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The Counter Arc to MS1512-cB58 and a Companion Galaxy!

Harry 1. Teplitz,2 Matthew A. Malkan,® & Ian S. McLean?

ABSTRACT

We present near-infrared spectra of “A2” the primary counter arc to the
gravitationally lensed galaxy MS1512-cB58. The spectra show redshifted He,
[NII], [OIII], and HB at z = 2.728 +0.001. We observe the same Ha/[OII]] ratio
as cB58, which together with the redshift confirms that A2 is indeed another
image of a single background galaxy. Published lensing reconstruction reports
that A2 is a magnification of the entire source, while ¢cB58 is an image of only
a part. At marginal significance, A2 shows higher line to continuum ratios than
cB58 (by a factor of ~ 2), suggesting a non-uniform ratio of young to old stars
across the galaxy. We observe a second emission line source in the slit. This
object, “W5” is predicted to be a lensed image of another galaxy at a redshift
similar to ¢B58. W5 is blueshifted from c¢B58 by ~ 400 km s=! and has a
significantly lower Ha/[OIII] ratio, confirming that it is an image of a different
background galaxy in a group with ¢B58. The Ha emission line in W5 implies a
star formation rate of 6 Mg yr=' (Hy = 70 km s™! Mpc™!, Qy = 0.3,Q4 = 0.7),
after correcting for lensing magnification.

Subject headings: cosmology: observations — galaxies: evolution — galaxies:
individual (MS1512-cB58) — gravitational lensing — galaxies: high-redshift

1. Introduction

Most of the detailed spectral information on z > 2 galaxies has come from observation
of the rest-frame ultraviolet redshifted into the optical passband. The Lyman Break Galaxies

!Data presented herein were obtained at the W.M. Keck Observatory, which is operated as a scientific
partnership among the California Institute of Technology, the University of California and the National
Aeronautics and Space Administration. The Observatory was made possible by the generous financial
support of the W.M. Keck Foundation.

2Spitzer Science Center, MS 220-6, California Institute of Technology, Pasadena, CA 91125. Electronic
mail: hit@ipac.caltech.edu

3Department of Physics & Astronomy, UCLA, Los Angeles, CA 90095.
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(LBGs; Steidel et al. 1996, 2003) are strongly starbursting galaxies, and in principle may
be the tracers of the global star formation history of the universe (Madau et al. 1998) if the
effects of dust extinction on the UV continuum can be quantified. The average attenuation
from dust has been suggested to be between a factor of < 2 and 10 (Pettini et al. 1998; Trager
et al. 1997). Even with the advent of IR spectrographs on large telescopes, only a few dozen
z > 2 starbursts have been spectroscopically observed in the rest frame optical (e.g. Teplitz
et al. 2000a, 2000b; Kobulnicky & Koo 2000; Pettini et al. 1998, 2001; Lemoine-Busserolle
et al. 2003; Erb et al. 2003).

MS1512-¢B58 (hereafter cB58) is a strongly lensed, but otherwise typical, star-forming
galaxy at z=2.729 (Yee et al. 1996; Seitz et al. 1998, hereafter S98). Its magnification by a
factor of ~ 30—50 makes it the apparently brightest LBG known. Spectra have been obtained
in the rest-frame UV (Pettini et al. 2000) and optical (Teplitz et al. 2000b, hereafter T00).
Lensing reconstruction identifies another faint source in the same field as a counter arc to
cB58 (S98). This object, designated “A2” by S98, is a magnification of a different part of
the same background source. Thus the gravitational lensing provides a means to spatially
resolve the observations of this intrinsically faint source. Reconstruction shows that ¢B58
is a magnification of only half of the source galaxy, including the nucleus, and that A2 is a
magnification of the entire source.

The lensing model also identifies several other faint objects as probable arclets that are
magnified by the foreground cluster (see S98 and their Figure 1). At least four background
objects are likely to be lensed: the A source, magnified as ¢cB58 and A2; the B source,
possibly at z ~ 3; the C source, most likely at a redshift slightly larger than ¢B58; and the
W source, which should have a redshift similar to ¢cB58. The W system of consists of five
arclets: three sources with “shrimp-like” morphologies in the Hubble Space Telescope (HST)
imaging; a fourth, very faint source; and a probable 5th image with an uncertain predicted
location.

In this paper, we present near-infrared (NIR) spectra and K’ imaging of A2 and the
probable fifth image of the W source, which we call W5. The data were obtained with
the NIRSPEC instrument on the Keck II telescope. We also compare our new observations
with archival HST imaging of the objects. Throughout the paper, we will adopt a flat,
A-dominated universe (Hy = 70 km s™' Mpc™, Qp; = 0.3,Q4 = 0.7).
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2. Observations and Data Reduction
2.1. Spectroscopy

On 4 April 2002, we obtained the NIR spectrum of A2, using NIRSPEC (McLean et
al. 1998, 2000) on the 10-m W. M. Keck II telescope. Observations were taken in the low
resolution, long slit mode, using a four pixel wide slit (0.76”). Spectra were obtained in both
the H and K bands (1.5-2.5 gm). In this mode, the instrumental resolution is R ~ 1000.
The weather was photometric and seeing was very good during the observations, with point
source full width at half maximum (FWHM) of 0.4” or better throughout. The spectra
were obtained with the N6 and N7 filters, corresponding roughly to the H- and K bands
respectively. Individual integration times were 600 seconds. The telescope was nodded
along the slit between exposures to facilitate sky subtraction. The total integration times
were 1800 and 3600 seconds in the H- and K-bands respectively.

The slit was rotated to a position angle chosen to observe both a bright reference object
and A2. The reference object facilitates registration of nodded observations and allows us
to monitor the guiding during the observation. By choosing the cD galaxy at the center of
the MS1512 cluster for our reference, we also placed W5 in the slit. The position angle of
the slit was 294.58° East of North. Figure 1 shows the orientation and location of the slit.

To reduce systematic uncertainties, we observed the same calibration stars used by T00
for atmospheric extinction correction and flux calibration. These stars are a G star for the
H-band (PPMM 130690) and an A2V star for the K-band (HR5569). Halogen flat fields and
spectra of argon and neon arc lamps were taken immediately after the target observations
and before moving the mechanisms, in order that the calibration most closely reproduce
conditions during the observations.

Data were reduced following the procedures in T00 and Teplitz et al. (2000a). Standard
IDL and IRAF* routines were used for flat fielding and fixing bad pixels. Rectification of
the 2D spectra was performed using custom IDL software, which uses linear interpolation
to independently rectify the spatial and spectral dimensions. The output pixel scale is
4.16A /pix, and unresolved arc lines have FWHM ~ 15 A, for a final resolution of R ~ 1050
at 1.6 pm.

For spectroscopy of faint objects in the near-IR, sky subtraction is a crucial step. The
sky frame for each observation was made by scaling the other half of the nodded pair. The
OH sky lines vary independently from each other and therefore must be scaled individually.

4IRAF is distributed by NOAO, which is operated by AURA Inc. under contract to the NSF.
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Each nodded pair was rectified in two dimensions and a scaling factor determined for each
row (the spatial dimension). Then the image of scaling factors was de-rectified onto the
original pixel scale and applied to the unrectified sky image. By subtracting the sky in
original pixels, we obtain better signal to noise, because the interpolation in the process is
of the scaling factor.

The sky-subtracted spectra were then rectified in two dimensions and the nodded pairs
registered. The final 2D spectrum was a weighted mean of the individual frames. Weights
were determined using variation in the brightness of the reference object, under the assump-
tion that such variation was the result of small guiding errors. A 1D spectrum was extracted
using an optimal extraction vector determined from the calibration star continuum shape.
Extracted spectra were corrected for atmospheric absorption using the standard stars. Flux
calibration also relied on the calculation of flux density per data number per pixel in the
standard star.

2.2. Imaging

NIRSPEC’s slit-viewing camera, SCam, images a 46" x 46” area around the entrance
slit in parallel with spectroscopic observations. The camera has a 256 x 256 pixel (PICNIC)
HgCdTe array detector, with a plate scale of 0.18” per pixel. During setup for the first
spectrum, we used the SCam to observe the MS1512 field in the K’ filter. Four 60 second,
dithered exposures were taken, each consisting of 4 coadds of 15 seconds. The images were
reduced using standard IRAF procedures. A flat field was created from the median of all
K’ observations throughout the night. We were unable to observe photometric standard
stars in the same filter during that night; however, we use the image to measure differential
photometry from published values for ¢cB58 (Ellingson et al. 1996).

WEFPC2 optical images of the field were obtained from the Hubble Space Telescope
archive. The data were processed by the Space Telescope Science Institute as part of the
new WFPC2 associations archive®, which provides mosaiced data combined using the drizzle
technique (Fruchter & Hook 2002). Data were originally obtained by the programs GO 6003
(Saglia et al., see S98) and GO 6832 (Yee et al.). Fully-reduced mosaics were available in
the archive in the F555W, F675W, and F814W filters, corresponding roughly to the V, R,
and I passbands, with exposure times 19,800 seconds, 10,400 seconds, and 7600 seconds
respectively.

Shttp://archive.stsci.edu/hst/wfpc2/
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In both the WFPC2 and K’ images, the flux in ¢B58 is measured using ellipse fitting
to establish the curve of growth. The flux is then scaled to the photometry from Ellingson
et al. (1996) to establish relative zero points for the images. A2 is well separated from
nearby objects and we measure its flux using aperture photometry. The W5 photometry
is contaminated by its juxtaposition with the foreground cD galaxy. We measure the flux
from W5 in a small aperture (0.3 arcsecond radius). To estimate contamination from the cD
galaxy, we measure the same aperture in other regions of the cD galaxy at equal distance
from its center. We then perform an aperture correction to estimate Wb5’s total flux, basing
the correction on the curve of growth of A2. To check this procedure, we also measured
W5 in an image with a model of the ¢D galaxy subtracted (from S98) and obtained results
consistent at the 20% level.

2.3. Equivalent Widths

In order to compare the new observations directly with the spectrum of ¢B58, we have
re-reduced that data to use the same flux calibration technique. In T00, the flux calibration
relied on measurement of the equivalent width using the continuum in the spectrum. They
performed a linear fit to the continuum across the entire wavelength range (either J, H or
K) and used the derived flux at the wavelength of each emission line in the calculation of
the equivalent width (EW). This procedure was not fully explained in the text of T00.

In the present data, EWs cannot be measured directly from the spectra, because de-
tection of the continuum is poor. Instead, the EW of lines in A2 is estimated as the ratio
of the measured flux to the continuum flux density in the photometry. The flux density is
normalized to the median wavelength of the filter, and the slope of the continuum is assumed
to match that measured in ¢B58. H-band photometry is not yet available for A2 or W5. For
A2, we assume that the H-K color is the same as in ¢B58. The optical colors are of the two

counterparts are nearly identical. This assumption introduces an unknown uncertainty into
our ability to compare the EW([OIII]) of A2 to c¢B58.

The K-band photometry of W5 has a low signal to noise ratio, and the H-K color is
not known, so EWs are not estimated for W5. The lines must have fairly high equivalent
width to be detectable, given how faint W5 is in the continuum. We do not detect the
continuum in the spectra, but the lines are convincingly real. Each line is detected in each
of the individual exposures of each nodded pair of spectra.
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2.4. Estimating the Uncertainties

Each step in the calculation of the EW has an associated uncertainty:

First, we measure the line intensity in DN and convert to flux using the spectrophoto-
metric calibration from the standard star. The spectrophotometric calibration is uncertain
due to our knowledge of the standard star and the variation in the atmosphere between the
observations of the source and of the standard. Together, we assume those factors intro-
duce a 10% uncertainty. The measurement of the line is uncertain due to shot noise in the
background and Poisson noise in the source. We measure these from the square root of an
extracted sky spectrum added to the object spectrum.

Next, we divide by the flux density of the continuum under the line, assuming the slope
of the continuum in A2 matches that in ¢B58. The linear fit is uncertain at the 5% level
(based on repeated measurements of the cB58 spectrum). The linear fit is normalized by
the photometric measurement, which has less than 10% uncertainty for ¢B58, but has 16%
uncertainty in A2.

Finally, as noted above, the [OIIl] measurement has additional (unquantified) uncer-
tainty due to the current lack of H-band photometry.

3. Results

Figure 2 shows the NIRSPEC-SCam K-band image of the MS1512 field. Table 1 lists
the photometry measured in the WFPC2 and NIRSPEC imaging. Figure 3 shows the two
dimensional NIRSPEC spectra; Figures 4 and 5 show the extracted H and K spectra of A2
and W5. We clearly detect the [OIII] doublet and Her in both objects. Hf falls partially on
a night sky line. Table 2 gives the measured flux for the Ha and [OIIT] 5007A emission lines.

3.1. Comparison of A2 and cB58

The spectra confirm that A2 is a magnification of the same source galaxy as cB58. Their
redshifts are nearly identical, 2.7288 + 0.0007 compared to 2.7290 4+ 0.0007 (T00). The Vss55-
band WFPC2 photometry is consistent with the S98 measurements from separate reduction
of the same data. The additional Ig14- and K-band data confirm the brightness and therefore
that the magnification of A2 is ~ 11 times less than that of ¢cB58.

Any possible differential velocity between A2 and ¢B58 must be less than 125 km s 1.
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This small velocity difference provides no evidence of a systematic rotational velocity across
the face of the source galaxy. Erb et al. (2003) observe rotational velocities of 50 < v, < 240
km s7! from Ho in LBGs at z ~ 2.3. Only the largest values of v, in their sample would
be detectable with the resolution we obtain in comparing A2 and c¢B58. That is, if v, were
calculated only twice for each galaxy in the Erb et al. sample (once averaged over the entire
source, and once averaged of half the source), then only the largest v, would be detected.
Lemoine-Busserolle et al. (2003) observe velocity gradients of ~ 240 km s™!

resolved NIR spectra of z ~ 1.9 galaxies. Gradients of that magnitude are detectable with

in spatially

our resolution.

The limit on rotational velocity in the A source is consistent with the value inferred
from the emission line widths. The FWHM of lines detected in ¢B58 suggests Av ~ 190

km s*

, after correcting for instrumental resolution. None of the emission lines in A2 are
resolved in velocity. Given the four-pixel entrance slit, this velocity resolution limit is ~ 250
km s~!, which is consistent with ¢cB58. The resolution of the A2 spectra is lower than in the

cB58 observation, because we used a wider entrance slit for A2.

Comparison of the characteristics of A2 and ¢cB58 provide spatially resolved information
about the source galaxy. The ratio of the strongest emission lines (He, [OIII]) is the same,
within the uncertainties, for the two arcs. Better measurements are needed to estimate
metallicity from the A2 spectra. Detections of HF and [OII] would allow us to infer the
oxygen abundance from the ([OII] + [OIII])/H@ ratio, which is often denoted Ra3 (Pagel et
al. 1979). Nonetheless, the Ha:[OIII] ratio suggests that the metallicity is the same in A2
as ¢BbH8, indicating no metallicity gradient in the source galaxy. A strong spatial variation
of the extinction could also cause a difference in the emission-line ratio, so we conclude that
the extinction has no strong gradient.

[NII] is marginally detected. Its EW is consistent with ¢B58 as measured by T00, but
we cannot rule out a factor of two overestimate in the previous measurement as suggested by
Pettini et al. (2002). The nitrogen abundance sets a lower limit on the age of the galaxy if
it is high enough to require a secondary phase of metal production (Kobulnicky & Zaritsky
1999). The Pettini et al. estimate suggests that such a phase is not needed.

A possible difference between ¢B58 and A2 is that the EW of the strong emission lines
in A2 is larger than that observed in ¢B58. This difference is significant only at the 2.50
level in the current data, but is nonetheless intriguing. We assume that the continuum comes
mostly from older stars and that the strong emission lines are reprocessed radiation from
young stars. The difference in EW, then, may result from a non-uniform distribution of
recent star formation across the face of the source galaxy. Adopting this explanation, we
infer the relative the star formation rate (SFR) in the two images of the A source. From
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Kennicutt (1998): SFR(Mg yr™!) = 7.9 x 1072L(Ha)(ergs s7'). The SFR of A2 is 144
Mg /yr, only a factor of four lower than cB58, compared to a magnification ratio of 11.
The lensing reconstruction (S98) shows that cB58 is a magnification of only half the galaxy,
including most of the nuclear region. It is unlikely, therefore, that the difference is simply
the result of nucleus-centered star formation.

The apparent EW difference between A2 and c¢B58 is strikingly large. Both images
encompass at least half of the source galaxy. Thus, an EW ratio of two would imply that
the part of the galaxy not magnified into ¢B58 has a line to continuum ratio that is three
times larger of the other half. This difference would be surprising for a galaxy that does
not have an highly irregular morphology. Although, there are examples of intrinsically
asymmetric starbursts at similar redshift (Lowenthal et al. 1996), perhaps the results of
mergers (Conselice et al. 2003), there is no indication of such asymmetry in the HST image
of ¢B58. In fact, S98 suggest that, contrary to our results, cB58 should be a “zoom” into
the region of highest star formation density.

3.2. Confirmation of W5

The location of W5 is consistent with the position of a lensing arc of the W source galaxy
as predicted by S98. We convincingly measure Ha and [OI1I], although the continuum is
too faint for detection. From the optical emission lines, we infer a systematic redshift of
2.724 £ 0.001. This redshift confirms the S98 prediction that the W source is a different
galaxy than the A source, although both are at similar redshift.

The faintest component of the W system, WC (see Figure 1), has a magnitude of
Vsss = 27.04 + 0.6 (S98). WC is too faint to be seen in the NIRSPEC K-band image.
Extinction by the cD galaxy may suppress the observed Viss-band flux of W5, but it is
about a magnitude brighter than WC, so it appears to be magnified by at least that much.
The Rgrs-band detection of W5 is consistent with this estimate, but the Rgrs-band fluxes
of both W5 and WC are more uncertain. The one magnitude of magnification is small
compared to the factor of 10 by which the W1 component of the system is magnified (S98).

From the magnification-corrected Ha emission line, we can infer SFR of the W source.
A magnification factor of 2.5 suggests an unlensed SFR of 6 My, yr~!. It is impractical to
infer the SFR from the UV continuum of W5, given the extinction by the cD galaxy. We
can estimate the redshifted 1500A continuum of the W source from the F555W flux of its
other lensed images. The UV continuum implies SFR~ 1.3 Mg, yr~! (Kennicutt 1998). This
factor of four difference between the SFRs inferred from Ha and the UV, is the same as the



difference observed for ¢B58.

The Ha/[OIII] ratio in W5, 0.41 £0.13, is significantly lower than in the A source. This
ratio is an upper limit, as one might expect there to be some absorption by the foreground
cD galaxy. It is tempting to explain the difference in the Ha/[OIIl] ratio between the W5
and cB58 (i.e. the A source) as the result of lower intrinsic reddening in the W source.
However, we have seen that the ratio of SFRs inferred for the W source from UV-continuum
and Ha is consistent with the extinction in the ¢B58, E(B-V)~ 0.25 (T00; Pettini et al. 2000;
Baker et al. 2001). Apart from reddening, the stronger [OIII] emission in W5 could also be
a sign that it has lower metallicity than ¢cB58. Oxygen line strengths in sub-solar metallicity
galaxies can decrease with increasing oxygen abundances due to cooling. A lower limit on this
effect occurs at Z ~ 0.3Z, because the lack of oxygen atoms reduces the line strength (i.e.
Kobulnicky et al. 1999). The W source is likely to have relatively low metallicity; most LBGs
have oxygen abundances of several tenths of solar (Pettini et al. 2001), and metallicity is
typically lower in less massive star forming galaxies (i.e. Melbourne & Salzer 2002). Finally,
the [OIII] strength in W5 could be an indication of an active nucleus. However, we do not
detect other lines that might be expected from a narrow-line Seyfert (such as strong [O]]
6300A) or the presence of broadened wings to the Balmer line.

We do not know the transverse separation of the A and W sources in the spatial di-
mension, but we expect that it is smaller than the apparent separation between the counter
arcs. The separation of ¢cB58 and A2 is 15.3”, and the widest separation in the W system
is comparable. At z = 2.72, this implies a proper distance of 121 kpc. Such a separation
suggests these objects are not interacting, but may be in a small group. It is possible that
other potential lensed objects in the system are at the same redshift. Some members of the
same group may lie outside the region magnified by the foreground lensing cluster.

4. Discussion

The large magnification of ¢cB58 makes it an important target for available instrumen-
tation at many wavelengths. For example, it is a planned target for Spitzer guaranteed time
observations, which will probe the star-formation and dust content of such galaxies. The
addition of the counter arc, A2, and the companion galaxy, W, serve to increase the return
on future observations of the field. We expect that confirmation of the C and possibly B
sources will soon show them to be members the same group.

We have shown that A2 is the counter image of MS1512-cB58. The spatial resolution
provided by differential magnification suggests an uneven distribution of star-forming regions
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in the source galaxy. The rotational velocity limit obtained from the A2 spectrum supports
other observations of LBGs at somewhat lower redshift. We have also confirmed the existence
of the companion W source, which is intrinsically fainter than the A source. The probable
lower metallicity in the W source might be evidence of the luminosity-abundance relationship
at high redshift (Kobulnicky et al. 2003).

These lensed LBGs are valuable examples of moderate luminosity galaxies. The mag-
nification enables detailed studies of average luminosity galaxies at high redshift. A larger
sample is still needed, however, to draw more general conclusions. Other galaxy clusters
offer magnified star-forming galaxies at high redshift as well (i.e. Fosbury et al. 2003), but so
far none of comparable brightness have been discovered. Future study of lensed LBGs will
extend to higher redshifts (i.e. Ellis et al. 2001). In fact, the observation of gravitationally
lensed sources may reveal the highest redshift and intrinsically faintest sources (Pell6 et al.
2003).

We thank S. Seitz for useful discussions. The research described in this paper was
carried out, in part, by the Jet Propulsion Laboratory, California Institute of Technology,
and was sponsored by the National Aeronautics and Space Administration.
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Table 1. Photometry

Object  F555W 5 F675W 45 F814W 4 Kagp

cB58'  20.644+0.05 20.41+0.05 20.3540.05 19.61 40.12
A2 23.26£0.08 23.03£0.08 22.954+0.08 22.09+0.19
W5 26.0 £0.2 26.1£0.3 26.8£0.3 234+£0.3

'Photometric magnitudes are scaled to the values of Ellingson et
al. (1996), but the uncertainties reflect the measurements in this
study. Photometry of A2 and W5 are measured relative to these
data points.
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Table 2. Emission Lines

Object [OIII] 5007 Ha

)\obs (,um> I/Vresta Fb )\obs(,um) Wresta Fb
cB58° 1.86678 974+15 14.7+1.5 2.4475 106 +16 12.6+1.4
A2 1.86731 273 £ 56 4.3+0.6 2.4468 261 £+ 59 3.1+£0.5
W5 1.86338 .-+ 0.80%£0.19 2.4453 -+ 0.33£0.09

aRest-frame equivalent width in A
PObserved line flux in units of 1076 ergsem=2s7*

“Data from Teplitz et al. (2000)
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Fig. 1.— Orientation of the NIRSPEC slit. The slit is plotted over a 20” x 20" section of
the F675W WFPC2 image.
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Fig. 2.— The K-band image of the field, taken with the NIRSPEC Slit-viewing Camera.
The image is 32" x 32”. The image is a at a position angle 9 degrees clockwise from Figure
1.
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Fig. 3.— The two dimensional spectra in the H (left) and K (right) bands. The images show
only a subset of the entire spectra, focusing on the region with strong emission lines. The
images show spectra regions covering 520A and 700A respectively. In each image, the strong
W5 emission line is seen below the cD galaxy spectrum. The variation in the ¢D spectrum
is the result of varying atmospheric transmission rather than spectral features.
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Fig. 4— H-band spectrum of A2. Detected emission lines are indicated. Night sky lines
with particularly poor subtraction are shown by shaded regions.
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Fig. 5.— K-band spectrum of A2. Detected emission lines are indicated.





