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Abstract. Five gravitational lens candidates were discovered spectroscopically in the Canadian Network for Observational
Cosmology Field Galaxy Redshift Survey (CNOC2). The candidates were identified by discrepant emission lines that do not
match any known features of the target galaxies. The lines were identified as either Lyα λ1216 or [O II] λ3727. Follow-up
near-infrared spectra of three of the five candidates were reduced and examined here. The detection of [[O III]]λ5007 would
unambiguously confirm that the discrepant line is a lensed Lyα. None of the near-infrared spectra for the three candidates
showed definitive proof of the presence [[O III]] lines. The results suggest that the discrepant lines are not lensed Lyα. Future
follow-up observations are needed to confirm the identitiesof the discrepant lines and the nature of the source galaxies.

1. Introduction

Gravitational lensing is a useful astrophysical tool. Lensing
systems provide insights into the matter distributions of the de-
flector galaxies, the morphologies of the source galaxies and
cosmological parameters.

A basic gravitational lens geometry is illustrated in Fig. 1
for point-like source and deflector. The point-mass approxima-
tion provides useful insights into a real gravitational lens sys-
tem. The light path is deflected at an angleγ at the position of
a massive deflector. From the weak-field limit of general rela-
tivity, the angleγ is given as a function of the distancer from
the light path to the deflector:

γ(r) =
4GM(r)

c2

1
r
,

whereM is the mass of the deflector. From the geometry given
in Fig. 1,

γDLS ≃ αDS .

The actual angular separation between the source and the de-
flectorβ can be expressed as

β = θ − α = θ −
DLS

DLDS

4GM
c2θ
.

For the case where the source lies directly behind the de-
flector,β = 0, a complete ring of the source image, called an
Einstein ring, is produced. The angleθ is defined as the Einstein
radiusθE :

θE =

√

4GM
c2

DLS

DLDS
.

For the general case where 0< β < θE , multiple images of the
source galaxy are produced.

Fig. 1. A basic gravitational lens geometry for point-like source and
deflector.

For a galaxy-galaxy lens system, the deflecting galaxy can
be approximated by a singular isothermal sphere. The Einstein
radius is then expressed as

θE = 1.′′455σ225
DLS

DS
,

whereσ225 is the central dark-matter velocity dispersion in
units of 225km s−1 (Narayan & Bartelmann 1999; Hall et al.
2000).

The probability that a bona-fide lens system is indeed
present can be determined by the Einstein radius of the sys-
tem. Provided that the surface density of faint, small galaxies
at high redshift is large, significant number of strong galaxy-
galaxy lens should exist (Miralda-Escude & Lehar 1992).
Observations have shown that the surface density of high-
redshift star-forming galaxies is indeed high (Steidel et al.
1996; Hu et al. 1998). The probability of lensing can then be
considered as independent of source density. The cross section
for lensing then scales asπθ2E . The lensing geometry is de-
scribed by the source and the deflector redshifts. The Einstein
radius can be calculated for a presumed lensing geometry and
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Fig. 2. The spectrum of the luminous early-type galaxy with a strong
discrepant feature at 5588Å. (Warren et al. 1996)

used to estimate the probability of detecting such a lens. Lenses
with smaller Einstein radii are much rarer than lenses with
larger ones.

2. Spectroscopic lens search

The first galaxy-galaxy lens system discovered in a spectro-
scopic survey was presented by Warren et al. (1996). The de-
flector galaxy is a luminous early-type galaxy at a redshift of
z = 0.485. A strong discrepant feature in the target spectrum
does not match any known features of the deflector and is lo-
cated at 5588Å (Fig. 2). Optical images taken of the same sys-
tem suggested the presence of a gravitational lens. The dis-
crepant line was then postulated to be from a lensed high-
redshift source galaxy.

To unambiguously confirm the identity of the discrepant
emission line, a second emission line from the source galaxy
needed to be located. In 1998, the same group presented
the results of their near-infrared spectroscopic observation of
the same system (Warren et al. 1998). The lines of [O III]
λλ4959, 5007 were detected near 2.3µm, corresponding to the
redshift ofz = 3.595 (Fig. 3). The result of Warren et al. (1998)
in the near-infrared secured the redshift of the source galaxy
and identified the discrepant feature in the optical to be Lyα

λ1216.
The spectroscopic discovery of the galaxy-galaxy lens sys-

tem by Warren et al. (1996) presented an alternative method of
gravitational lens search. It has been shown by Steidel et al.
(1996) that the surface density of high-redshift star-forming
galaxies is high. The search strategy is then to find the opti-
mal line-of-sight by identifying a population of effective de-
flector galaxies similar to the early-type deflector galaxy pre-
sented in Warren et al. (1996). Any source lying behind the
deflectors must be significantly lensed. The spectrum of each
of the deflector is then examined for a strong discrepant emis-
sion line which may be from the lensed and magnified images
of a high-redshift source galaxy. Follow-up near-infraredspec-
troscopy is examined to locate a second emission feature from
the source. The presence of [O III] in the near-infrared unam-
biguously identifies the discrepant line as Lyα and constraint
the geometry of the system. The Einstein radius calculated us-

Fig. 3. Two lines [[O III]] λλ4959,5007 of the source galaxy found in
the near-infrared. (Warren et al. 1998)

ing this lens geometry provides the lensing cross-section for
the system.

There are many advantages of spectroscopic lens search
over other methods. It is efficient as the surface density of
high-redshift star-forming source galaxies was shown to be
high (Steidel et al. 1996). The basic lensing geometry is deter-
mined upon discovery from the redshifts of source and deflec-
tor galaxies. The search method is independent of the morphol-
ogy of the lens system, so that it is not affected by ambiguous
morphologies that mimic the effects of lensing.

3. Method and observation

The goal of this project is to investigate in the near-infrared
three of the five gravitational lens candidates presented inHall
et al. (2000). The properties of the three candidates are listed
in Table 1. The candidates were discovered spectroscopically
in the optical in the CNOC2 galaxy redshift survey.

The redshift of each of the target deflector galaxies were
established from multiple spectral features above a set signal-
to-noise ratio. Each lens candidate was identified by a strong
discrepant emission line. The discrepant lines do not matchany
known features of the deflector galaxies and any known emis-
sion lines seen in local galaxies studied by (Sandage 1978).The
the optical spectra of the three objects are shown in Fig. 4. The
discrepant emission lines are marked with vertical lines. These
discrepant lines are identified as either Lyα λ1216 or [O II]
λ3727 by Hall et al. (2000).

If the discrepant lines are Lyα lines from high-redshift star-
forming galaxies similar to the one presented by Warren et al.
(1998), the [O III] doublets should be present in the near-
infrared. The expected locations of the [O III] lines are listed in
Table 1. The lineλ5007 is the stronger of the doublets. The de-
tection of the [O III] doublets would secure the redshift of the
source galaxy and constraint the lens geometry of the system.

The observations in the near-infrared were done at
the European Southern Observatory’s Very Large Telescope
(VLT). The instrument used was the Infrared Spectrometer
and Array Camera (ISAAC). The short-wavelength, medium-
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CNOC2 zde f lector observedλ of zsource zsource expectedλ of O III (Lyα) θE θE
object name cat. number discrepant line (Lyα) (O II) λ5007 λ4959 (Lyα) (O II)
J022336.4-000602 0223.191225 0.51142 5077 3.17764 0.36266 20917 20717 0.87 ...
J144958.6+085447 1447.111371 0.39545 5274 3.33820 0.41503 21721 21513 0.76 0.04
J215057.9-055139 2148.150598 0.10589 6038 3.96509 0.61951 24860 24622 0.15 0.13

Table 1. The properties of the three lens candidates investigated. The wavelengths are in angstroms and the Einstein radii are inarcsec. (Hall
et al. 2000).

Fig. 4. Optical pectra of the three lens candidates. The discrepantlines are marked with vertical lines. The CNO2 catalog numbers were used
to label the objects. Their corresponding IAU nomenclatureobject names are listed in Table 1 (Hall et al. 2000)

resolution spectroscopic mode (ISAAC SW MR) was em-
ployed. The gain of the detector is 4.5 electrons/ADU. The
spectral regions covers the expected locations of the [[O III]]
lines listed in Table 1.

The first two lens candidates, J022336.4-000602 and
J144958.6+085447, were allotted eight hours of observing
time including overhead at better than 1.0′′ seeing. Each of
the two targets had 24 exposures with 500 seconds of expo-
sure time for each. The third target, J215057.9-055139, is ob-
servationally the most challenging. The expected locationof
the [[O III]] lines are at∼ 2.5µm, a spectral region of increas-
ing thermal background. Including overhead, ten hours of ob-
serving time with better than 0.6′′ seeing was required for this
target. Over five nights, 130 250s-exposures were taken. Note
that the number of exposures required is a lot higher than that
of optical spectroscopy because of the strong background flux
in the infrared region.

4. Reduction of near-infrared spectra

The most obvious difference between near-infrared spectra and
optical spectra is the large background flux relative to the object
in near-infrared spectra.

A commonly used technique to remove the background is
known as ”nodding”. During the observation run, the object is
”nodded” along the slit between two positions along the spa-
tial axis, a lower and an upper position. The frame that has the
object in the lower position is calledA, and the frame that has
the object in the upper position is calledB. A schematic of the
nodding operation is shown in Fig. 5. The nod distance is the

distance between the traces of frameA and frameB. A typical
nod distance is about 400 pixels, corresponding to 60′′. To en-
sure that each spectral trace lies on independent pixels, throw
distances are introduced to the regionsA andB. The spectra are
taken with the target object lying at random positions within the
thrown distance. A typical throw distance is about 120 pixels,
corresponding to 18′′.

The frames are taken in the sequenceABBAAB... and so
on. When reducing the frames, consecutive pairs of framesAB
or BA are subtracted. Because the object is taken at different
positions along the spatial axis, the pairwise subtractions pro-
duce frames with reduced sky background and preserved object
traces.

The reduction steps for the near-infrared spectra of this
project are described as follows:

1. Flat-fielding The raw science frames were flat-fielded with a
master flat frame for each observing night. A flat-fielded frame
is shown in Fig. 6. For flat-fielding only removes the variations
in pixel responses across a frame, sky lines still dominatesthe
frame shown in Fig. 6. The spectral trace of the object at region
A is barely visible at this point of the reduction.

2. Pairwise subtraction The nodding sequence was identified.
Pairwise subtraction was performed for eachAB or BA pair. A
pairwise subtracted frame is included as Fig. 7. It shows the
same region of the frame as Fig. 6. This is aA − B frame. The
trace of frameA is positive (white), and the trace of frameB
is negative (black). Because both theA andB frames have ap-
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Fig. 5. A schematic of the nodding operation. The spectral traces lie at
random positions within the throw distances of regionsA andB.

spectral trace A

dispersion axis

spatial axis

Fig. 6. A typical science frame after flat-fielding. The spectral trace of
the object is dominated by the background flux and is barely visible.

spectral trace B

spectral trace A

dispersion axis

spatial axis

Fig. 7. A typical science frame after pairwise subtraction. The spectral
traces from frameA and frameB are now clearly visible.

proximately the same sky background with the target spectral
traces at different spatial positions, subtracting the frames re-
moves most of the sky background and preserves the spectral
traces (Fig. 6).

3. Isolating the traces Each pairwise subtracted frame is split
into two trace frames, isolating the two spectral traces. Each
negative trace was multiplied by−1 to make a positive trace.

The sky fluxes of anAB pair of science frames may not be
exactly the same. Pairwise subtraction removes most of the sky
flux but may over or under subtract. Fig. 8 illustrates the case

Fig. 8. An example of an over-subtracted sky by pairwise subtraction

Fig. 9. Two isolated trace frames. The trace frame on the right con-
tains the negative of the negative trace. Combining the negative of the
negative trace and the positive trace remedies the over-subtraction of
the sky and gives a sky residual of∼ 0.

where pairwise subtraction over-subtracts the sky. The resid-
ual sky level in Fig. 8 is at∼ −16 ADU. Fig 9 shows the two
isolated trace frames. The trace frame on the right containsthe
negative of the negative trace. Multiplying the negative trace
by−1 gives a sky residual of∼ +16 ADU. Combining the neg-
ative of the negative trace and the positive trace remedies the
over-subtraction of the sky giving a sky residual of∼ 0.

4. Combining the traces The wavelength solutions varied
from one observing night to another. In Fig. 10, the arc spec-
tra from two consecutive observing nights were compared by
subtraction. The location of a sky line varies as much as six
pixels in the dispersion axis, corresponding to about 7.2Å. As
a result, the traces from different observing nights needed to
be combined independently even though they are of the same
object.

Different rejection algorithms for combining the trace
frames were also considered. The purpose of the rejection algo-
rithms are to remove cosmic rays and bad pixels. Three IRAF
rejection routines, “minmax”, “sigclip” and “avsigclip”,were
tested with different combining operations. The “minmax” al-
gorithm rejects the specified number of highest and lowest pix-
els. The “sigclip” and “avsigclip” methods reject pixels using
sigma clipping algorithms.

The standard deviations of the combined frames using dif-
ferent rejection methods were compared in Fig. 11. With the
“minmax” method, the noise of the combined frame is lower
than with no rejection. The noise increases slightly as the num-
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Fig. 10. The difference between arc frames from two consecutive
nights. The comparison shows that the wavelength solutionsvary from
one observing night to another.

Fig. 11. Performances of different rejection algorithms. The type of
combining operation is bracketed.

ber of high and low pixels rejected increases. The increase in
noise is caused by the decrease in the number of pixels aver-
aged, suggesting that rejecting one high and low pixel is suffi-
cient.

Although some of the sigma clipping algorithms show
lower noise in the combined frames, the resulting spectral
traces are eroded near the sky lines. Fig. 12 shows an exam-
ple of this. The combined frame on the left uses the “minmax”
method, while the combined frame on the right uses the “sig-
clip” algorithm rejecting 3σ. It is clear that the “minmax” pre-
serves the trace much better near a sky feature. Sigma clipping
rejected some pixels of the sky flux before combining them,
such that the sky removal operation described in step 3 did not
work properly.

Fig. 12. An example of trace erosion by the sigma clipping algorithm.
The combined frame on the left uses the “minmax” method, while the
combined frame on the right uses the “sigclip” algorithm rejecting 3σ.

Fig. 13. The wavelength variation across the chip along the spatial
axis.

The “minmax” method of rejecting the highest pixel and the
lowest pixel is the optimal rejection method and was adopted
for combining the spectral traces. The centres of the spectral
traces were located. The trace frames were shifted in the spatial
axis correspondingly and combined.

5. Extracting spectra The combined spectra were then ex-
tracted with different aperture sizes. If a lensed image of the
source lies above or below the deflector galaxy along the slit,
the source of the discrepant emission lines may be isolated by
subtracting spectra extracted with different aperture sizes.

The arc spectra were extracted using the same extraction
apertures as the object spectra, except for the centres of the
apertures. Fig. 13 shows the wavelength variation across the
chip along the spatial axis. The locations of the traces were
plotted on the same graph. To minimize the effect of varying
wavelength solutions along the spatial axis, a compromising
centre for the arc aperture was chosen. For this case, the aper-
ture was chosen to centre at pixel 350. The wavelength solu-
tions at line 350 were verified to be approximately the same as
the solutions at line 750.
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6. Constructing the variance spectra The variance spectrum
for each object and aperture size was then constructed. All the
science frames were converted from ADU units to electron
units. EachAB pair of frames were added to obtain the vari-
ance in each nodding subtraction operation. These frames were
split and combined in exactly the same manner as described in
the previous steps. The spectra were extracted using the same
extraction apertures for the object frames, while background
subtraction was omitted in the operation. The square root of
the resulting variance frame gave the level of the noise in the
continuum and higher noise at the locations of sky lines.

5. Results

The reduced spectra with their corresponding noise spectraare
plotted in Fig. 15, Fig. 16 and Fig. 17. The expected locations
of the stronger [O III] doublet are marked with vertical lines.

J022336.4-000602 The discrepant line cannot be a lensed
[O II] line, since the source would have a lower redshift thanthe
deflector. The discrepant line is most likely a lensed Lyα from
the large Einstein radius. The spectrum in the near-infrared
shows no strong features near the expected location of [O III].
There are several possibilities. The discrepant line in theopti-
cal is not a lensed Lyα and is a projected [O II] from a source
in front of the presumed deflector galaxy. Another possibility
is that the discrepant line is indeed a lensed Lyα. The source
galaxy would then be of a different type from the one presented
by Warren et al. (1998), such that [O III] lines of the source
galaxy are weak or nonexistent.

J144958.6+085447 The near-infrared spectrum shows again
no strong features near the expected location of [O III]. Again,
one possibility is that the source galaxy is of different type from
the one presented by Warren et al. (1998) and the discrepant
line is indeed a Lyα. If the discrepant line is [O II], the Einstein
radius would be very small (0.′′04). This would make the sys-
tem almost certainly not a gravitational lens. The discrepant
line would most likely be from a projected source onto the de-
flector spectrum. The spectral profile (Fig. 14) of this target
shows another object very close to the deflector galaxy. The
discrepant line in the optical could come from this source. If
this is the case, this target is not a gravitational lens system.

J215057.9-055139 This target was observationally the most
challenging due to the high thermal background in the spec-
tral region and it shows in the reduction. The sky features in
the near-infrared spectrum could not be properly removed. The
expected location of [O III] lies between two sky features and
shows no presence of emission lines. The Einstein radii for both
the Lyα or [O II] scenario are small. The discrepant line is then
most likely a projected [O II].

6. Conclusion

The detection of [O III] doublets in the near-infrared would
identify the discrepant emission lines in the optical as lensed

Fig. 14. The spectral profile of this target shows another object very
close to the deflector galaxy.

Lyα. None of the three targets showed conclusive evidence of
the presence of [O III] doublets. The intrinsic difficulties in
working with near-infrared spectra and strong sky featuresly-
ing near the expected location of [O III] have made the results
less certain. The next step is to check if the discrepant lines are
[O II] by resolving the doublets in the optical. If the the dis-
crepant lines are identified as [O II], that almost certainlyruled
the targets as gravitational lens systems because of the small
Einstein radii. The proposal has been written on this premise.
The results of this project and the proposed observations could
help refine the spectroscopic lens search by distinguishingLyα
from [O II] doublets.
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Fig. 15. Reduced spectrum of object J022336.4-000602. The expectedlocation of O III is at 20917Å, for a source galaxy redshift ofz = 3.17764

Fig. 16. Reduced spectrum of object J144958.6+085447. The expected location of O III is at 21721Å, for a source galaxy redshift ofz = 3.33820

Fig. 17. Reduced spectrum of object J215057.9-055139. The expectedlocation of O III is at 24860Å, for a source galaxy redshift ofz = 3.96509
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The first galaxy-galaxy lens system discovered in a spectroscopic survey was 
presented by Warren et al. (1996). The system was identified by a strong discrepant 
emission line that does not match any known features of the deflector galaxy. In 1998, 
near-infrared observation of the same system was done and the [O III] doublets of the 
source galaxy were located. The [O III] doublets identified the discrepant line as 
Lyman alpha and secure the redshift of the source galaxy at z~3.  

The spectroscopic discovery of the galaxy-galaxy lens system by Warren et al. (1998) 
presented an alternative method of gravitational lens search. It has been shown by 
Steidel et al. (1996) that the surface density of high-redshift star-forming galaxies is 
high. The search strategy is then to find the optimal line-of-sight by identifying a 
population of effective deflector galaxies. Any source lying behind the deflectors 
must be significantly lensed. The spectrum of each of the deflector is then examined 
for a strong discrepant emission line which may be from the lensed and magnified 
images of a high-redshift source galaxy. Follow-up near-infrared spectroscopy is then 
examined to locate a second emission feature from the source. The presence of [O III] 
doublets in the near-infrared unambiguously identify the discrepant line as Lyman 



alpha and constraint the geometry of the system. The Einstein radius calculated using 
this lens geometry provides the lensing cross-section for the system.  

There are many advantages of spectroscopic lens search over other methods. It is 
efficient as the surface density of high-redshift star-forming source galaxies were 
shown to be high. The basic lensing geometry is determined upon discovery from the 
redshifts of the source and deflector galaxies. The search method is independent of the 
morphology of the lens system, so that it is not affected by ambiguous morphologies 
that mimic the effects of lensing.  

The CNOC2 field galaxy redshift survey produced five gravitational lens candidates 
(Hall et al. 2000). Each of the lens candidates was identified by a strong discrepant 
emission line (Fig. 1). The near-infrared spectra of three of the targets did not show 
conclusive proof of the presence of [O III] doublets. This result suggests a couple of 
possibilities. If the discrepant line in the optical is indeed Lyman alpha, it would mean 
that the source high-redshift galaxy is of a different type from the one presented in 
Warren et al. (1998). If a discrepant line is identified to be [O II], then the source 
galaxy of the discrepant line is at low redshift. It would also suggest that the target is 
most likely not a gravitational lens system, because of the small lensing cross-section 
in this configuration.  

We presume that the discrepant emission line is [O II] and propose to resolve the 
doublets. If the [O II] doublets are resolved, there would be no doubt that the 
discrepant line is not a Lyman alpha. The source galaxy would be a low-redshift one. 
As a result, the first two targets would essentially be ruled out as lens systems. The 
last target could be a low-redshift lensed system. The results can help refine the 
spectroscopic lens search strategy. The discrepant lines discovered in the optical could 
be resolved such that the identity of the line can be narrowed down. Follow-up near-
infrared spectroscopy then can search for a second emission line from the source to 
confirm the redshift of the source galaxy.  
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are presumed to be [O II] lines here. The [O II] doublets have rest-frame wavelengths 
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The redshift of the source galaxies, if the discrepant lines are presumed to [O II], are 
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required stays constant among the three targets at about 1240. To resolve the doublets 
properly, a resolving power of R=2500 is proposed. The GMOS B1200 grating 
provides an adequate resolving power of 2808 with a 0.75 arcsec slit width. The 
B1200 also provides good efficiency of at least 60% at the desired spectral region 
between 5000 to 6000 angstroms.  

The line fluxes of the discrepant lines presented by Hall et al. (2000) are listed in 
Table 1. If a discrepant line is indeed [O II], the line flux observed by Hall et al. (2000) 



is the integrated flux of the two lines. The goal here is to resolve the weaker of the 
two lines at 3726 angstroms. The line flux of the weaker line is approximately 25% of 
the integrated flux for a flux ratio of 1:3. The expected line flux for the first two 
targets is approximately 3*10^-17 ergs cm^-2 s^-1, and for the last target is 1*10^-17 
ergs cm^-2 s^-1.  

The water vapour content does not affect the spectral regions of these observations. 
The goal of the observations is only to detect the presence of the [O II] doublets, 
therefore there is no stringent demands on the observing conditions.  

A signal-to-noise ratio of about 6 will adequately resolve the [O II] doublets. Each of 
the first two targets requires 7200s of on-target exposure, 25 minutes of telescope 
setup time and 96s of CCD readout time. The last target has a slightly lower line flux. 
It requires 9600s of on-target exposure and the same overhead as the first two targets. 
That makes a total of 8 hours of observing time for the three targets. The resulting 
signal-to-noise ratios determined by the integration time calculator are included as Fig. 
2, Fig. 3 and Fig. 4 for the three targets.  
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cm^-2 s^-1 146.6 minutes 

     GSC0091800865 
(oiwfs) 14:50:08.904 8:54:43.63 11.36 mag separation 2.55

     observing conditions: Global 
Default resources:  
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CNOC2 zde f lector observedλ of zsource expected∆λ minimum integrated expected line flux
object name cat. number discrepant line (O II) of O III R line flux of O II λ3726
J022336.4-000602 0223.191225 0.51142 5077 0.36266 4.09 1241 12.0 3.00
J144958.6+085447 1447.111371 0.39545 5274 0.41503 4.25 1241 13.0 3.25
J215057.9-055139 2148.150598 0.10589 6038 0.61951 4.86 1242 5.4 1.35

Table 1. The properties of the three lens candidates. The wavelengths are in angstroms. The line fluxes are in units of 10−17ergs cm−2 s−1 (Hall
et al. 2000).

Fig. 1. Spectra of the three lens candidate. The discrepant lines are marked with vertical lines. The CNO2 catalog numbers were used to label
the objects. Their corresponding IAU nomenclature object names are listed in Table 1 (Hall et al. 2000)
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Fig. 2. The signal-to-noise ratio output from the integration timecal-
culator for object J022336.4-000602.

Fig. 3. The signal-to-noise ratio output from the integration timecal-
culator for object J144958.6+085447.
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Fig. 4. The signal-to-noise ratio output from the integration timecal-
culator for object J215057.9-055139.
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