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ABSTRACT

The Baryon Oscillation Spectroscopic Survey (BOSS) has collected more than 150,000 2.1 < z < 3.5 quasar
spectra since 2009. Using this unprecedented sample, we create a composite spectrum in the rest-frame of 102,150
quasar spectra from 800-3300 A at a signal-to-noise ratio close to 1000 per pixel (Av of 69 kms™'). Included in
this analysis is a correction to account for flux calibration residuals in the BOSS spectrophotometry. We determine
the spectral index as a function of redshift of the full sample, warp the composite spectrum to match the median
spectral index, and compare the resulting spectrum to Sloan Digital Sky Survey (SDSS) photometry used in target
selection. The quasar composite matches the color of the quasar population to 0.02 mag in g — r, 0.03 mag in
r — i, and 0.0l mag in i — z over the redshift range 2.2 < z < 2.6. The composite spectrum deviates from the
imaging photometry by 0.05 mag around z = 2.7, likely due to differences in target selection as the quasar colors
become similar to the stellar locus at this redshift. Finally, we characterize the line features in the high signal-to-
noise composite and identify nine faint lines not found in the previous composite spectrum from SDSS.

Key words: quasars: general — techniques: spectroscopic

1. INTRODUCTION

The material associated with quasar emission lines is ionized
by the ultraviolet (UV) continuum emitted by an accretion disk
surrounding a black hole. The relative flux between different
emission lines can illuminate quasar structure and constrain
quasar models (Wills et al. 1985; Francis et al. 1991). Wills
et al. (1985) and Francis et al. (1991) both found the ratio
between Lya flux and Fen flux to be much greater than
expected given standard photoionization models. Wilhite et al.
(2005) and Ruan et al. (2014) reported an average quasar
spectral index (a,) of —1.35 and —1.38, respectively, in the
optical to Far UV (1300-5800 A and 1400-7000 A, respec-
tively), which may be an important parameter in quasar
photoionization models if the quasar spectral index at shorter
wavelengths is related to the spectral index at these
wavelengths. Pereyra et al. (2006) and Sakata et al. (2011)
argue that the quasar accretion disk can be modeled by a simple
thin disk because the spectral index varies between repeat
spectral observations of quasars. Nagao et al. (2006) also
constrained quasar models through observations of the broad-
line region in quasar spectra, constraining the gas metallicity
and metallicity evolution of the broadline region.

Weaker emission lines, including iron lines, are detectable in
high signal-to-noise ratio (S/N) composite quasar spectra (e.g.,
Francis et al. 1991). Composite spectra can provide redshift
estimators for individual quasar spectra when used as a cross
correlation template (Vanden Berk et al. 2000). Composite
spectra and a record of their line profiles allow for better quasar
selection from photometric data by predicting color as a
function of redshift (Richards et al. 2002). They can facilitate

better continuum normalization for quasar absorption line
studies, for example in studies of the Lya forest and broad
absorption line (BAL) quasars (Grier et al. 2015).

Quasar composite spectra also provide insight into quasar
astrophysics. Francis et al. (1991) showed that quasar spectra
are governed by a power-law continuum by generating a
composite of 718 quasars from the Large Bright Quasar Survey
(Foltz et al. 1989), covering a wavelength range of approxi-
mately 800-5800 A in the restframe. Brotherton et al. (2001)
created a quasar composite spectrum from 657 quasars in the
FIRST Bright Quasar Survey. Vanden Berk et al. (2001,
hereafter VO1) used 2204 spectra to generate a composite
spectrum, taking data from the commissioning phase of the
Sloan Digital Sky Survey 1 (SDSS; York et al. 2000). Their
composite covered a wavelength range of 800-8555 A in the
restframe and included quasars in the redshift range
0.044 < 7 < 4.789. VOI showed systematic velocity shifts
from tens to a few hundred kms ™' between quasar emission
lines. The optical depth blueward of Ly increases with
redshift, thus requiring a low-redshift survey from a space-
based telescope to create a quasar spectrum blueward of Lya.
Shull et al. (2012) created a composite spectrum from 22 active
galactic nuclei using HST-COS data, with a wavelength range
of 550-1750 A in the restframe over 0.026 < z < 1.44. This
high S/N composite spectrum shows that the power-law
continuum  continues below the Lyman Limit wavelength
(912 A) without a significant break. Stevans et al. (2014,
hereafter S14) included 159 quasars and expanded the work of
Shull et al. (2012) by covering a slightly greater redshift range.
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In this work, we create a quasar composite spectrum from
102,150 quasars observed in the Baryon Oscillation Spectro-
scopic Survey (BOSS; Dawson et al. 2013), a component of
SDSS-III (Eisenstein et al. 2011). These quasars cover a
redshift range of 2.1 < z < 3.5 and a restframe wavelength
range of 800-3300 A, and do not include BAL quasars or
Damped Lya (DLA) quasars. This work differs from previous
efforts by increasing the number of quasars and restricting the
sample to objects which lie in a smaller region of redshift and i-
band absolute magnitude space. This composite can be used in
testing theoretical iron line templates (Bruhweiler & Ver-
ner 2008) and detecting new quasar spectral lines (Vanden
Berk et al. 2000). This spectrum will allow more detailed
studies of known quasar spectral lines, including line strengths,
line widths, and velocity offsets, which can be used to constrain
theoretical models of quasar structure. A key component of this
work is a correction to the flux calibration, which is required in
BOSS quasar observations to construct an accurate and
representative continuum, as quasars were not observed in
the same way as standard stars.

In Section 2, we briefly describe the surveys from SDSS-1/1I
and SDSS-III, define the quasar sample used in the construction
of the composite spectrum, and present the properties of that
sample. In Section 3, the method for the creation of the
composite spectrum is presented, along with the method for
determining the uncertainty as a function of wavelength. In
Section 4, we measure the spectral index of the quasar
composite and compare it to the median spectral index of the
quasar sample. We also verify the accuracy of the composite
spectrum by comparing the synthetic photometry of the
composite to the photometric colors of the quasar sample. In
Section 5, we present the measurement of emission line profiles
and compare the results to prior work. In Section 6, we
conclude and discuss possible future work. While the spectro-
photometric correction is introduced in Section 3, details of the
correction are reserved for Appendix A. In Appendix B, the
serendipitous discovery of a spectral flux offset between SDSS-
I/l and BOSS is discussed and compared to the work of
Margala et al. (2015). In this work, we assume a ACDM
cosmology with Hy = 70kms™", Qy = 0.3, and Q4 = 0.7.
These assumptions are consistent with the final WMAP results
(Hinshaw et al. 2013) and the 2015 Planck results (Planck
Collaboration et al. 2015).

2. DATA

Quasar spectra used to create the composite are obtained
from BOSS. Photometry used in calibration and for assessing
the broadband synthetic photometry of our quasar composite
spectrum were obtained from the imaging programs in SDSS-I,
-II, and -III. Additional spectra for calibration were obtained
from SDSS-I, -II, and BOSS. Hereafter, photometry and
spectra from SDSS-I and SDSS-II are abbreviated collectively
as coming from SDSS.

2.1. The SDSS Program

Imaging data employed in this analysis were taken in the
North Galactic Cap during SDSS I/II (2000-2005), and for the
South Galactic Cap in 2000-5 and 2008-9. Data were taken in
five photometric bands (Sloan u, g, r, i, and z; Fukugita
et al. 1996) by the Apache Point 2.5m telescope (Gunn
et al. 2006). The total imaging area was approximately
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Table 1
Conversion from SDSS to AB Magnitudes, in the Form ém = mag — mgpss

Sloan Filter ém

—0.042
0.036
0.015
0.013

—0.002

N~ N g o=

14,555 deg®. All images were taken on dark photometric
nights with good seeing (Hogg 2001). The final photometric
data for the analysis were taken from SDSS Data Release 8
(DRS; Aihara et al. 2011). Papers on object detection and
photometric measurement include Lupton et al. (2001) and
Stoughton et al. (2002). Papers discussing the photometric
calibration of the SDSS Imaging Program include Smith et al.
(2002), Ivezi¢ et al. (2004), Tucker et al. (2006), and
Padmanabhan et al. (2008). The astrometric calibration is
discussed in Pier et al. (2003). SDSS photometry is converted
to AB magnitudes (Oke & Gunn 1983) as shown in Table 1.

In addition to photometric data, this analysis uses a small
sample of spectra obtained in SDSS-I and -II. The details of the
spectra are presented in York et al. (2000).

2.2. The BOSS Program

The primary science goals of BOSS are to characterize the
imprint of the Baryon Acoustic Oscillation (BAO) signal on the
spatial distribution of Luminous Red Galaxies and the Ly«
forest detected from quasar spectra. The BOSS BAO signal
was most recently measured for Luminous Red Galaxies in
Anderson et al. (2014) and in the Ly« forest in Delubac et al.
(2015). The quasars utilized in the Ly« forest measurements of
the BAO provide the basis for the quasar composite spectrum.

2.2.1. Quasar Target Selection in BOSS

Objects were selected from SDSS imaging data for BOSS
spectroscopy with a goal of obtaining confirmed Lya
(z > 2.15) quasars at a density of 15 deg™2. The selection of
quasar candidates for spectroscopic observation is difficult due
to large photometric errors in objects at g = 22. Additionally,
most of the quasars observed are at 2.1 < z < 3.5, and the
quasar locus crosses the stellar locus at z = 2.7 (Fan 1999;
Richards et al. 2002).

To achieve the desired density of Lya quasars, all point
sources identified in the imaging data were passed through a
number of different selection schemes. The two primary
methods generated the CORE and BONUS samples (Ross et al.
2012). During the first year of operations, the CORE sample
utilized the likelihood method explained in Kirkpatrick et al.
(2011). Starting in the second year of operations, a method
known as Extreme Deconvolution (XDQSO) selection was
employed (Bovy et al. 2011). This method attempts to identify
a uniform sample by deconvolving quasars from the stellar
locus in color—color space after taking into account photo-
metric uncertainties. The BONUS sample is not a uniform
sample, but uses ancillary imaging data from a range of
sources to maximize quasar density. Quasar candidates in the
CORE and BONUS samples contribute 20 and 18.5 targets
deg ™2, respectively; a few other selections bring the total to
40 deg 2. These selection algorithms produce 15-18 z > 2.1
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quasars deg > out to the BOSS magnitude limit of (g < 22
OR r < 21.85).

As discussed in Ross et al. (2012), the first year of BOSS
observations of quasar targets was primarily used to contrast
selection techniques. There were 155,019 objects targeted from
the XDQSO selection after the first year and 238,553 objects
targeted from the BONUS selection over the duration of the
program. Because the vast majority of quasars in BOSS were
targeted according to one of these two selection schemes, and
to maintain simplicity and consistency in the sample used to
generate this new high signal-to-noise composite spectrum, we
chose to use only objects targeted by either the BONUS or
XDQSO selections.

Because the quasar locus for high-redshift (z & 2.7) quasars
overlaps with the stellar locus in SDSS color—color space,
many objects targeted as quasars are actually stars. These
objects were not identified as stars until after the spectra were
taken. Thus, we have a sample of stars that are selected and
observed in the same manner as the observed quasars. We call
these objects “stellar contaminants”; most are A, F, or G-type
stars. These stars tend to exhibit low-variability and can be
used as a template to test fluxing errors and validate
improvements to the flux calibration (see Appendix A.l).

2.2.2. BOSS Spectroscopic Observations

Spectroscopic observations with BOSS are performed using
plates with a radius of 175 on the sky (Smee et al. 2013). Each
plate contains 1000 holes drilled for 2” diameter fibers. On each
plate, approximately 160-200 fibers are allocated for quasar
targets, and 20 fibers are reserved for standard stars chosen
from photometric data consistent with main-sequence F stars.
The holes for each plate are drilled at a position according to
the estimated local sidereal time of the observation to account
for hour angle and Atmospheric Differential Refraction (ADR).

Most holes (including those for standard stars) are drilled with
a position corresponding to the predicted ADR for the
observation to maximize the throughput at 5400 A. For
convenience, we refer to fibers with ADR offsets de51gned to
maximize 5400 A throughput as the “red focal plane.” Since
quasar spectra are used to search for the BAO signal in the Ly«
forest, the decision was made to maximize the flux at the shortest
wavelengths of the quasar spectra. Thus, holes drilled for quasar
targets were drilled at slightly different positions to maximize
throughput at 4000 A; we call this the “blue focal plane.” Quasar
fibers in this nomenclature are simply shifted parallel to the true
focal plane of the standard stars to account for ADR. Holes
drilled in the 4000 A focal plane more than 1702 from the plate
center are also augmented with washers to change the vertical
position of the fibers to match the 4000 A focus, causing a true
offset from the focal plane (Dawson et al. 2013).

Once observations are completed, the data reduction follows
two major steps. First, 1D spectra are extracted and calibrated
from the raw, 2D CCD data (Stoughton et al. 2002). An
integral phase of the extraction and coaddition process is flux
calibration based on model spectra for the standard stars. This
step introduces a distortion in the broadband flux in spectra
observed in the blue focal plane relative to the red focal plane.
In the second step of the data reduction, an automated
classification and redshift is estimated for each 1D spectrum
(Bolton et al. 2012). One pixel in a BOSS spectrum has a
velocity width of Av = 69kms™', or identically a width of
0.0001 in logarithmic wavelength.
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Table 2
The Number of Quasars Remaining in the Sample After Each Sample Selection
Criterion is Applied

Criterion Remaining Quasars
21 <z2<35 175,294
XDQSO and BONUS 158,461
Remove BAL, DLA 130,512
Airmass < 1.2 102,150

In this work, the classification and redshift determination are
not derived from the automated data reduction pipeline but
instead rely on the visual inspections of all the potential quasar
spectra obtained in BOSS (Paris et al. 2012). Several
techniques to improve the precision of the redshift after visual
inspection were used in Paris et al. (2012, 2014); here, we use
the Principal Component Analysis (PCA) redshift technique.
The PCA eigenvectors are derived from a representative sample
of 8632 visually inspected quasars with high S/N, no BAL
features, and with redshift determined by the Mg line. The
redshifts used in this analysis are equivalent to those found in
Table 3, Column 12 of Paris et al. (2014).

2.3. Sample Selection

This work uses quasar data from the DRI12Q catalog,
presented in Paris et al. (2014). There are 175,294 quasars in
the redshift range 2.1 < z < 3.5 included in the DRI12Q
catalog. We restrict the composite to that redshift range to
better understand the quasar population utilized for BOSS Ly«
forest studies. A total of 158,461 of these quasars are from the
XDQSO and/or BONUS samples. After removing BAL quasars
identified by Paris et al. (2014) and DLA quasars using the
DLA catalog from Noterdaeme et al. (2012), we are left with
130,512 quasar spectra. The purpose of this analysis is to
characterize the spectra of the most common BOSS quasars
over the redshift range 2.1 < z < 3.5. We attempt to minimize
contamination from metals associated with absorption systems
or outflow of material within the quasar host galaxy. After
removing BAL quasars identified by Paris et al. (2014) and
DLA quasars using the DLA catalog from Noterdaeme et al.
(2012), we are left with 130,512 quasar spectra.

We also ignore all quasars observed at an airmass above 1.2,
as the spectrophotometric correction is least certain at high
airmass as shown by the large scatter in the spectrophotometry
in Appendix A.1.2. We tested the effect of observed airmass
and spectrophotometric errors on the quasar composite and
found that a composite generated from quasars observed at an
airmass greater than 1.2 had a 5% discrepancy in the shorter
wavelengths compared to a composite with the full quasar
sample used. Other airmass ranges with an equal number of
quasars had discrepancies of 1% or less in the same range. The
remaining sample is large enough that removing the 28,000
high airmass quasars will not significantly negatively affect the
final results. In total, 102,150 quasars were included in the
composite. These numbers are detailed in Table 2.

2.4. Properties of the Final Sample

The first panel of Figure 1 displays the absolute magnitude
distribution of the quasar sample used to create the composite
spectrum; 68% of quasars fall between —24.37 and —26.22 in
K-corrected (as in Paris et al. 2012) i-band absolute magnitude.
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Figure 1. First panel: absolute i-band magnitude of the sample, as calculated by
Paris et al. (2012). Second panel: absolute i-band magnitude vs. redshift for this
work (in black), VO1 (in blue), and S14 (in red). A representative subsample
(chosen by random selection) of quasars in VO1 and this work are shown due to
the large number of objects in each sample.

The second panel of Figure 1 shows the i-band absolute
magnitude versus redshift distribution of the quasar sample.
The median redshift in this sample is 2.457, and the median i-
band absolute magnitude is —25.20.

The first panel of Figure 2 presents the redshift distribution
of the quasar sample used to create the composite spectrum.
The sample peaks at z = 2.3 where the wavelength range
includes coverage to Lyg3. The second panel of Figure 2 shows
the number of spectra used for the composite per wavelength
pixel. Comparatively few spectra (approximately 20,000) are
used to cover the wavelength range less than 1000 A or greater
than 3000 A. Pixels between 1000 and 2000 A are covered by
90,000 to 100,000 spectra, which is the greatest coverage of
any work on quasar composite spectra.

2.5. Comparison to Other Quasar Composite Spectra

This work differs significantly from other quasar composite
spectrum studies. Primarily, this work seeks to generate a
composite spectrum from a very large sample of quasars
covering a relatively narrow range of redshifts and i-band
absolute magnitudes. In particular, we use quasars intended for
BOSS Lya forest BAO studies. Other works have focused on
different ranges in wavelength coverage, different redshift
ranges, and smaller numbers of quasar spectra. A comparison
of the coverage in luminosity and redshift between this sample
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Figure 2. First panel: redshift distribution of the sample. Second panel: the
number of spectra at each rest wavelength of the composite.

and previous composite spectra is provided in Figure 1. The
statistics of that comparison are provided in Table 3, along with
the median equivalent width (EW) of C1v of quasar spectra
from this sample taken from column 36 of the quasar catalog.
Here we use a narrower interval in i-band absolute magnitude
than either VO1 or S14. The 68% redshift range is smaller than
V01 and comparable to, but slightly larger than, S14, though
this work operates at a much higher redshift range than S14.

Because this composite is generated from a tighter sample of
quasars than VOl in both redshift and i-band absolute
magnitude, this composite will be more representative of
quasars falling within its smaller sample selection size. This
allows for more detailed studies of quasars within this region,
as there is less dispersion between fundamental quasar
properties here than in VO1. S14 generates a composite from
a comparably sized redshift range but at much lower redshift.
The i-band absolute magnitude range in S14 1is also
substantially larger.

As VOI is the most direct predecessor of this work, it is
instructive to examine the differences in greater detail. This
work differs from V01 in the following ways.

1. This work is more restrictive in classifying an object as a
quasar, requiring the object to be a point source. In V01,
an object was declared to be a quasar if it was found to be
extra-galactic (through redshift determination by visual
inspection) with at least one broad emission line and had
a non-stellar dominated continuum. This selection
includes Seyfert galaxies. VO1 also restricted their quasar
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Table 3
The Respective Ranges of Redshifts and K-Corrected i-band Absolute Magnitudes in Recent Composites, Including this Work
Composite Redshift Distribution i-band Abs. Mag Distribution CvEW ( /&)
16% Median 84% 16% Median 84%
Vo1 0.679 1.472 2.298 —24.47 —26.38 —27.75 23.8
S14 0.104 0.366 0.717 —23.12 —25.32 —27.51 36.3
This Work 2.249 2.457 2.895 —24.37 —25.20 —26.22 37.4

Note. Also included is the median equivalent width of the C 1v emission line of quasar spectra in each sample.

sample to objects with C1v, Mg, and/or Balmer line
FWHM greater than about 500 km s~!. In this work,
quasar identification is made by visual inspection
described in Paris et al. (2012) and uses only objects
atz > 2.1.

. This work uses quasars covering a narrower range in

redshift and i-band absolute magnitude. The VOI sample
drew quasars from the SDSS survey which used quasars
selected from regions in color—color—color—color space
(u—g, g—r, r—i, and i —z; Richards et al. 2002).
BOSS employs a rigorous quasar target selection scheme
which has been shown to be ~40%-50% complete to
g < 22 (Ross et al. 2013).

. More quasars are included in this work than in VO1. VOI

used 2204 spectra, whereas this work uses 102,150
spectra, allowing this work to generate a composite at a
much higher S/N.

. The redshifts used in this work are more accurate. VO1

redshifts came from two sources. For objects with a
visible [Om] line, that line was used for redshift. The
[O m] line is not visible in higher redshift quasars, above
z = 0.7 in SDSS spectra. A composite of 373 quasars
with [O m] redshifts was generated and used as a template
to determine the redshifts of the higher redshift quasars.
In BOSS a variety of a methods largely tested against
visual inspection were used (Paris et al. 2012). For this
work, we use PCA redshifts found from the catalog
described in Paris et al. (2012) which is calibrated against
Mg, an emission line not known to display velocity
shifts with respect to the systematic redshift.

3. THE COMPOSITE

3.1. Spectrophotometric Correction

The method used in the BOSS data processing pipeline to
generate standard-star calibrations does not take into account
the differences in ADR offsets between objects in the red focal
plane and objects in the blue focal plane. The difference in the
placement of holes for fibers assigned to quasars with relation
to standard star fibers discussed in Section 2.2.2 necessitated a
spectrophotometric correction that increases with airmass. This
correction is discussed in detail in Appendix A.l. Briefly, the
procedure used to generate the spectrophotometric correction is
as follows.

1. The spectrophotometric errors are quantified through an

examination of stellar contaminants. Stellar contaminants
observed in both BOSS and SDSS were identified to
allow a direct comparison between the two data
reductions. Two independent analyses of stellar con-
taminants are made:

(1) First, we find the ratio of the spectrum of each stellar
contaminant in BOSS relative to the spectrum
obtained in SDSS. Because the calibration was
performed uniformly across all targets in SDSS, these
spectral ratios constrain the broadband fluxing errors
introduced by the BOSS fiber offsets for the blue focal
plane. This ratio is close to or slightly greater than one
from 3800 to 4200 A and declines to approximately
0.82 at 8500 A, indicating a significant loss of red
photons. See Appendix A.1.1 and Figure 13 for more
information.

(i1) Second, synthetic magnitudes of all stellar contami-
nants in BOSS are compared to photometric imaging
data in g, r, and i from SDSS. The difference
between these is averaged by plate and analyzed with
respect to airmass. At low airmass, the offsets are
close to zero. As the airmass increases, the SDSS
imaging flux becomes brighter than the synthetic flux
from BOSS spectra. At an airmass greater than 1.4,
offsets in g are approximately —0.05 mag, offsets in r
are larger than —0.3 mag, and in i the offsets are
approximately —0.5 mag. Thus, the offset is most
significant in the longer wavelengths of the spectra
and at higher airmass. See Appendix A.1.2 and the
first row of panels in Figure 3 for more information.

. Some BOSS plates were specially designed with a second

set of standard stars: One set drilled in the usual manner
(“red standards”) and another set drilled in the blue focal
plane (“blue standards,” ANCILLARY_TARGET2 = 20).
A new flux calibration is performed using the blue focal
plane standard stars (“blue reduction™) instead of the red
focal plane standard stars (“red reduction”). This analysis is
described in more detail in Appendix A.2.

. To perform the flux calibration, the blue standards’

spectra reduced using the blue reduction are compared to
the blue standards’ spectra reduced using the red
reduction. This comparison is analyzed against airmass
of the observation and wavelength. This comparison
allows us to create an initial spectrophotometric correc-
tion with respect to wavelength and airmass. See
Appendix A.2.1 for more details.

. This spectrophotometric correction is applied to the

BOSS blue focal plane spectra and reanalyzed as in step
one. This analysis shows the initial correction over-
corrects the fluxing errors, as can be seen in the second
row of panels in Figure 3. This effect is explained further
in Appendix A.2.2.

. The wavelength and airmass dependence of the correction

is assumed to be correct, but the amplitude of the
correction is treated as a free parameter. When an
arbitrary scale factor of 0.83 is applied, the color bias (the
difference in the synthetic photometric color of objects in
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BOSS and the photometric color of objects in SDSS)
reaches a minimum. The reduced spectrophotometric
correction at that point is used as the final spectro-
photometric correction. This correction is described in
Appendix A.2.3. The photometric and spectroscopic tests
are run again and the results of these tests to this
correction are shown in Appendix A.2.4 and Figures 3
and 16, along with the final correction.

6. The spectrophotometric correction (a function of wave-
length and airmass) is applied to all quasar spectra used in
the composite.

The results of the tests to the photometric offsets between
BOSS and SDSS data are presented in Figure 3. The goal of the
correction is to produce flux-calibrated spectra that on average
have synthetic photometry in g, r, and i consistent with imaging
photometry. The first row of figures shows the difference
between the SDSS photometric magnitudes and the synthetic
photometry from the unmodified spectra in BOSS. There is a
significant trend in this difference with airmass. The second
row lists the same data after the BOSS spectra have been
corrected using the initial correction, as discussed in
Appendix A.2.1. The difference between SDSS photometry
and BOSS synthetic photometry is still dependent on airmass,
but not as much as before the initial correction. The slope of the
difference with airmass has also changed sign, indicating the
initial correction overcorrected the problem. The third row
shows the difference between SDSS photometry and BOSS
synthetic photometry as a function of airmass after the final
correction.

The resulting spectrophotometric correction is displayed in
Figure 4. This plot presents example corrections as a function
of airmass. For a given airmass, the flux of a spectrum at a
particular wavelength is multiplied by the correction at that
airmass and wavelength. Despite correcting the flux of BOSS
objects in the blue focal plane such that the SDSS imaging data
and the BOSS synthetic photometry agree, the flux calibration
is inconsistent between BOSS spectra and SDSS spectra. See
Appendix B for more information. We maintain all spectra on
the BOSS spectral system and do not correct them to the SDSS
spectral system.

3.2. Constructing the Composite

In this section, we construct the quasar composite spectrum.
Quasar spectra are dereddened using the extinction model of
Fitzpatrick (1999) and the extinction map of Schlegel et al.
(1998). A mask from Delubac et al. (2015) is applied to each
quasar to mask skylines. Each quasar spectrum is shifted to the
restframe and rebinned by log-linear interpolation to a
logarithmic binning scheme with the same pixel width as all
BOSS spectra. The quasars in this sample cover a wide redshift
range where there is significant evolution in optical depth
(Ti‘t}%”) due to Ly« absorption; however, the exact form of this
evolution is unknown and remains a focus of current research
(Faucher-Giguere et al. 2008; Becker et al. 2013). We therefore
prepare the sample of quasar spectra both with and without a
correction for optical depth.

For the composite spectrum that includes a correction for 7534,
we use the parameterization 7" =7y * Y.7°,i 10 (1 + z)? for
each order of the Lyman transition at each pixel in the spectrum.
In this formalism, i represents the final energy state of the
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transition and z is the redshift of that transition at the observed
wavelength of the pixel. The sum is performed over all transitions
where the wavelength of the transition is longer than the
wavelength at that pixel in the rest frame of the quasar. We
assume values 79 = 0.0067 and 5 = 3.0. We assume a correction
beyond the Lyman limit that scales as 0.394(1 + z)? *
0.9371og,,[(1 + z) Ax], Where A is the wavelength of the
Lyman limit. Each quasar spectrum is then rescaled at restframe
wavelengths A < 1216 A according to the 7.3 estimates
computed for the quasar redshift.

The method employed to create the quasar composite
spectrum in this work is based on the method used by VO1
and Shull et al. (2012). In both cases, spectra were first ordered
by redshift and used to create an intermediate composite each
time a new quasar was added. The overlapping region between
the composite and the subsequent spectrum was found, and the
subsequent spectrum was scaled such that it had the same mean
flux as the composite in the overlapping region. This work uses
approximately 50 times as many quasars as V01, thus
following the same procedure becomes computationally
expensive. Instead, we bin quasars in groups of 500 to reduce
the computation time. The quasar composite spectrum is
constructed using the following steps.

1. Spectra are ordered by increasing redshift, from lowest to
highest.

2. An “overlap region” is chosen for the first 500 spectra.
This overlap region covers Apjye t0 Aeq, Where Ay is the
bluest pixel with measured flux in the 1st spectrum and
Areq 18 the reddest pixel with measured flux in the 500th
spectrum.

3. The first 500 spectra are individually multiplied by a
scaling factor chosen such that each spectrum has a
weighted mean of one over the wavelength range Apjue
to )‘red'

4. For the next 500 spectra a new overlap region (again
defined as Ayjue t0 Areq) 1S chosen. In this case, Ay is the
bluest pixel with data in the 1st spectrum, and A4 is the
reddest pixel with data in the 1000th spectrum. The
calculated weighted mean of the first 500 spectra in the
overlap region is computed and used as a scale factor by
which to normalize each of the following 500 spectra.

5. Each spectrum from the 501st to the 1000th is multiplied
by a scaling factor such that the weighted mean of the
flux in the overlap region of that spectrum is made equal
to the overlap target from the previous step.

6. Every subsequent spectrum is normalized in batches of
500 following the above procedure.

7. After all the spectra are ordered and scaled, the clipped
median value at each wavelength is recorded as the value
of the composite at that wavelength.

The resulting composite spectrum for the 102,150 quasars is
shown in Figure 5.

A composite created with the median flux value at each
wavelength preserves the line ratios, while a composite created
with the geometric mean flux value at each wavelength
preserves the mean spectral index of the quasar continuum
(see VO1). These spectra individually have a low S/N, and
sometimes the recorded flux is less than zero. Thus, a standard
geometric mean cannot be used in this case. Instead, we use the
median composite spectrum to preserve the line ratios, then
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Figure 3. Top row: the difference in magnitudes between SDSS imaging data and BOSS synthetic photometry in filters g, , and i. Middle row: the same after applying
the initial correction found in Appendix A.2 and steps 2, 3, and 4 of Section 3.1. Bottom row: the magnitude difference after the final correction as discussed in
Appendix A.2.4. Fits to these data are presented in Table 5 and shown in the panels as red lines.

distort the composite to match the appropriate spectral index as
described in Section 4.

Errors are computed through a bootstrap resampling examina-
tion of the median. A total of 200 new median composites are
made with the same number of quasar spectra as the main quasar
composite, but the quasar sample is taken randomly from the
main sample, one at a time, with the possibility of repeats. This
is the most computationally expensive aspect of this analysis.
The standard deviation of the 200 composite spectra at each
wavelength is recorded as the error on the normalized flux
estimate at that wavelength. Errors are presented in Figure 5, and
compared to the errors from VOI in Figure 6. This work has
errors approximately half the fractional error compared to VO1 in
the region from 2000-3000 A. In addition, this work samples the
quasar composite at finer wavelength intervals, especially at
short wavelengths. Thus, the S/N per angstrom (rather than the
S/N per pixel) is much higher in this work. At wavelengths
blueward of Ly, this work has fractional errors approximately
ten times smaller than VOI. The mean fractional error between
2000 and 2300 A is 0.11%.

Figure 7 shows the composite spectrum generated in this work
along with the composites generated by VOI and S14. Most
notably, S14 is not constrained by atmospheric absorption of UV
light, as data taken for S14 was from the Cosmic Origins
Spectrograph (Green et al. 2012) on the Hubble Space
Telescope. Thus, S14 can explore the Far and Extreme UV,
but their work excludes longer wavelengths as the spectrometer
is specifically designed for the UV. S14 recovers flux lost due to

Correction

4000 5000 6000 7000 8000 9000 10000
Wavelength

Figure 4. Example corrections for spectra at different airmasses using the final
spectrophotometric correction described in detail in Appendix A.2.4. Air-
masses of bottom (purple) to top (black) lines: 1.00, 1.05, 1.10, 1.15, 1.20,
1.25, 1.30, 1.35.

TeLfyf“ by modeling absorption features in individual quasars and
restoring the flux based on the estimated H1 column density.
These three composites target different ranges of absolute i-
band magnitude and redshift, as shown in Table 3. This is the
primary contributor to the difference between these composites.
Some emission lines (C1v, Mg 1, C mi], and others) have 20%—
60% greater EWSs in this work than in VO1. In particular, the
reconstructed C1v] and Mg emission lines have EWs about
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60% larger in this work than in VOI; Cm is about 20% larger
compared to VOI. These differences originate from the
Baldwin Effect (Baldwin 1977), as the ranges of i-band
absolute magnitude in each composite spectrum differ. The
continuum shape is consistent to the several percent level.

4. SPECTRAL INDEX

For this composite to be useful for studies involving the
quasar broadband continuum, we further modify the composite
spectrum to have a spectral index consistent with the median
spectral index of the full sample of quasars. The spectral index
is characterized by fitting a power law to the composite
spectrum and to each individual quasar. We confirm the choice
of spectral index for the final quasar composite by comparing
the spectrum to the photometric colors of the quasar sample as
a function of redshift.

4.1. Composite and Sample Spectral Index

We use the same rest frame wavelength range for the
composite spectrum and for each quasar to determine spectral
indices. The wavelength range was chosen after a visual
inspection of the composite and of a subsample of individual
spectra in the sample. The range of wavelengths we chose to
model the quasar continuum is 1440-1480 A and 2160-2230 A.
These two intervals are sufficiently separated from O 1v] to avoid
contamination from emission lines even in the case of quasars
with very broad lines. To determine the spectral index, a simple
power law is fit to the flux density and errors in the above range.
The spectral index of the composite itself is oy = —1.4854 +
0.0004.

The spectral index of each quasar is measured using the same
wavelength interval as above. The median spectral index of the
102,150 quasars in this sample is ay = —1.4613 + 0.0017. The
error on the median spectral index was found by resampling the
quasar sample 200 times and finding the median spectral index
each time. The error on the median spectral index is the standard
deviation of the 200 measurements of the median spectral index.
We then warp the composite spectrum using the following
simple relation:

F WVfinat = F WVinitia X, (D

where da is the difference between the spectral index of the
quasar sample and the spectral index of the composite. This
results in a new composite which is displayed in Figure 8.
Because the composite spectrum had a spectral index so close
to that of the median of the parent sample, the magnitude of this
spectral distortion is very small. The ratio of flux at 800 A
relative to 3300 A decreases by only 3.47% after warping the
composite spectrum.

4.2. Quasar Sample Median Spectral Index Binned by Redshift

We next characterize the distribution of intrinsic quasar
spectral indices as a function of redshift. The spectral index for
individual quasar spectra were calculated as above and binned
by quasar redshift in increments of 6z = 0.01. The true
variation in quasar spectral indices contributes only a fraction
of the observed rms dispersion in the population. We assume
the three contributions add in quadrature as follows:

2 2 2 2
Ootal = O stat + Usys + O intrinsic (2)
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where o 1S the observed standard deviation in the spectral
indices in a given bin, oy, is the median statistical error of the
fit, oy is the systematic error remaining after the spectro-
photometric correction, and Gj,yinsic 1S the actual rms dispersion
of the spectral indices in the quasar population for that
redshift bin.

The systematic error (o) of the spectrophotometric
correction is found in a study of the ratio between BOSS and
SDSS spectra of the stellar contaminants. The selection
algorithm to choose appropriate stars for the comparison is
described in Appendix A.1.1. These ratios between BOSS and
SDSS stars are called “star ratios” and should be identically
equal to one at all wavelengths. The spectrophotometric
correction used on each quasar spectrum in the composite is
applied to the BOSS spectra before computing the ratio.

A spectral index is fit to each star ratio spectrum over the
wavelength ranges that would correspond to a quasar at
2.1 < z<2.64 in bins of 0.01. The fit continues only to
z = 2.64 because the star ratio spectra are truncated at the
maximum SDSS wavelength of approximately 8500 A. The
weighted median spectral index at each redshift increment is
also determined. The systematic error (o) is found with the
following formula:

L . )2
2 1 Z(az OUmedian) ) 3)

Xred = 2 2
N -1 i O fit,i + Usys

where 24 is the reduced x> N is the number of quasars in each
bin, «; is each spectral index of the ith quasar, ayegian 1S the
median spectral index in the given redshift bin, og; is the
uncertainty in the fit to the spectral index of the ith quasar, and
Oy 18 the systematic error. In each redshift bin, the value of oy,
is computed such that yaq = 1. We repeat the process until
successive iterations converge on the same values of ovyegian and
Osys 10 <1% tolerance. The final value of oy is taken to be the
systematic error of the spectrophotometric correction in a given
redshift bin. The parameter oj,uinsic 1S found to range between
0.2 and 0.5, generally declining at higher redshifts.

The median spectral indices of the quasars used in this work
binned by redshift are shown in Figure 9. The median spectral
indices vary from approximately oy = —1.45 (2.1 < z < 2.6)
to ay = —1.40 (2.7 < z < 3.5). There is an apparent trend
with redshift, but we hesitate to attribute that trend to redshift
evolution in the spectral index. Because flux calibration
uncertainty can introduce broadband errors, it is possible that
the trend is simply due to the residual errors in synthetic
photometry on g — r and » — i presented in Table 5. In fact,
the blue residual in g — r would introduce a bias toward more
pronounced spectral indices for the lower redshift quasars and
the red residual in » — i would introduce a bias toward less
pronounced spectral indices at higher redshift, exactly the trend
that is shown in Figure 9. The biases in these two color
measurements are of the order of 0.02 mag, which in fact could
cause larger trends in spectral index than seen here. However,
given the uncertainty in the exact form of the residual fluxing
errors, we are unable to improve the flux calibration any further
in this analysis. We reserve that effort for future pipeline
development by the BOSS team.



THE ASTRONOMICAL JOURNAL, 151:155 (20pp), 2016 June

HARRIS ET AL.

8 T I T T T T I T T T

Flux Density (F,) (Arb. Units)
N
[

Lyman—alpho—

Lyman—beta—

1000 1500

2000 2500 3000

Wavelength (Angstroms)

0.08

0.06

0.04

Bootstrap Uncertainty

0.021r

0.00 M

L L L L 1 N
1000 1500

2000 2500 3000

Wavelength (Angstroms)

Figure 5. First panel: the initial composite generated by this work. The composite without optical depth correction is shown in black, and the composite with optical
depth correction is indicated in red. This composite spectrum has not yet been warped to match the median specral index of the quasar sample, as performed in
Section 4.1 and shown in Figure 8. Second panel: the fractional error of the median flux measurement in each pixel, generated by the bootstrap resampling method.

The creation of the composite and the error array are discussed in Section 3.2.

4.3. Comparing Spectral Index to Quasar Color

In each redshift bin, a broadband correction described by a
power law is applied to the composite spectrum such that the
composite has the same spectral index as the median of the
quasar sample at that redshift. We do the same to warp the
composite spectrum to match the spectral index at the +10 and
—1o bounds of the distribution of spectral indices in each
redshift bin. We only have accurate estimates of the distribution
of the spectral indices over 2.1 < z < 2.64 so for higher

redshifts we assume the same range of «, as that in the
7z = 2.64 redshift bin. As described in Section 3.2, the quasar
composite spectrum has been corrected for the mean optical
depth of the Ly« forest region. No correction has been made to
the photometric data to account for mean optical depth, so we
model the suppression due to mean optical depth of neutral
hydrogen by applying the same model as that presented in
Section 3.2 to the 7.3"-corrected composite.

The synthetic u — g, g — r, v — i, and i — z colors of these
modified composites for each redshift bin are presented in



THE ASTRONOMICAL JOURNAL, 151:155 (20pp), 2016 June

1.000

0.100¢

0.010

Fractional Error (per pixel)

0.001

1500 2000 2500
Wavelength (Angstroms)

1 'OOO T T T T T

0.100

0.010

0.001

Fractional Error (per angstrom)

1000 1500 2000 2500

Wavelength (Angstroms)

3000

Figure 6. First Panel: comparison between fractional errors in VOI (red) and
this work (black). The errors in this work are as small as 0.001 in the
continuum, and are smaller than VO1 at almost all wavelengths, the exception
being at greater than 3160 A, which is at the red edge of the wavelength range
of the BOSS Ly« forest sample. Second Panel: fractional error scaled by the
square root of the relative pixel scales.

Figures 10 and 11. Also displayed are the median photometric
colors and the standard deviations of the imaging sample in
each redshift bin.

Figure 12 shows the trend in u — g against g — r of the
spectral index and optical depth-corrected composite and displays
the stellar locus for comparison. The colors indicated here are
found in the same manner as above. Here, the data for the
composite synthetic photometry are ignored at redshifts above
3.0 for the reasons stated in the following paragraph concerning
the discrepancy in # magnitude.

The colors of the composite spectra reproduce the photo-
metric colors of the quasar sample across most of color and
redshift space remarkably accurately. In g — r at a redshift of
3.2 < z < 3.5, we see an offset of 0.15 mag likely caused by
incorrect modeling of mean optical depth of the Ly« forest. In
most colors, the difference between photometric and synthetic
photometric data increases in the vicinity of z = 2.7 (inu — g
by —0.2, in g — r by —0.03, in i — z by +0.06, and in r — i the
difference is consistent with the scatter between bins). At this
redshift, the quasar locus approaches the stellar locus as shown
in Figure 12. As the quasar target selection schemes tend to
avoid objects near the stellar locus, the quasars targeted at this
redshift may not be as representative of the full quasar
population around this redshift. In u — g, the offset between
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Figure 7. First Panel: comparison between the quasar composite spectrum
generated in this work without optical depth correction (in black) and VO1 (in
red). Second Panel: comparison between the quasar composite spectrum
generated in this work without optical depth correction (in black) and S14 (in
green). The quasar composite spectrum generated in this work has been warped
such that the spectral index of this composite spectrum is the same as the
median spectral index of the quasar sample, as explained in Section 4.1.
Arbitrary scaling factors have been applied to VOl and S14 for illustrative
purposes.

the observed photometry and the synthetic photometry of the
modified composite begins to grow around a redshift of 2.9 to
approximately 0.5 mag. This behavior likely appears because
the photometric bandpass extends to shorter wavelengths than
the synthetic photometry and the two measurements have
differing sensitivity to quasar flux beyond the Lyman limit at
912 A. In addition, the composite is poorly constrained at
A < 912 A as shown in Figure 5 by the non-physical break in
continuum at short wavelengths in the composite spectrum that
has been corrected for 753", This result could potentially be
improved with better models for absorption of ionizing photons
over the redshifts covered by the BOSS quasar sample.

5. SPECTRAL FEATURES

Having completed the characterization of the continuum to
show that the broadband colors of the quasar spectrum are
consistent with quasar photometry, we now investigate quasar
spectral lines. The high signal-to-noise quasar composite
spectrum allows for detailed investigation of these lines, a
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Figure 8. Optical depth corrected quasar composite spectrum after having been warped to match the median spectral index of the quasar sample as described in
Section 4.1. This composite spectrum represents the final product of this work and is available for download at a publicly accessible website (http://data.sdss3.org/

sas/dr12/boss/qso/composite/).

comparison to previous work, and the identification of new
faint lines.

5.1. Line Fitting

Measurements of line features are subject to assumptions of
continuum modeling and complexity in line structures such as
those in the Fe complex. The work here represents one specific
approach to estimating continuum and parameterizing line
profiles. While the fits performed here appear to describe the
lines quite well, we encourage the readers to make their own
fits to the composite spectrum for lines of special interest. In
particular, we note that the fit in the C 1] region is complicated
by multiple blended features and a series of known Fe i lines
that we were unable to resolve.

We proceeded to measure the line profiles in a semi-manual
fashion. We measured each line and its underlying continuum
independently, adding additional parameters to the fit when
there was clear blending upon visual inspection. In some cases,
the additional parameters resolve blended lines with different
central wavelengths. In other cases, such as Lyca, multiple
components with effectively the same central wavelength but
different widths are required to describe a single emission line.
Our procedure for fitting each line is as follows.

1. Two continuum fitting regions are identified in the vicinity
of the line. Each region is typically 5 A wide. These regions
are separated by the centroid of the line by at least one
FWHM. The continuum fitting regions are visually
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inspected to ensure the absence of faint lines and to ensure
an appropriate approximation of the local continuum. A
power law is fit to the composite spectrum over the
wavelength regions identified to model the continuum.

2. The line region is fit with a single Gaussian. A wavelength
range (typically covering a wavelength region spanning
twice the FWHM) is chosen to perform the fit of the line. A
single Gaussian fit is first performed and visually inspected
to ensure that emission line wings are well described.

3. If clear residuals are found by visual inspection, a second
Gaussian is introduced to improve the fit. Likewise,
additional Gaussians are introduced until there are no
obvious residuals. In cases of slightly blended lines, these
additional parameters allow us to accurately describe the
individual components of overlapping lines. In the case of
complex line profiles, these additional parameters allow is
to separate broadline regions with velocity offset and/or
varying dynamics into discrete components.

4. We begin at the bluest region of the spectrum and
continue until 3000 A, where the composite spectrum
begins to show degradation.

The results of the line fitting are reported in Table 4. In that
table, we list the properties of the detected lines in the rest
frame followed by the central wavelength, EW, and the
Gaussian rms width associated with each component of the fit.
In total, 40 distinct emission features were identified. Of those,
nine features were blends that we were unable to resolve. The
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Table 4
Emission Lines Detected in the Composite Spectrum Generated in this Work Compared to Known Wavelengths and the Measurements from VO1
Laboratory Frame This Work Vanden Berk 2001
ID A A Equivalent Width o ID A Equivalent Width o 1D
Lye 937.80 942.66 1.50 £ 0.07 5.33 Lye/Lyé 940.93 2.95 + 0.54 4.73 Lye/Lyé
Lys 949.74
Cm 977.02 977.74 1.53 £ 0.03 4.12 Cm 985.46 6.55 + 0.58 8.95 C /N m
Nm 990.69 989.73 1.50 £ 0.03 4.14 Nm
Lyg 1025.72 1031.48 13.53 £ 0.10 13.15 Ly3/0 vi-1 1033.03 9.77 + 0.49 7.76 Ly3/0 vi
Ovi 1033.83 1034.07 426 £ 0.15 4.84 Ly3/0 vi-2
unknown 1062.7 1064.01 2.90 £ 0.04 7.66 unknown 1065.10 0.80 £+ 0.27 4.17 Ar1
unknown 1073.0 1073.53 0.71 £ 0.08 3.51 unknown
N 1083.99 1083.31 1.32 £ 0.04 5.32 N
Fe m Uv1 1117.85 0.76 £ 0.07 5.26 Fe m 1117.26 3.66 = 0.34 8.49 Fe m
Fe m® UV 1 1127.55 0.46 + 0.06 4.11 Fe m
Cm 1175.7 117491 2.49 £ 0.01 7.68 Cm 1175.35 0.83 = 0.14 2.28 Cm
Lya 1215.67 1215.86 19.08 £ 1.03 4.85 Lya-1 1216.25 9291 £ 0.72 19.46 Lya
1216.94 66.63 + 4.01 16.56 Lya-2
Nv 1240.14 1241.73 9.22 £ 0.02 6.89 Nv 1239.85 1.11 £ 0.09 2.71 Nv
Sin 1262.59 1260.81 4.47 £ 0.008 7.91 Sin 1265.22 0.21 + 0.06 2.74 Sin
O1 1304.85 1305.31 1.73 £ 0.02 5.74 Sin/O1 1305.42 1.66 £ 0.06 5.42 Sin/O1
Sin 1306.82
Cn 1335.3 1335.43 0.77 £ 0.01 4.73 Cu 1336.60 0.59 = 0.05 3.86 Cu
Siv 1396.76 1398.16 5.07 £0.12 19.54 Siv/O1v]-1 1398.33 8.13 + 0.09 12.50 Siv/O1v]
O] 1402.06 1398.22 5.01 £0.17 8.81 Siv/Owv]-2
Nw]* 1486.5 1485.50 0.15 £ 0.01 3.25 N1v]
Crv-1 1548.19 1545.57 28.51 £+ 0.03 17.00 Cv-1 1546.15 23.78 + 0.10 14.33 Crv
Cv-2 1550.77 1548.28 8.92 + 0.04 6.11 Cv-2
Hen 1640.42 1639.46 1.53 + 0.01 4.35 He n 1637.84 0.51 + 0.03 4.43 Hen
O m] 1663.48 1663.21 1.94 £+ 0.01 8.22 O m]/Alu 1664.74 0.50 £ 0.03 5.50 O m]/Alu
Aln 1670.79
N1 1718.55 1717.47 0.13 + 0.01 5.20 Niv/Fen 1716.88 0.30 + 0.03 7.36 Niv/Fen
Fen uv 37
N m] 1750.26 1748.94 0.81 £ 0.01 6.37 N ] 1748.31 0.44 £ 0.03 5.12 N m]
Fen UV 191 1787.41 0.30 £+ 0.02 5.37 Fen 1788.73 0.28 £+ 0.02 6.06 Fen
[Ne m] 1814.73 1816.34 0.54 £ 0.02 8.86 Si in/Ne m 1818.17 0.16 = 0.02 5.72 Sin/Ne m
Sin 1816.98
Alm 1857.4 1857.40 3.47 £ 0.08 11.01 Alm 1856.76 0.40 + 0.03 4.95 Al
Sim 1892.03 1893.24 0.55 £ 0.03 3.99 Si m/Fe v 1892.64 0.16 £ 0.02 3.09 Sim/Fe 1v
Fe m UV 34
Cm] 1908.73 1903.61 20.51 £ 0.09 20.81 Cm]-1 1905.97 21.19 £ 0.05 23.58 Cm]
1907.00 2.26 £+ 0.09 3.55 Cm]-2
1908.36 3.10 £ 0.03 5.18 Cm]-3
Fe m" UV 50 1988.81 0.13 + 0.01 8.96 Fe m 1991.83 0.20 + 0.02 6.73 Fe m
Fem” UV 48 2068.51 1.65 +2.13 13.47 Fem
Fe n® UV 91 2094.27 2.39 + 246 20.28 Fen
Fer® UV 212 2135.23 0.70 £+ 0.02 12.46 Fen
Fen uv 79 2176.27 0.39 + 0.01 9.84 Fen 2175.62 0.25 + 0.02 5.85 Fen
Fen® UV 118 2219.70 0.34 £ 0.03 9.41 Feu
Fe n® UV 183 231491 5.11 £ 0.05 32.64 Fen
Cu] 2326.44 2326.96 0.46 £ 0.02 5.49 Cu] 2327.34 0.31 £ 0.02 4.95 Cu]
[Ne 1v] 2423.83 2423.93 0.94 + 0.01 9.52 [Ne 1v] 2423.46 0.77 + 0.02 8.42 [Ne 1v]
[O 1] 2471.03 2470.99 0.29 + 0.01 8.79 [O 1] 2467.98 0.16 = 0.02 4.54 [On]
Fen UV 1 2624.05 1.12 £ 0.03 12.55 Fen 2626.92 0.81 + 0.03 9.93 Fen
Aln] 2669.95 2671.64 0.52 £0.12 7.20 Alu]/O m 2671.89 0.14 £ 0.02 5.10 Alu]/Om
Om 2672.04
Mgu-1 2796 2798.90 9.55 £0.13 10.26 Mg -1 2800.26 32.28 £ 0.07 34.95 Mg
Mg -2 2803 2800.14 36.67 £ 0.13 54.40 Mg -2
2804.55 6.49 + 0.31 18.48 Mg -3
Fen UV 78 2958.36 8.44 £ 031 33.16 Fen 2964.28 4.93 £+ 0.04 22.92 Fen

Notes. Entries that required multiple fits to describe the emission feature are listed with an additional suffix (e.g., Lya-1 and Lya-2). blends are presented with each
discrete component in the lab frame and by the multiple components in the observed data (e.g., Si1v/O 1v).

# Line identification and wavelength from Shull et al. (2012).

® Line identification and wavelength from Vestergaard & Wilkes (2001).
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Table 5
Data Showing the Fitted slope, Intercept, and Color Bias at the Average Airmass of 1.095
for (SDSS PSF Magnitudes—BOSS Synthetic Magnitudes) in the g, r, and i Filters

Uncorrected Corrected Final Correction
Filter Error Slope Intercept At Mean Slope Intercept At Mean Slope Intercept At Mean
+0.02 —0.15 —0.02 —0.03 0.09 —0.02 —0.01 0.05 —0.02 —0.01
r +0.03 —0.80 —-0.02 —0.09 0.28 0.00 0.02 0.12 0.00 0.00
i +0.04 —1.16 —0.04 —0.15 0.28 —0.01 0.01 0.08 —0.02 —0.01

Note. The second column is the characteristic error in magnitude for each filter. The first set of columns is for the uncorrected raw data, the second set of columns
shows the values after performing the first round of corrections, and the third set of columns shows the values after the final round of corrections.
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Figure 9. Median spectral index of quasars, binned by redshift.

six strongest features (Ly3/O vi, Ly, Sitv/Owv], C1v, C ],
Mgun) each required multiple components to accurately
describe the line profile.

5.2. Comparisons to VOI

For the sake of comparison, we include the line measure-
ments from VOI in the final four columns of Table 4. A number
of lines exhibited differences between the VOI composite
spectrum and this work. First, the higher redshift range and
higher signal to noise of this composite spectrum allowed us to
resolve the C 1 AN977 and N m AA990 lines that were blended
in the VO1 analysis. Second, we decompose the complex line
profiles associated with the six strongest emission features into
multiple Gaussian components, a measurement not possible in
the VO1 approach.

A more significant difference between VO1 and this work is
this work is the EW and velocity dispersion measurements for
several of the line species. Lines which were found to have at
least 50% larger EW and a 50% larger o in this work compared
to VOI include O vi AA1034, an unknown line at AA1067, C m
AAL176, Nv AX1240, Sin AN1262, Sin/Nem, Alm AA1857,
and [O 0] AA2471. These lines are found over a wide range of
wavelength and ionization energy. The difference in these line
strengths is likely due to the different target selection and the
lower luminosity of quasars in this work relative to VOI. There
are several instances where the V01 lines are systematically
more pronounced then our measurements. Those occur in the
far blue where VOI1 has fewer quasars to sample and in the Fe
regions, where there are likely different assumptions about
continuum fitting and blending of lines.
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The most interesting aspect of the line measurements
introduced here is the identification of faint lines not
recognized in VO1. We find three lines in the Lyo forest
region that were not identified in VO1: an unknown line at
AA063, N1 AA1084, and Fem AAUV 1. Understanding of
these lines becomes increasingly important as cosmology with
the Lya forest in quasar spectra advances beyond measure-
ments of BAO. An additional unknown line at AA1073 is also
found. The Ni1v] AA1486 line becomes apparent in this
composite spectrum, likely because of the lower luminosity
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of the parent quasar sample. Finally, we resolve seven distinct
lines over the wavelength range 1980 < A < 2320 which we
attribute to either Fe 1 or Fe m. VO1 isolated two lines over this
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wavelength range with different line profiles. In total, we
characterize nine lines that were not included in that
previous work.

6. CONCLUSION

This work presents a very high signal-to-noise quasar
composite spectrum using 102,150 BOSS quasar spectra. We
have made the final composite spectrum available via down-
load at a publicly accessible website.'” This method of
calculating a composite is usable for any large sample of
quasar spectra in BOSS. As long as every two consecutive sets
of 500 spectra each cover a sufficiently large wavelength range
to allow the above calculations, this method can be used for
any redshift range. The spectra used to create this composite
spectrum are a uniform sample with 2.1 < z < 3.5, excluding
BALs and DLAs, and an observed airmass less than 1.2. The
large number of quasar spectra used in this work and the
uniformity of the sample represent a significant improvement
over previous works, such as V01, and samples a different
wavelength range than other recent works, such as S14.

The composite spectrum is shifted to match the median
spectral index of the Lya forest sample after performing
spectrophotometric corrections. We have made the final
spectrophotometric correction available via download at a
publicly accessible website (see footnote 10). The spectro-
photometric correction is parameterized on only airmass and
reduces the color bias to less than 0.02 mag. This correction can
be used to allow direct comparison between SDSS and BOSS
spectra, which is useful in variability studies. The measured
spectral index of —1.4613 + 0.0017 differs from some other
studies (Wilhite et al. 2005; Ruan et al. 2014), most likely due
to sampling a different region of redshift-luminosity space. We
examine the properties of this composite and the initial sample
in color—color space to show that the synthetic photometry of
this quasar composite spectrum closely recreates the photo-
metry of the quasar sample.

As pointed out earlier in the text, selection of quasars over
the high-redshift range conducive to Ly« forest studies is not
trivial. Comparison of the number density of BOSS Ly« forest
quasars to the full population expected over this redshift range
(e.g., Palanque-Delabrouille et al. 2015) reveals significant
gaps in the completeness of the BOSS quasar sample. The
composite spectrum presented in this work is therefore
representative not of the entire population of 2.1 < z < 3.5
quasars, but instead, representative of the quasar spectra used in
the BOSS Ly« forest cosmology studies (Delubac et al. 2015).

Current programs such as the extended Baryon Oscillation
Spectroscopic Survey (eBOSS; Dawson et al. 2015) and future
programs such the Dark Energy Spectroscopic Instrument
(DESI; Levi et al. 2013) will use new imaging data and
selection techniques (e.g., Myers et al. 2015) to improve the
completeness of high-redshift quasars. Future work with the
BOSS and eBOSS samples will quantitavily address selection
effects by assessing quasar spectral properties after tuning the
samples to have well-controlled populations binned by
observable quantities. This work will include the examination
of luminosity-redshift binned subsamples, and examination of
trends in quasar properties in luminosity and redshift, and thus
trends in quasar evolution.

10 http://data.sdss3.org/sas/dr12 /boss/qso/composite/
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Finally, the techniques introduced here will allow more
detailed characterizations of quasars, such as assessment of the
differences between different populations and tests of accretion
models. For example, normal and BAL quasars can be
examined by contrasting composite spectra of subsamples
binned on balnicity. The composite we created was used to
study relative line strengths, widths, and velocity offsets in
quasars at z = 2.457, opening up new avenues to the study of
quasar structure at high redshift. This composite spectrum and
table of linewidths can be used to assess accretion models,
theoretical line templates, and contribution from the stellar
populations of the quasar host galaxy. More generally, the large
samples of quasars produced in BOSS and future surveys can
be divided varying populations, thus enabling even more
thorough investigations of quasar physics via composite
spectra.
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APPENDIX A
FLUX CALIBRATION

In this appendix, we describe the process by which the
spectrophotometric errors in BOSS quasar spectra are quanti-
fied and corrected. We compare BOSS spectroscopic data to
SDSS photometric and spectroscopic data to quantify the errors
and test the derived correction. The model for the correction is
determined using only BOSS spectroscopy.

A.l. Spectrophotometric Errors

Two independent methods are used to quantify the spectro-
photometric errors introduced by the quasar fiber hole offsets.
In the first method, we calculate the average ratio between
BOSS stellar spectra observed in the blue focal plane and the
corresponding SDSS spectra for the same objects. In the second
method, we compare the imaging data from SDSS to synthetic
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magnitudes calculated from BOSS spectra observed in the blue
focal plane. These techniques are also used to test the
spectrophotometric corrections in Appendixes A.2.2 and A.2.4.

A.1.1. Spectral Comparison

Approximately 2000 stars targeted as quasars in the blue
focal plane of BOSS (which we call “stellar contaminants’)
have previous spectra from SDSS. These matches are found by
locating pairs of objects within 0”36 of each other from the
DR12 catalog (for BOSS; Alam et al. 2015) and the DR8
catalog (for SDSS; Agol et al. 2011). This sample is trimmed to
include only A, F, and G type stars with no redshift pipeline
problems, and a g-band point-spread function (PSF) magnitude
brighter than 22. The objects satisfying these criteria are
visually inspected in both the SDSS and BOSS spectra. Objects
with radically different spectra (possibly from bad matching
between spectra) and objects with significant and unreasonable
flux differences are also rejected. Flux differences were
considered unreasonable and rejected if one or more of the
following conditions were met:

1. A flux ratio of greater than three or less than one third in
the region 6000-6500 A

2. A ratio which changed by more than a factor of three
from less than 4500 A to greater than 8000 A

3. Having a calculated standard deviation of more than 0.5
in the flux ratio over the region 6000-6500 A.

After these cuts, 543 objects remained in the catalog.

The ratio of each BOSS spectrum to its corresponding SDSS
spectrum provides an independent non-variable sample by
which one can judge changes in flux calibration between SDSS
and BOSS. Since SDSS spectroscopy used a shorter wave-
length range than BOSS, both sets of spectra are clipped to
include only the wavelength range of SDSS spectra
(3850-8500 A). The ratio between the BOSS and SDSS
spectra is calculated for each star as a function of wavelength.
The median value of all BOSS/SDSS star ratios is taken at
each wavelength bin. This median ratio is shown in Figure 13
in red. The BOSS/SDSS ratio is lowest at long wavelengths,
corresponding to a deficit in flux in BOSS of roughly 20%
relative to SDSS. At shorter wavelengths, the ratio is of thg:
order of unity, having a peak of about unity at about 4000 A
and declining to either side. In this figure, pixels flagged by the
Lyman alpha skymask are masked (Delubac et al. 2015). Stellar
variability could cause shifts between the SDSS epoch and the
BOSS epoch, but due to the large number of stars in this test,
the average shift is expected to be small. For example, even
variability as high as 25% between SDSS and BOSS would
result in only a 1% disrepancy in the average.

A.1.2. Quantification by Photometric Comparison

A second test of the spectrophotometric errors involves the
difference between the photometry from the SDSS imaging
data (using PSF magnitudes) and the synthetic photometry
from BOSS spectroscopy.

As in Appendix A.l.1, we use stellar contaminants for the
comparison but no longer restrict ourselves to objects with
spectra in SDSS. The corresponding plate for each stellar
contaminant is identified, and the median photometric
difference is found for each plate in g, r, and i. The median
photometric difference is plotted against the airmass at which
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Figure 13. Ratio between BOSS stellar contaminant spectra and their
counterparts in SDSS as a function of wavelength. The median ratio between
uncorrected BOSS and SDSS spectra is shown in red, while the median ratio
between BOSS spectra after the initial correction and SDSS spectra is shown in
black (see Appendix A.2). A fit to the corrected data ratio is shown in black,
with a slope of 0.0092 per thousand Angstroms.

the BOSS spectra were observed in the first row of panels in
Figure 3. There is a clear trend in the difference in magnitudes
of stellar contaminants. In g, r, and i, BOSS synthetic
photometry indicates that BOSS views these stellar contami-
nants as being dimmer than in SDSS photometry with a
difference that increases with airmass. Only data for filters g, 7,
and i are shown because these have the most consistent
coverage between SDSS filter bandpasses and BOSS spectral
coverage. See Table 5 for the linear fits to the data. In general
we expect a color bias in g — r of 0.059 mag and a color bias
of 0.058 mag in r — i, corresponding to the offsets observed at
the median airmass of BOSS spectra.

A.2. Correcting the Spectrophotometric Errors

Having quantified the spectrophotometric errors, we now
present an independent, empirical correction to the spectral
response of the fibers in the blue focal plane. First, we generate
a correction using BOSS spectroscopic information from a
series of specially designed plates. Second, we test this
correction by comparing synthetic photometry from corrected
BOSS spectra to SDSS photometry. Third, we apply a scaling
factor to the amplitude of the correction to minimize the color
bias of the synthetic magnitudes of the corrected BOSS spectra.

To better understand the fluxing problems in the blue focal
plane, a few plates (listed in Table 6) were drilled with standard
stars in the blue focal plane. The data reduction pipeline was
rerun using these standard stars instead of the normal (“red”)
standard stars. We call this the “blue reduction,” whereas the
usual data processing is referred to here as the “red reduction.”
The blue reduction includes 52 plates, each with more than 10
standard stars in the blue focal plane. These standard stars have
the same spectral throughput as the quasars to provide direct
flux calibration for the blue focal plane. The difference in the
standard star spectra between the blue reductions and the red
reductions captures the spectral distortion introduced by
offsetting the fibers in the telescope focal plane. Fgyyg
represents the flux of the custom standard stars in the blue
reduction, while Frgp represents the flux in the red reduction.
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A.2.1. Parameterizing the Correction

Before comparing the blue reduction to the red reduction,
each spectrum is smoothed with a 201 pixel weighted mean
smoothing routine. We then calculate the ratio between the
spectrum of each blue focal plane standard star in the blue
reduction to the same spectrum in the red reduction. If no
correction was necessary, the ratio would reveal a flat
continuum valued at one. Figure 14 shows the ratio from all
standard stars on plate 6149 and the median ratio for that plate.
In this case, which is representative of the population of plates,
uncorrected flux errors reach 20% at long wavelengths
(broadband 8500 A), which is similar to the trend in Figure 13.
This large difference would cause an incorrect interpretation of
features such as quasar spectral indices. This procedure is
performed for each plate listed in Table 6. We refer to the
median spectral ratio for each plate as the “plate ratio.” Note
also the range of flux errors for this single plate; it is this effect
that motivated the decision to model oy, in Section 4.2.

At each wavelength interval measured in BOSS spectra, we
record the relationship between the plate ratio and the airmass.
This relationship is fit assuming a simple linear model that is
constrained to intersect a ratio of one at an airmass of one, thus
providing no correction where there is no ADR offset between
the red and blue focal planes. The slope of the fit with respect
to airmass is recorded for each wavelength. An example of one
of these fits is presented in the second panel of Figure 14. Some
plates consistently provided fits that were outliers from the rest
of the plates when considered at all wavelengths. Plates that fall
more than 3¢ from the rest of the sample over more than 40%
of wavelengths are rejected and this process is run once again.
A total of 12 plates are excluded by this criterion. These
accepted data are then used to correct BOSS quasar spectra in
the following manner:

F.(A) = F)ISVX + 1], “
where F. is the corrected flux density value at a given
wavelength, F is the original flux density value at the given
wavelength, S is the slope of the fit fixed to one as discussed
above, X is the airmass of the plate on which the given quasar
was observed, and [ is the intercept of the fit discussed above.
The best-fit value of S()\) is determined at each wavelength
using the sample of specially designed plates.

Table 6 lists the list of plates used for this analysis. It also
reports the dispersion of the plate which is calculated by taking
the rms dispersion of all the spectra on a plate at each
wavelength from observer frame 5000-6000 A, then taking the
median of those wavelength-by-wavelength dispersions.
Finally, we report the median slope of the ratio spectrum per
thousand angstroms.

A.2.2. Tests to the Initial Correction

To test the quality of the initial correction developed in
Appendix A.2, we rerun the analysis presented in
Appendix A.1 on the data after the initial correction is applied.
The results of these tests are presented in Figure 13 and in the
middle row of panels in Figure 3.

Figure 13 demonstrates that after the correction, the ratio of
BOSS to SDSS spectra is close to one for stellar contaminants
observed in both programs over most of the spectrum, but falls
to 0.9 at short wavelengths. The average slope of this curve
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Table 6
Plates Used in Making the Spectrophotometric Correction to the Data Using the Blue Reduction
Plate Number Blue Standards Airmass RA. () decl. (°) Dispersion Median Slope x 10°
6116 13 1.121 354.5 21.41 0.0231 0.062
6118 11 1.265 3373 21.36 0.0611 0.227
6119 22 1.281 339.6 21.16 0.0574 0.220
6120 23 1.313 3422 20.94 0.0479 0.121
6121 17 1.249 344.8 20.71 0.0341 0.149
6125 15 1.223 354.1 19.75 0.0199 0.125
6126 23 1.040 356.5 19.54 0.0115 0.025
6128 12 1.034 345.7 18.72 0.0184 0.011
6130 21 1.121 350.1 18.30 0.0186 0.062
6131 22 1.136 3523 18.07 0.0259 0.096
6133 15 1.085 357.6 17.73 0.0987 0.064
6136 21 1.177 351.1 16.38 0.0400 0.047
6137 24 1.044 3535 16.19 0.0233 0.032
6139 21 1.080 358.7 15.96 0.0444 0.107
6140 11 1.219 3454 15.02 0.0404 0.117
6141 20 1.073 347.2 14.85 0.0267 0.064
6142 22 1.137 3494 14.67 0.0184 0.078
6146 15 1.186 346.6 13.10 0.0375 0.106
6148 11 1.097 351.1 12.79 0.0284 0.107
6149 23 1.122 353.6 12.65 0.0177 0.120
6157 22 1.097 3529 10.94 0.0454 0.101
6161 15 1.112 355.2 7.32 0.0634 0.083
6162 17 1.089 346.9 9.43 0.0639 0.080
6163 16 1.090 349.4 9.32 0.0187 0.075
6165 22 1.095 353.8 9.11 0.0746 0.069
6168 11 1.116 347.9 7.55 0.0407 0.027
6169 14 1.114 350.2 7.46 0.0745 0.11
6176 15 1.073 1.6 12.49 0.0396 0.065
6185 14 1.062 5.6 16.19 0.0174 0.0863
6189 11 1.082 5.4 10.83 0.0406 0.0531
6198 19 1.203 10.3 16.58 0.0385 0.0986
6290 27 1.060 341.9 24.81 0.0166 0.0436
6291 20 1.222 338.5 23.21 0.0699 0.130
6296 23 1.159 340.4 26.92 0.0293 0.0608
6297 24 1.148 338.0 27.16 0.0244 0.0799
6298 27 1.241 339.7 25.06 0.0258 0.119
6308 22 1.242 3433 22.74 0.0172 0.0867
6735 18 1.087 232.7 46.46 0.0182 0.0594
6737 16 1.028 223.7 46.19 0.0275 -0.0141
6752 21 1.031 217.2 46.82 0.0197 0.0206
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Figure 14. First Panel: the ratio between BOSS and SDSS standard stars on plate 6149 (black) and the median ratio (red) for that plate. Second Panel: a plot of median
plate ratios vs. airmass at a wavelength of 7133 A. Circles represent the median plate ratios at this wavelength, and the error bars represent the rms scatter of that plate
at that wavelength.
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after the correction is 0.0092 per thousand angstroms in the
5000-7000 A range.

The second row of panels in Figure 3 display the magnitude
difference between SDSS imaging photometry and BOSS
synthetic photometry after applying the correction. The results
of this linear fit are reported in Table 5. Evaluating the results at
the median airmass of X = 1.095, we expect a bias in color in
g — rof —0.033 and in r — i of —0.012 mag after the correction.
This is a significant improvement over the differences before the
correction.

One may expect the fit in each of the g, r, and i bands to have
the same value at an airmass of one regardless of the
spectrophotometric correction, as there is no correction at an
airmass of one. However, this is only true for objects with a flat
Spectral Energy Distribution (SED). In this case, the complex
structure of the stellar SED, as well as variations in SED
between stars, adds a nonlinearity to the correction at higher
airmass which changes the slope and intercept of the fit by a
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Figure 16. First Panel: example corrections for spectra at different airmasses using the final spectrophotometric correction laid out in Appendix A.2.4. Airmasses of
bottom (purple) to top (black) lines: 1.00, 1.05, 1.10, 1.15, 1.20, 1.25, 1.30, 1.35. Second Panel: the horizontal axis is the wavelength in angstroms; the vertical axis
shows the ratio between BOSS standard star spectra and their counterparts in SDSS. The median ratio between uncorrected BOSS and SDSS spectra is shown in red,
while the median ratio between final corrected BOSS and SDSS spectra is shown in black (see Appendix A.2.4). The slope of the fit to the corrected ratio, shown as
the black line, is 0.00073 per thousand angstroms between 5000 and 7000 A, and the fit at 6000 A is 1.005.
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Figure 17. First Panel: the ratio between BOSS and SDSS standard star spectra for standard stars at the red focal plane holes. Second Panel: the BOSS/SDSS ratio
after the ratio spectrum on the right has been divided out for two cases: before and after the spectrophotometric correction has been applied, with red showing before

and black showing after.
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small amount. This is the origin of the 0.02 mag shifts in the
intercept of the fit in the r band and 0.03 mag in the i band.

A.2.3. Refining the Initial Correction to Minimize Color Bias

Due to the small number of plates available from the Blue
Reduction, we expect a statistical uncertainty that is larger than
desired for the much larger sample of plates covering the quasar
spectra used in the composite analysis. The residual errors are
demonstrated in the second row of Figure 3 as a population with
non-zero slope. The spectrophotometric correction appears to
overcorrect the bias introduced by fiber offsets.

We assume that the wavelength dependence of the correction is
correct, but the amplitude is too high. We next seek to minimize
the broadband errors by keeping the shape of the correction but
reducing its magnitude. The new modified correction is analyzed
in the same manner as in Appendix A.1. In particular, the offset
between the PSF magnitudes from SDSS and the corrected BOSS
synthetic magnitudes at the mean airmass of 1.095 is recorded at
each reduced correction. Since one of the main results of this
work is a measurement of the spectral index of the quasar sample,
we choose to optimize the correction such that the colors
measured in BOSS (using synthetic photometry) most closely
match the colors measured in SDSS at the median airmass. We
record the difference in g — r, r — i, or g — i after scaling the
slope (S(\)) across all wavelengths by the same constant factor
and identify the scale factor that minimizes the largest color bias
(in g —r, r—i, or g —i). The best fit is a scale factor of 0.83, at
which the color bias in » — i is equal to 0.0186 mag. The results
after applying this consistent scale factor are shown in Figure 3 in
the third row of panels. These results include the correction
outlined in Appendix A.2, and the correction amplitude
adjustment of 0.83. Refer to Table 5 for a summary of the color
bias with no correction, with the initial correction, and with the
final correction.

A.2.4. Performance of the Final Correction

The correction model evaluated at eight different airmasses
is presented in Figure 16. At an airmass of one, there is no
correction, by design; as the airmass increases, the correction
becomes more significant. The correction suppresses flux at
wavelengths A < 4500 A and increases flux at longer wave-
lengths. At the average airmass of the quasar sample of
X = 1.095, the correction at 4000 A is 0.96 and the correction
at 8500 A is 1.21.

After the correction is applied, the ratio between BOSS and
SDSS standard stars is close to one, as shown oin Figure 16. The
slope of the ratio between 5000 and 7000 A is 0.00073 per
thousand angstroms. Over this wavelength range, the ratio
between BOSS and SDSS is one to the sub-percent level. In
general, we expect a bias in color in g — r of —0.018 mag and
in r — i of +0.019 mag after this final correction, a significant
improvement over the previous results.

APPENDIX B
BOSS/SDSS RATIO

In Figures 13 and 16, a residual offset is visible between the
final BOSS corrections and the SDSS spectra_at wavelengths
below 4500 A; the offset exceeds 5% at 3850 A. To assess the
origin of this residual, we derive a median spectrum of the ratio
between standard stars observed in BOSS and SDSS. We
exclude objects near other photometrically detected objects
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SDSS spectra corrected using the method in this work is shown in black, while
the median ratio between corrected BOSS and SDSS spectra using the
correction in Margala et al. (2015) is indicated in red.

(objects with the CHILD flag set) as SDSS fibers are larger than
BOSS fibers and may have included extraneous light from other
objects. Even though these stars provide the reference calibration
for both BOSS and SDSS, Figure 17 shows the same trend in the
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BOSS/SDSS spectral ratio below 4500 A as presented in
Figures 13 and 16. This result indicates the observed residual
is not caused by the correction; instead, it is the result of an
intrinsic difference between SDSS and BOSS flux calibrations.

Stellar spectral models, such as the Kurucz models, are
sensitive to T. and [Fe/H], especially in the near-UV
continuum (Allende Prieto & Lambert 2000). Good standard
star target selection must account for this effect by using a set
of standard stars with similar properties. We examine the
color—color distribution of SDSS and BOSS standard stars and
find that the BOSS standard stars are targeted in a more
discriminating manner, restricting their range in color—color
space compared to SDSS standard stars, as shown in Figure 18.
We hypothesize this residual offset between BOSS and SDSS
flux calibration in the near-UV is caused by the sensitivity of
Kurucz models to differences in T and [Fe /H] of the standard
stars coupled to the differing populations of stars selected
between SDSS and BOSS. Improvements to the stellar models
for calibration stars is beyond the scope of this work and left to
a future effort.

Margala et al. (2015) takes an independent approach to
correcting spectrophotometric calibration of BOSS quasars. In that
analysis, the effects of ADR across the focal plane is predicted
from first principles given optimal guiding, seeing estimates, and
plate design. We apply that correction to the same set of stellar
contaminant spectra used in Appendix A.1.1, and create a BOSS/
SDSS median ratio spectrum similar to the one shown in
Figure 16. We compare our correction and the Margala et al.
(2015) correction in Figure 19. The two deviate most significantly
at 3850 A; the BOSS flux from our analysis is suppressed by 7%
relative to SDSS while Margala et al. (2015) is suppressed by
11%. Over the wavelength range 4800 A <\ < 8200 A, the two
corrections agree to better than 1%.
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