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Abstract

The Sloan Digital Sky Survey (SDSS) automated spectroseeguction pipeline provides1.5 million interme-
diate resolutionR ~ 2000, moderate signal-to-noise ratio (SNR), SNR5, astronomical spectra of unprecedented
homogeneity that cover the wavelength raBgeo — 9200 A. However, there remain significant systematic residuals
in many spectra due to the sub-optimal subtraction of ttemgt©OH sky emission lines longward @700 A.The OH
sky lines extend over almost half the wavelength range oBfD8S spectra, and the SNR over substantial wavelength
regions in many spectra is reduced by more than a factor two that expected from photon counting statistics.
Following the OH line subtraction procedure presented itd\&iHewett (2005, WHO05), we make available to the
community sky-residual subtracted spectra for the Sloagit&®iSky Survey Data Relase 7. Here we summarise
briefly the method, including minor changes in the impleragah of the procedure with respect to WHO05. The
spectra are suitable for many science applications but grdight some limitations for certain investigations. Dista
of the data model for the sky-residual subtracted specttarestructions on how to access the spectra are provided.

1 Introduction

The Sloan Digital Sky Survey (SDSS; York et al. 2000) repnéséhe most impressive application yet of wide-field
multi-object spectrographs to provide spectroscopic $asmf quasars, galaxies and stars of unprecedented sige. Th
final data release (DR7; Abazajian et al. 2009) providds5 million science-target spectra, nearly 1.3 million of
which form part of the SDSS Legacy Survey.

Despite the high quality of the SDSS spectra, visual inspeceveals significant systematic sky-subtraction resid-
uals longward 06700 A in many spectra. For fainter objects in particular, the-slptraction residuals, which exhibit
strong non-Gaussian properties, are the dominant sourercefitainty over a wavelength interval of soa@0 A.

The wavelength range affected includes features of sigmifiastrophysical interest; examples include the Calcium
triplet (8500, 85448665 A), a powerful diagnostic of stellar populations in low-shift galaxies, and the B+ [Olll]
4960,5008 A emission region in active galactic nuclei (AGN) in the reifisinterval 0.4 < z < 0.8.

The fundamental problem is the difficulty associated with ttmoval of OH emission features from spectra in
which the line profiles are barely resolved. Combined with-pixel changes in the pixel-to-wavelength calibra-
tion between spectra, sharp (positive/negative) residofédn remain following sky subtraction. The sky-subfiatt
residuals arise from the subtraction of two essentiallyiidal tooth-comb signatures that have been very slightly
misaligned, leading to well-defined residual patterns. IHO& we presented a method to remove the dominant OH
sky-subtraction residuals in the SDSS spectra based oaipalfComponent Analysis (PCA). PCA takes advantage of
the correlations present as a function of wavelength, ioffesignificant advantages over simply masking the affected
pixels.
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In this document we describe the release to the astronogooainunity of FITS-files containing the sky-residual
subtracted fluxes. We briefly summarise the main steps ofrimegure in Section 2, including details of the object-
feature masks used and minor alterations to the originghotketin Section 3 we describe the data model and how to
access the data. The core code, written in the IDL languagdso released for reference.

2 Method

Here we outline the main points of the procedure, and retergdhder to WHOS5 for full details. For each observation of
a SDSS spectroscopic plate, 32 fibres, 16 for each of the 2regeaphs, are normally assigned to blank sky regions,
selected from areas containing no detected objects in ti8SSDaging survey. During the SDSS pipeline processing,
the sky spectra are combined to create a “master-sky” spadior each spectroscopic plate, which is then scaled
and subtracted from each of the 640 spectra, producing 608uditracted object spectra and 32 sky-subtracted sky
spectra, all of which are part of the standard SDSS datasedeaThroughout the remainder of the paper we will
refer to the sky-subtracted sky spectra as “sky spectral’tlaa sky-subtracted object spectra as “object spectrag. Th
purpose of our technique is to remove the tooth-comb relduhich remain after the SDSS pipeline master sky
subtraction.

The analysis that follows is applied only to the red part ef$#DSS spectr&{00— 9180 ,°A), as the strong emission
features blueward af700 A are small in number and easily masked. Additionally, orikefs which may have been
contaminated by night sky lines, termed “sky-pixels”, aleaoed. Those pixels which lie between sky lines, termed
“non-sky pixels”, are not altered by the procedure and aeel simply as reference points during the reconstruction of
the OH features in the sky-pixels.

2.1 Theeigensystem

The SDSS sky spectra are used to calculate the eigensyshexfirt stage is to form an estimate of the Poisson noise
spectrum for each plate from the median of the error arrayseB2 sky spectra on that plate. The reason for such
an approach, rather than using the individual noise arrbgach sky spectrum, is the difficulty of separating the sky
noise component from the object noise component in the bbjear arrays. Thus, a single Poisson noise spectrum is
used for all objects on the same plate. This Poisson noisgrepeis corrected for the rescaling applied by the SDSS
reduction pipeline at the position of the OH lines (see WH®ijth a robust estimate of the Poisson noise spectrum
available for each plate, each sky spectrum is then noraethliy the expected Poisson noise. Failure to do so would
result in over-subtraction of flux in sky pixels, with “coated” pixels apparently exhibiting fluctuations below the
Poisson limit (see WH05).

The sky-subtraction method then proceeds by performing/A& &CGhe Poisson error normalised sky spectra to
produce a set of orthogonal components that provides a admggaresentation of the systematic residuals caused by
the OH emission lines. In our updated method, a robust anatite PCA procedure is used, which is presented in
Budavari et al. (2009). The algorithm essentially repaite least-squares minimisation solved by traditional PCA
with the minimisation of a new robust function of the datajebhemploys a robust Cauchy-type function to limit the
impact of outliers. The iterative nature of the algorithdoabk us to greatly reduce the computational time for the
eigensystem; only 3000 sky spectra are required for the eigensystem to converge.

A single set of eigenspectra are created for the entire SDISB During development of this release, attempts
were made to create sets of eigenspectra for differentglatel for groups of fibres which exhibit similar fluctuations
However, no substantial improvement in the final result veasfl and therefore the simplest (and original) method
was adopted.

2.2 Cleaning of object spectra

Once the eigensystem has been created from the sky spéetrsed¢ond step of the procedure involves adding the
components in linear combinations to remove the systerskyicesiduals from the spectra of target objects, such as
galaxies, quasars and stars.



The number of components to use in the reconstruction is ettdefined. The use of too many components
results in the artificial suppression of noise below the ®midimit, with the PCA acting as an (undesirable for most
science applications) high-frequency filter. The use offtmocomponents means that the removal of sky residuals is
sub-optimal and, in some cases, the overall quality of tleetsa can decrease. The reduction of the noise in the sky
pixels below the noise in the non-sky pixels is clearly urgibgl, and we therefore estimate the number of components
to employ in the reconstruction of each spectrum by adopkiegion-sky pixels of that spectrum as a reference. The
number of components is determined using the root-meaaredRMS) of the (flux-continuum)/error array for both
the sky, and non-sky pixels. All RMS-values are calculatéet subtraction of the object continuum, using a 71-pixel
running median filter, masking of potential line featuresdascribed below, and removal of bad (error=0) pixels.
Despite these precautions, a robust estimator of the RM8l iseguired, therefore the 90th percentile of the abselut
(flux-continuum)/error array is used as our “RMS” estimatbhis simplifies slightly the procedure of WHO05. The
error array used in this section has been rescaled to emlpiriemove the rescaling applied during the SDSS pipeline
reduction at the position of the OH lines (see WHO05 for mor&itl). All three RMS values are included in the
FITS-headers described in Section 3.

The reconstruction of a spectrum proceeds one componeritraeawith the RMS-ratio calculated between the
sky-residual subtracted spectrum and the non-sky pixelsfasence. The reconstruction is stopped when the RMS-
ratio reaches unity, i.e. when the noise weighted flux RM&éssame for the sky and non-sky pixels. The scheme is
largely self-calibrating. For example, in spectra withthBNR the systematic sky residuals typically contributeyonl
marginally to the sky-pixel noise, the RMS-ratio thus st&@tose to unity and only a small number of components are
necessary to achieve equality in the RMS-ratio.

During projection of the eigenspectra onto the object spebtad pixels (error=0) and pixels which may have been
affected by a narrow emission or absorption feature, nobweu by the 71-pixel median filter, are masked (Section
2.4). However, OH emission line residuals are still remadveth these pixels via subtraction of the contiguous PCA
components, the amplitudes of which are determined usmgest of the wavelength range. The effective correction
of pixels which include astrophysical features is a majandsi¢ of the PCA subtraction scheme compared to the
application of a high-pass filter or masking out pixels a#eldoy OH residuals completely.

As in WHO5 we have imposed an upper limit on the number of campts used of 300. Any spectrum which
reaches this upper limit (see header keywoRECONIn the FITS files, see Table 3) should be treated with suspjcio
as it is possible that the stopping criteria has failed dusaime real unmasked feature in the spectrum, such as
strong intervening absorption lines in quasars. In a verglsnumber of spectra, the final reconstruction after 300
components has a sky pixel RMS that is worse than prior taaatin. No correction is applied to such spectra, which
may be identified by inspection of the FITS header keyw@iKi6VAR1 andSKYVAR?2 (i.e. SKYVAR1=SKYVARZ2, see
Table 3). The reliability of the PCA reconstructions deadeates significantly when a substantial fraction of all the
pixels are unavailable, therefore no correction is appiespectra where the combined fraction of bad and masked
pixels in the rang&700 — 9180 A exceeds 20 per cent.

2.3 Samples

In the inital public release (Version 1.0) we have made atél spectra for two science samples: galaxies and quasars.
Galaxies have been selected as all objects in DR7 possesgsdpgc FITS-files, with header keyw@HECCLN= 2.
Quasars are selected from the FITS header key&BECCLN= 3 or 4. Additionally, spectra of additional objects not
selected by the latter criterion, but included in the DR7sgui@atalogue (Schneider et al. 2010) have also been treated
as quasars. Sky specti®AECCLN= 5) and spectra without classificatioBRECCLN= 0) have also been processed
and are included in the release.

24 Masks

Narrow features, intrinsic to object spectra, that are nbtracted by the median-filter derived “continua” (Seco?)

can effect the determination of the sky- and non-sky-piXBRvalues and bias the reconstruction of the sky-residuals.
To mitigate both effects, narrow features, notably emissind absorption lines, are masked during the projection of
the eigenspectra and calculation of the RMS values. Theadgsikels are still subject to the sky-residual correction



but their presence is not allowed to influence the projeaiaihe eigenspectra. Details of the mask applied for each
spectrum are included in the third row of the FITS data fileg (able 4).

Individually tailored masks can be generated for each olgjeectrum, depending on the specific science appli-
cation. However, for the majority of science applicatioih®, use of a liberally-defined mask results in only a minor
degredation in the quality of the sky-residual subtractidriie minimising the probability of undesirable bias, doe t
the influence of unmasked features on the projections.

Thus, for galaxies, a single mask has been used which irgkitithe common emission and absorption features
found in galaxy spectra that are detectable at the resalato SNR of the SDSS spectra. Details of the features,
their vacuum wavelengths and the rest-frame extent of theketbregion are given in Table 1. Redshifts, necessary to
calculate the observed-frame wavelengths of the maskéah®gre taken from the SDSS FITS file primary headers.
The same philosophy has been applied for the quasar santipbeigh redshifts are taken from the DR7 quasar cata-
logue of Schneider et al. (2010) where available. Vacuunelesgths and the rest-frame extent of the masked regions
for quasars are given in Tablé.2The advantage of using the sky-residual subtracted speatr be appreciated by
inspection of Figs. 2, 3 and 4.

It is important to recognise that the spectra resulting fthm use of the generic masking procedure described
above are not suitable for science investigations wherdiaddl narrow features are present at a different redshift
to the science object. Examples include quasar absorptierchtalog generation and the identification of spectra
consisting of multiple object components, such as galaxigsgravitationally lensed background sources. The po-
tential problems are demonstrated via inspection stroni Miporption systems at,;,s=2.191 and:,;;=1.485 in the
original and sky-residual-subtracted spectra of spSE@88-0518-495 and spSpec-52282-0328-472 respectively. |
the former case, the absorption system is virtually elingidawhile in the latter case, the absorber doublet rateyslt
dramatically.

3 Data model

Conscious of the significant data volume of the SDSS Legacyeyispectra we have deliberately opted for a data
model that minimises the duplication of information con& in the original Legacy Survey FITS spSpec files. Our
new files include a direct copy of the primary FITS header ftbenSDSS spSpec file, with the addition of the FITS
header keywords listed in Table 3. ThimeaXIS1-pixel floating-point data arrays, of the same length as tigral
SDSS spectra, are included: the sky-residual subtractsatrsin flux array as the first row; the re-scaled error array
as the second row; the mask information as the third row (sdédeT). Only those pixels where the sky-residual
correction has been applied have had their flux and erroesaditered, all other pixels remain unchanged from the
original SDSS spSpec file.

The sky-residual subtracted spectra have the same namingrttion as the SDSS spSpec files, i.e. one file per
spectrum, labeled by the mjd, plate and fiberid of the spettilihe file names include the tagskysub” to prevent
any confusion with the original SDSS spSpec files. Individiles are stored in directories according to their plate
number.

The reduction of the number of data arrays per spectrum fregrtdi three, combined with the elimination of the
extensive FITS-header units (containing information dtlemission and absorption features detected in the spertrum
results in a file size just under half that of the original SD®8acy Survey spSpec files.

3.1 Data Access
The data files may be accessed through the Johns Hopkinsrsiln®DSS server at the address

http://ww. sdss. j hu. edu/ skypca/ spSpec

Subsequent versions will be stored in the subdirectoriés/21 etc. with the main directory given above pointing to
the latest version at all times.

1A region centred on 4984 is masked to exclude artificial “absorption” resultingrrdhe continuum-subtracted spectra of objects possessing
strong [O111] AA4960,5008 emission.



Table 1: Galaxy Mask

Central VOVaveIength oSize Species
(A) (A)

3728.30 20.0 Q
3798.4 150 H
3836.2 150 H
3869.9 15.0 [Neu]

3889.00 150 H
3934.8 33.0 Cak
3969.6 33.0 caH

3971.19 150 H
4102.9 200 H
4305.6 30.0 G-band
4341.7 200 H

4364.44 15.0 [OQu]
4472.5 15.0 He

4862.68 300 B

4960.30 15.0 [Qu]

5008.24 20.0 [Qu]
5176.7 30.0 Mg
5200.0 10.0 [N]
5272.0 20.0
5877.4 15.0 He

5891.58 20.0 Na

5897.56 20.0 Na
6302.3 15.0 [Ni]
6498.0 20.0

6549.86 15.0 [Ni]
6564.6 30.0 H

6585.27 15.0 [Ni]
6680.4 15.0
6718.3 20.0 [S1]
6732.7 20.0 [S1]
7066.4 15.0 He
7138.4 15.0 [Ani]
7321.5 15.0 [Qi]
7331.6 15.0 J[Arsciv]
7753.5 10.0 [Ani]

8500.36 20.0 Ca

8544.38 25.0 Ca

8664.52 25.0 Ca
9018.0 15.0
9072.0 15.0 [Si]



Table 2: Quasar Mask

Central Wavelength  Size Species

A) A
1216.0 40.0 Lw
1241.0 40.0 N/
1305.0 400 O
1400.0 40.0 Siv+O1Iv
1549.0 40.0 Qv
1909.0 40.0 Q]
2798.0 40.0 Mgl
3427.0 20.0 [Ne/]
3729.0 20.0 Qi
3870.0 20.0 [Nei]
4103.0 400 H
4342.0 40.0 H
4863.0 400 H
4960.0 40.0 [Qu]
4984.0 400 —
5008.0 40.0 [Qi]
5878.0 20.0 He
6302.0 20.0 [Q]
6550.0 20.0 [Ni]
6565.0 400 H
6585.0 20.0 [Ni]
6725.0 40.0 [SI]
7139.0 20.0 [Ann]

Table 3: FITS file primary header keywords

Keyword  Description

SKYVARO Non-sky pixel variance

SKYVAR1 Sky pixel variance before correction error
SKYVAR2 Sky pixel variance after correction
NRECON Number of components in reconstruction

Table 4: FITS file data content

Datarow Content Equivalent SDSS data row
1 Obiject flux array 1
2 Object error array 3
3 Sky-correction mask -

Table 5: FITS sky-correction mask values and their meanings

Mask value Meaning

outside wavelength ran@&00 — 9180 A for sky-correction

non-sky pixels: inside wavelength range but not subjeskyecorrection

sky pixels: inside wavelength range and subject to skyection

masked non-sky pixels: pixel masked due to object featuBD$S bad pixel
masked sky pixels: pixel masked due to object feature orSisl pixel
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The files are easily accessible via the “wget” command. $¢¥%iéz lists have been prepared for the convenience
of the user and can be found in the main directory given above:

wget_all.lis To download all reduced spectra.
wget_dr7gsocat.lis To download the spectra of the DR7 quasar catalog.

wget_specobj_specclass2.lis All spectra spectroscopically classified as galax@#HCCLASS=pin the CAS SPECOBJ
view, except for 20 objects classified as galaxies in the C#&t8lag, but not in their FITS file headers.

wget_specobjall_specclass?.lis All spectra spectroscopically classified as galax@HCCLASS=pin the CAS SPECOB-
JALL table (i.e. includes duplicates), except for objeaiptate 1631 for which the spectra of the same mjd as
in the catalog do not exist, and the 20 objects noted above.

After downloading the individual file list to your computer@reating your own, a command such as:

wget -Xx -nH --cut-dir=2 -a logfile.txt -i wget_all.lis

will download all the files in that file list to your machine gating the file logfile.txt to keep track of the progress.
The DR7 QSOs may additionally be accessed from the DR7 Vatided Catalogue web page.

4 Conclusion

We have released to the community a set of SDSS DR7 spectissigitificantly improved subtraction of OH sky
lines. The PCA-based technique employed takes advantapge obrrelation of OH lines as a function of wavelength
and sky subtraction close to the Poisson noise limit is aeldidor many spectra. Our procedure is generally more
effective than simply employing a high-pass filter or simfdature-exclusion mask. Release Version 1.0 includes
galaxies, quasars, sky and “unknown” spectra. Futureseteaill incorporate improved redshifts for the quasars and
the masking of intervening absorption features in quasectsp.
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A Figures

Here we include a repeat of some of the figures presented in8Mdbfeasy reference, and to allow direct comparison
between the results before and after the re-reduction adritiee data set by the SDSS team.
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Figure 1:Left: Histogram of the number of components used to reconstractith signal in the sky, unknown, galaxy
and quasar samples. The y-axis is truncated in order to shewnjority of the objects. Twenty-three per cent of
the unknown spectra require zero components, demongftagrimportance of employing appropriate object-specific
masks (Section 2.4Right: Histogram of the ratio between the root mean square noideegbikels affected by OH
lines before and after application of the sky-residual udtion procedure.
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Figure 2: Examples of sky residual subtraction applied taxgaspectra. In each panel the lower spectrum is the
raw SDSS data and the upper spectrum is after applicatioheotky-residual subtraction procedure. The upper
sky-residual subtracted spectrum is offset for clarity.
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Figure 3: Same as Figure 2, but for quasars
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Figure 4: Composite spectra of~ 4 quasars. The observed frame spectra fall at Wavelemgtﬁﬁ)ofél. For each

pair of spectra, the lower composite is created directlgnftbe SDSS spectra, and the upper composite from the same
spectra after subtracting the sky residuals.
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