note that
can use this to project the eigenvectors (modes) of the eurvathe camera was not very stable over long time periods, re-
ture matrix on the sky. These then describe the spatial-struc flecting various problems with the vacuum system flagged in
ture of the calibration errors (Fig. 10). Note that projegti  Table 1. However, over the past 5 years, the camera has
these modes on the sky destroys the linear independence dieen extremely stable, as evidenced by an overall driftén th
the modes; if desired, this can be restored by a straightfor-a-term differences ot~ 10 mmag/yr, for all the CCDs.
ward orthogonalization. One could also measure the combined stability, treating the
The worst constrained mode is, as expected, the zero pointamera, telescope, and site as a combined system. As the
of the calibration which is exactly degenerate. However, ex a- and k-terms are degenerate, we consider the combination
amining the other poorly constrained modes (an example ofa — k{x) every night, where we average the airmass over all
which is the bottom left of Fig. 10), we observe that there are the observations in a given night. This is plotted in Fig. 12
no other such simple large scale modes, an indication of thefor the five SDSS filters. The most striking aspect of these
fact the survey is well connected. At the other extreme aredata are the seasonal variations, seen as periodic ascifiat
the best constrained modes. These are typically compticate in the data, at the- 10% level (except in the: band, where
combinations, and not surprisingly describe modes held to-they are~ 20%). Factoring out the seasonal variations, we
gether by the grid of Apache Wheel data. More illuminating find less than a 5% drift over the 7 years considered here
are examples of typical modes, two of which are in the middle (again, except the band, where the drift is- 10% over the
row of Fig. 10. The most noticeable characteristic is thipstr  same time period).
ing along the scan direction. This simply reflects the faat th We emphasize that all of the effects discussed here are long-
we calibrate camera columns individually, resulting iroesr  term effects and do not affect the quality of the calibration
correlated in the scan direction. which only assumes stability over a night for the a- and k-
We do not fit fordk/dt, and so it does not get included terms.
in the curvature matrix. However, we saw in Sec. 4.1 that it

resulted in a coherent tilt from one end of the survey to the 5.4. Principal colors
other. The above discussion has relied on a combination of simu-
53 E . | Stabili lations and internal consistency checks to assess theygogli
-3. Expenimental Stability the calibrations. While these provide essential persyesi

Our results for the photometric calibration can also be usedthey have important disadvantages as well. Internal ceonsis
to estimate the overall photometric stability of the SDS@®ca  tency checks are not independent of the calibration andtmigh
era, telescope and site. We estimate the camera stability byot flag deviations from the input model. Furthermore, these
considering differences between a-terms as a functiomaf ti  checks are local measurements, and do not provide informa-
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FIG. 12.— The value of: — k(x) for camera column 1 as a function of
MJD, and filter; (x) is the mean airmass of all the observations in a given
night. This combination is insensitive to degeneraciesvbeh the a- and
k-terms, and measures the overall photometric stabilith@fSDSS camera,
telescope and site. The seasonal variations in these datéearly apparent,
as is the fact that the mirror is aluminized every summer.

tion about large scale systematics problems. While simula-
tions fill that gap, they are limited by the input model used.
Astrophysical tests complement the above by providingdarg
scale, independent verification, and are ultimately lichity
astrophysical uncertainties.

The majority &~ 98%) of the stars detected by the SDSS
are on the main sequence (Finlator et al. 2000; Helmi et al.
2003), and lie on one-dimensional manifolds (the “steltar |
cus”) on color-color diagrams. This suggests using the-posi
tion of the stellar locus as a diagnostic of calibration esro
(Ivezit et al. 2004). While there are a number of morpholog-
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is the coordinate along the scan directjo(Pier et al. 2003),
while they coordinate is given by

y = 12(stripe) + 2(camcol) — 2, strip = S

= 12(stripe) + 2(camcol) — 1,strip =N, (19)

where stripe, strip and camcol is the SDSS stripe number,
whether it is a northern or southern strip, and the camera
column respectively. This lays out each camera column as
a row, respecting the interleaved structure of the strighkiwi

a stripe. The advantage of this projection is that calibrati
errors appear principally as stripes in thealirection, while
Galactic structure appears as irregular structures koaghiin

1, making it easier to separate the two. For the purpose of this
plot, we use colors not corrected for extinction to hightigh
the Galactic structure. We simply exclude the small fractio
of data not on survey stripes for the purposes of this armlysi

We note that there is little visual evidence for any striping
over the entire survey region in w, andx. Reddening from
Galactic dust is clearly visible in and x, which are colors
nearly parallel to the reddening vector. Thenap, on the
other hand, does appear to show striping, with a periodicity
on the SDSS stripe scale. In order to quantify this effect, we
plot the average principal color per camera column (distin-
guishing between northern and southern strips) in Fig. 4. A
anticipated from the 2D maps, thew, andz colors are uni-
form at the0.5% (peak to peak) level, whereas camera column
2 is offset iny at 0.7% (peak to peak). It is unlikely that this
is an artifact of the calibration process which treats athea
era columns identically. Sincgis the only color to use the
z band, we speculate that this could be caused by the known
variations in thez-band filter responses. However, as this ef-
fect is of the same order as other systematics present in the
calibration (and below our target of 1%), we simply caution
the reader about this systematic in this paper, and defer its
resolution to future work.

The above has focused on large scale systematics; Fig. 15
shows examples of the principal colors as a function of CCD
column averaging over a random sample of runs in a flat field
season. The deviations from a constant colorar# for all
colors, and 0.5% for s andw, consistent with our estimates
from simulations. We also observe errors in the amp-jump
determination at the- 0.5% level, similar to Fig. 8.

ical features one could use as a marker, we follow the discus-

sion in lvezic et al. (2004) and use the “principal colotsat
define directions perpendicular to the stellar locus. We- con
sider four such colors (lvezi€ et al. 2004} :(perpendicular
to the blue part of the locus im — g vs. g — r plane),w (the
blue parting — r vs.r — i), x (the red partiry — r vs. r — 1),
andy (the red partim — i vs. i — 2):

5§=—0.249u 4 0.794g — 0.555r + 0.234
w=-0.227g + 0.792r — 0.5677 + 0.050
x=0.707g — 0.707r — 0.988

y=—0.270r 4 0.800¢ — 0.5342 4+ 0.054 . (18)

We correct all magnitudes with the Schlegel et al. (1998) es-
timates of extinction (except immediately below), but dd no
attempt any correction for stars not completely behindrel t
dust. Since we calibrate each band separately, and apply n
color cuts to select the stars used, the above principat colo
diagnostics provide a completely independent verificatibn
the calibration.

Fig. 13 plots these on @ stripe projection; the:--direction

5.5. Comparison with previous results

We conclude this section by comparing the calibrations pre-
sented here with those publicly available as part of Data Re-
lease 4 (Adelman-McCarthy et al. 2006, DR4) Fig. 16
shows the difference between the aperture magnitudes of DR4
and those derived in this paper, for all stars withand mag-
nitude less than 18. The magnitudes agree on average by con-
struction, as the zero points were determined by matching to
the public calibration. Furthermore, the scatter is approx
mately 2% (r.m.s) fogriz, and 3% (r.m.s) ini, consistent
with the published uncertainties. The Data Release errers a
therefore dominated by the Photometric Telescope (PT)base
calibration method.

Fig. 17 plots these differences in thestripe projection
introduced previously. Since the standard SDSS calibratio
@oes not attempt to explicitly control relative calibratier-
rors, the striping in the figure is not surprising. Note thn t
errors are correlated in the direction as expected, but also

22http:// ww. sdss. or g/ DR4
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FiG. 13.— The spatial variation in the (top left), w (top right), z (bottom left), andy (bottom right) principal stellar colors. The projectionag.—stripe
projection, with ther coordinate measuring (the coordinate along the scan direction). Theoordinate is the SDSS stripes, with each row as one of the 12
camera columns that define the stripe. We have restrictesblyes to data on survey stripes between 9 and 44, corresgadnost of the North Galactic cap,
in this plot. Note that the aspect ratio in thelirection is significantly compressed.

across camera columns. The latter arises from the fact that- 1% (r.m.s.), but are highly correlated, both spatially and in
the calibration patches are 40’ wide and span three cameraolor.
columns, thereby correlating their calibrations.

Finally, Fig. 18 plots the differences in the DR4 flat fields, 6. PUBLIC DATA RELEASE

and those determined in this paper, for an example flat field The calibrations (dubbed “ubercalibration”) described in
season. The errors in the flat fields are both higher thanthjs work have been made public with the SDSS Data Release
the quoted uncertainties and appear to have long wavelengtig; 23 and will be updated for the subsequent data releases. The
power. We speculate that these result from the method usespss Catalog Archive Server has recalibrated versionsof th
to determine the flux response of the CCDs, which aliasesmost popular magnitudes, as well as correction terms timt ca
flat field errors in the Photometric Telescope into the finadl fla pe applied to other magnitudes. We refer the reader to the

fields. This aliasing is mitigated by using the average.of  documentation under “ubercalibration” on the SDSS data re-
andi, instead of any of those bands individually; this does

not however eliminate the problem. Formally, these errodsa 23 htt p: / / www. sdss. or g/ dr 6
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FiG. 14.— The average principal colors measured for each of taera
columns, for the north and south strips separately. As befae restrict
ourselves to stripes between 9 and 44. The mean color hassbbéacted
from each of the four curves; the means are -0.002, 0.0087&fd 0.007

for s, w, z andy respectively. The variations between camera columns are

< 1% (peak to peak) for all colors.
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FiG. 15.— Examples of the principal colors as a function of CCID> co
umn. The principal color and camera column used is noted ¢h eanel.
Each panel plots a color measured over a group of runs, ctiodamin the
same flatfield season (Table 1). From 1 through 6, the runs arge(745,
752,756),(1331,1345),(2190, 2299),(2566, 2662, 28886P§3560, 3830)
and (4927, 5052) respectively. Deviations in the color feaonstant (dotted
line) indicate errors in the flatfield determination.
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F1G. 16.— Histograms of the differences in magnitudes betweled Bnd
this work, for stars withr-band magnitudes: 18.0. Shown are the distribu-
tion of differences (normalized to have a maximum value pag)well as the
cumulative distibution (dotted line). The vertical lindsos the median of
the distribution, which is< 0.001 mag for all five filters.

FIG. 17.— The difference in magnitudes between DR4 and this voitke
r band for the stars in Fig. 16, plotted in thestripe projection. The right
panel zooms in to a region to highlight the structure in tHibration errors.

lease websites for the most up-to-date information on these

calibrations, and the available data formats.

7. DISCUSSION

We have presented a method for calibrating wide field
imaging surveys using overlaps in observations, and agpplie

it to the Sloan Digital Sky Survey imaging. Early versions of

these calibrations have already been used for the creation o
a number of auxiliary SDSS catalogs (e.g. Finkbeiner et al.
2004; Blanton et al. 2005) as well as a number of SDSS sci-

entific publications (e.g. Tegmark et al. 2004; Eisensteai.e
2005; Padmanabhan et al. 2007; Tegmark et al. 2006).
The principal features and results of this work are :

e Relative vs. Absolute Calibration®ve explicitly sepa-
rate the problem of relative calibrations from that of ab-
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Fic. 18.— The difference between theband DR4 flat fields and those

SDSS flat fields are determined from the position of the
stellar locus. The use of stellar flat fields mitigates all
three of these (Manfroid 1995). Given sufficient ob-
servations and overlaps, one has sufficient S/N to map
out the entire flat field with high precision. Further-
more, since one is using a realistic ensemble of stars
by construction, biases due to differences between the
flat field SED and the SED of a given object are mini-
mized. Note that there are still potential biases for ob-
jects of unusual color; these cannot however be treated
in a general manner.

1% Relative Calibrations/Spatial Error Modes Qur
recalibrated SDSS imaging data has relative calibration
errors, determined from simulations, ©f13, 8, 8, 7,
and 8 mmag inugriz respectively. We however do de-
tect systematics not modeled in our simulations at the
~ 0.5% level, suggesting a conservative estimat&%%f
errors ingriz and2% in u. In addition, we are able to
characterize the spatial structure of the errors as a com-
bination of error modes. Most of these modes show lit-
tle coherent spatial structure. The most significant spa-
tial structure results from misestimating the time varia-
tion of the k-terms, which introduces a tilt into the sur-
vey.

Throughout this paper, we ignored a number of sub-

determined in this work, for SDSS runs between 4100 and 4%h@se dif- dominant systematic effects. We briefly discuss these helow
ferences are traced by the difference in magnitudes as didanof CCD both to document their existence as well as to alert future su

column, for the 6 camera columns. The solid line shows theianediffer-
ence, while the points are a subsampling of the individuasueements. We
restrict ourselves to runs between 4100 and 4400 to selesvithin a single
flat field season.

solute calibration. The problem of absolute calibrations
then reduces to determining one zeropoint per filter for
the entire survey (however, see the caveat on spectral
energy distributions below), and does not alias into spa-
tial variations in the calibration. This allows us to better
control and quantify the errors in the relative calibra-
tion.

e Simulations :We emphasize the utility of simulations,
both to validate pipelines, and to quantify the structure
in the calibration errors. Simple analytical estimates
are insufficient to characterize the errors, while astro-
physical estimates are limited by their intrinsic scatter.
Developing realistic simulations for the next generation
of surveys must be an essential part of any calibration
pipeline. Such simulations also are invaluable in de-
termining the observing strategpdforeany data are
actually taken) that yields the desired calibration accu-
racy.

e Stellar Flat Fields : The problems of flat fielding wide
field-of-view instruments, namely (i) non-uniform illu-
mination for dome flats, (ii) spatial gradients and scat-
tered light for sky flats and (iii) mismatched spectral
energy distributions (SEDs) have been discussed exten-
sively in the literature (e.g. Manfroid 1995; Chromey
& Hasselbacher 1996; Magnier & Cuillandre 2004;
Stubbs & Tonry 2006). In particular, initial attempts
to use sky flats for the SDSS resulted in errors of 5% in
ther band and as bad as 20% in théand, due to scat-
tered light within the instrument. These were therefore
never used for the public data; instead the published

veys of potential pitfalls.

e Spectral Energy DistributionsWhen interpreting our

magnitudes as absolute, our algorithm implicitly as-
sumes that all objects have the same spectral energy
distribution. The median — i color of stars used in the
calibration is~ 0.2, and we expect the calibrations to
be accurate (at the stated levels) for objects with colors
not very different from these stars. This will however
not be true for objects with unusual SEDs (e.g. SNe).
In these cases, one mustintegrate the SED over the sys-
tem response, in order to get an absolute, calibrated flux
(inerg cm~?s~1).

Filter Curves: We assume that the six copies of each
filter are identical, and do not attempt any color correc-
tions between the six camcols. We verified the validity
of this assumption by generating synthetig-iz pho-
tometry for the Gunn-Stryker spectra (Gunn & Stryker
1983) for each of the six camcols, using the individu-
ally measured filter curves. For stars with median i
color close to~ 0.2, the differences between the vari-
ous camcols was better tha¥ for griz and~ 1% for

the u—band. Ofgriz, the most drastic variation with
color occurs for the—band, with 2.01 mag gradient
between- — i = 0 and1 seen is almost all the camcols.
Gradients of a similar magnitude are also seeryfyr
g4 andr3.

Absolute Calibrations:We ignored the issues of de-
termining the absolute calibration (i.e. the five zero-
points) of the SDSS system, choosing instead to have it
agree with the published SDSS magnitudes. In partic-
ular, any corrections to put the SDSS system on to the
AB system also apply in our case.
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We conclude by discussing how to extend the program pre- NP is supported by a NASA Hubble Fellowship HST-HF-
sented here to the next generation of imaging surveys. Our01200.
starting point will be the second distinction made in Sec. 1 - Funding for the SDSS and SDSS-II has been provided by
separating the telescope and the atmosphere explicitlyein t the Alfred P. Sloan Foundation, the Participating Insiitos,
calibrations. It is relatively straightforward to adapethl- the National Science Foundation, the U.S. Department of En-
gorithm presented here to use high precision measurementsrgy, the National Aeronautics and Space Administratioa, t
of the telescope response functions as a starting poirgethe Japanese Monbukagakusho, the Max Planck Society, and the
would be analogous to the priors already considered here.  Higher Education Funding Council for England. The SDSS

Understanding atmospheric variations is an important stepWeb Site is http://www.sdss.org/.
towards 1% photometry; unmodeled variations are responsi- The SDSS is managed by the Astrophysical Research Con-
ble for almost all our calibration error budget. These trans sortium for the Participating Institutions. The Partidipg
parency variations are dominated by three well-studied pro Institutions are the American Museum of Natural History,
cesses (Hayes & Latham 1975): Rayleigh scattering, molec-Astrophysical Institute Potsdam, University of Basel, CGam
ular absorption by ozone (dominant in the UV) and water va- bridge University, Case Western Reserve University, Unive
por (dominant in the red and IR), and aerosol scattering. Ofsity of Chicago, Drexel University, Fermilab, the Instdut
these, Rayleigh scattering is best understood, and is well d for Advanced Study, the Japan Participation Group, Johns
termined by the local atmospheric pressure. While absorp-Hopkins University, the Joint Institute for Nuclear Astro-
tion and aerosol scattering are well understood in an agerag physics, the Kavli Institute for Particle Astrophysics abaks-
sense, their time variation is significant. Tracking theseb mology, the Korean Scientist Group, the Chinese Academy
therefore require continuous monitoring of the atmosphere of Sciences (LAMOST), Los Alamos National Laboratory,
plus detailed atmospheric models. The payback for doing sothe Max-Planck-Institute for Astronomy (MPIA), the Max-
would be a dramatic reduction in calibration errors. Planck-Institute for Astrophysics (MPA), New Mexico State

The algorithm we propose in this paper demonstrates thatUniversity, Ohio State University, University of Pittsiglr,
1% relative photometry is achievable by the current genera-University of Portsmouth, Princeton University, the Udite
tion of wide field imaging surveys. The challenge for the next States Naval Observatory, and the University of Washington
generation of surveys is to break through the 1% barrier.

REFERENCES

Abazajian, K., et al. 2005, AJ, 129, 1755

Abazajian, K., et al. 2004, AJ, 128, 502

Abazajian, K., et al. 2003, AJ, 126, 2081
Adelman-McCarthy, J. K., et al. 2007, ApJS, 172, 634
Adelman-McCarthy, J. K., et al. 2006, ApJS, 162, 38

Adelman-McCarthy, J. K., & for the SDSS Collaboration. 2007

ApJS. submitted (astro-ph/0707.3413)

Alcock, C., et al. 1993, Nature, 365, 621

Aubourg, E., et al. 1993, Nature, 365, 623

Bessell, M. S. 2005, ARA&A, 43, 293

Blake, C., Collister, A., Bridle, S., & Lahav, O. 2007, MNRA%74, 1527

Blanco, V. M., et al. 1987, ApJ, 320, 589

Blanton, M. R., et al. 2005, AJ, 129, 2562

Chromey, F. R., & Hasselbacher, D. A. 1996, PASP, 108, 944

Eisenstein, D. J., et al. 2005, ApJ, 633, 560

Finkbeiner, D. P. 2004, ApJ, 614, 186

Finkbeiner, D. P., et al. 2004, AJ, 128, 2577

Finlator, K., et al. 2000, AJ, 120, 2615

Fong, R., Hale-Sutton, D., & Shanks, T. 1992, MNRAS, 257, 650

Fong, R., Metcalfe, N., & Shanks, T. 1994, in IAU Symp. 161trAeomy
from Wide-Field Imaging, ed. H. T. MacGillivray, 295

Fukugita, M., Ichikawa, T., Gunn, J. E., Doi, M., Shimasakuy.& Schneider,
D. P. 1996, AJ, 111, 1748

Glgé%b%ook, K., Peacock, J. A., Collins, C. A., & Miller, L994, MNRAS,

, 65

Gorski, K. M., Hivon, E., & Wandelt, B. D. 1999, in Evolutiaf Large Scale
Structure : From Recombination to Garching, 37

Gunn, J. E., et al. 1998, AJ, 116, 3040

Gunn, J. E., et al. 2006, AJ, 131, 2332

Gunn, J. E., & Stryker, L. L. 1983, ApJS, 52, 121

Ha?/es, D. S., & Latham, D. W. 1975, ApJ, 197, 593

Helmi, A., et al. 2003, ApJ, 586, 195

Hozggz,gD. W., Finkbeiner, D. P., Schlegel, D. J., & Gunn, J.@02, AJ, 122,

1
Honeycutt, R. K. 1992, PASP, 104, 435

Ivezic, Z., Allyn Smith, J., Miknaitis, G., Lin, H., & Tucker, D. 2007
AJ submitted (astro-ph/0703157)

Ivezic, Z., et al. 2004, Astronomische Nachrichten, 325, 583

Juric, M., et al. 2005, ApJ submitted (astro-ph/0510520)

Landolt, A. U. 1983, AJ, 88, 439

Landolt, A. U. 1992, AJ, 104, 340

Lupton, R. H., Gunn, J. E., lvezi¢, Z., Knapp, G. R., Kent,&Yasuda, N.
2001, in ASP Conf. Ser. 238: Astronomical Data Analysis Bafe and
Systems X, 269

Maddox, S. J., Efstathiou, G., & Sutherland, W. J. 1990, MNIR246, 433

Magnier, E. A., & Cuillandre, J.-C. 2004, PASP, 116, 449

Manfroid, J. 1993, A&A, 271, 714

Manfroid, J. 1995, A&AS, 113, 587

Oke, J. B., & Gunn, J. E. 1983, ApJ, 266, 713

Padmanabhan, N., et al. 2007, MNRAS, 378, 852
Pier, J. R., Munn, J. A, Hindsley, R. B., Hennessy, G. S.tK&nM., Lupton,

R. H., & Ivezi¢t, Z. 2003, AJ, 125, 1559

Pont, F., Zucker, S., & Queloz, D. 2006, MNRAS, 373, 231

Press, W. H., Teukolsky, S. A., Vetterling, W. T., & Flannery. P.
1992, Numerical recipes in FORTRAN. The art of scientific paitng
(Cambridge University Press, 1992, 2nd ed.)

Schlegel, D. J., Finkbeiner, D. P., & Davis, M. 1998, ApJ, 5826

Smith, J. A., etal. 2002, AJ, 123, 2121

Stoughton, C., et al. 2002, AJ, 123, 485

Stubbs, C. W., & Tonry, J. L. 2006, ApJ, 646, 1436

Tegmark, M. 1997, ApJ, 480, L87

Tegmark, M., et al. 2004, ApJ, 606, 702

Tegmark, M., et al. 2006, Phys. Rev. D, 74, 123507

Tucker, D. L., et al. 2006, Astronomische Nachrichten, 327,

Udalski, A., Szymanski, M., Kaluzny, J., Kubiak, M., & MateM. 1992,
Acta Astronomica, 42, 253

York, D. G., et al. 2000, AJ, 120, 1579





