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Abstract
Source confusion determines the useful depth to which
to take large-area extragalactic surveys. 3D imaging spectrometers, with positional as well as spectral information,
however, can potentially provide a means by which to
break the traditional confusion limit.
In this poster we present the results of our investigation into the eﬀectiveness of mid/far infrared, blind,
wide area spectroscopic surveys with SAFARI in breaking through the confusion limit. We generate an artiﬁcial
sky representative of 100 SAFARI footprints based on two
galaxy evolution models: bright-end and burst-mode. Using a fully automated redshift determination method we
ﬁnd we can accurately estimate redshifts for 37 and 53% of
sources with continuum ﬂuxes that are as much as an order
of magnitude below the traditional continuum confusion
limit (at 120 μm) for the bright-end and burst-mode evolution models respectively. Our results suggest that deep,
blind spectral line surveys with SAFARI will be able to
break the traditional photometric confusion limit, allowing us to resolve a signiﬁcant number of previously inaccessible galaxies, and so potentially to diﬀerentiate between
diﬀerent galaxy evolution models.
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1. Introduction
Source confusion may be deﬁned as the degradation of the
quality of photometry of sources projected on a scale to
the order of the telescope beam size (Scheuer, 1957). The
confusion limit sets the useful depth to which large-area
extra-galactic surveys should be taken. For example, the
Herschel mission (Pilbratt, 2004) (launched in 2009) has a
3.5 m diameter mirror which realizes an angular resolution
of ∼8” at 120 μm. At these wavelengths, the confusion
limit for such a mirror is estimated to be around ∼5 mJy
(Dole et al., 2004; Jeong et al., 2006; Le Borgne et al.,
2009). Surveys at 24 μm suggest that at these ﬂux levels
one will only be able to resolve at most ∼ 50% of the
cosmic infrared background (CIB) (Dole et al., 2004; Le
Borgne et al., 2009). It is possible to reduce the confusion
limit at a given wavelength by by increasing the diameter
of the mirror. However, far-infrared (FIR) observations

are necessarily made from space, which places a practical
limit on the telescope diameter and thus by how much we
can reduce the confusion limit.
One way to break the confusion limit makes use of the
extra dimension of wavelength, to which one has access in
spectroscopic surveys. Discrete sources can be identiﬁed
by relatively bright, narrow-band emission lines: by comparing rest-wavelengths with observed wavelengths one
can uniquely determine redshift.
A preliminary study to explore the eﬃcacy of blind,
wide area, spectroscopic surveys in identifying FIR sources
is described in Clements et al. (2007). In this work an
artiﬁcial ‘sky’ was populated with spectra based on template FIR/mid-infrared (MIR) spectral energy distributions (SEDs) with FIR emission line strengths taken from
ISO-LWS observations. The ‘sky’ was observed using instrumental parameters matched with those of SAFARI
(i.e. ﬁeld of view, spectral resolution, sensitivity, etc.).
Redshifts were determined by hand by comparing the positions of the [OI] and [CII] lines, at 63.2 μm and 157.7
μm respectively, to the position of the peak of the SED.
Clements et al. found that it was possible to accurately estimate redshifts for sources as much as ∼5 times below the
traditional continuum confusion limit at 120 μm. Sources
at redshifts z < 2.5 and with 120 μm ﬂux S120μm > 1 mJy
were accurately estimated with 100% eﬃciency.
In this work we examine a new, much larger artiﬁcial ‘sky’ populated with better template SEDs with both
FIR/MIR emission lines and employ a new automated
method of evaluating source redshifts in a time eﬃcient
manner. By way of comparison a Figure of σc (λ = 120
μm) = 4.3 mJy is adopted for the confusion limit, based
on Dole et al. (2004).
2. Method
2.1. Generation of Artificial Skies
We generate 100 artiﬁcial 2’x2’ skies (see Swinyard these
proceedings) commensurate with the instrumental parameters of SAFARI, for two diﬀerent galaxy evolution models: the bright-end and burst mode evolution models of
Pearson (2005) and Pearson et al. (2007). These evolution models broadly divide galaxies into 4 spectral categories: those of normal, starforming, luminous / ultraluminous infrared galaxies (LIRGS/ULRGS) and active
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galactic nuclei (AGN). These spectral categories are also
further subdivided into 11 diﬀerent classes of object: normal cold, normal, starburst M82, starburst, 1011 L LIRG,
1011.5 L LIRG, cold LIRG, hot ULIRG, cold ULIRG,
Seyfert 1 and Seyfert 2. The bright-end model assumes
evolution in the galaxy population in both the density
and luminosity for sources modeled by a simple power
law. The evolutionary model is an updated framework of
that ﬁrst presented in Pearson & Rowan-Robinson (1996),
with star-forming galaxies rather than ULIRGs (ultra luminous infrared galaxies) dominating in 15 μm selected
source counts. The burst mode evolutionary model predicts that the upturn of emission at 15 μm (Elbaz et al.,
1999) and peak at at 24 μm (Papovich et al., 2004) is
to due the emergence of a new population of U/LIRGs.
The burst mode evolutionary model presented by Pearson (2001) has power law evolution similar to the brightend model for the starburst and AGN sources and an initial violent exponential evolutionary phase from z = 0 to
z = 1 followed by a power law evolutionary phase for the
UILRGs. Both the bright-end and burst mode evolutionary models have non-evolving normal galaxy populations.
The spectral type vs ﬂux/redshift distributions are shown
in Figure 1.
These skies are populated with the same SEDs as used
by Clements et al. MIR emission lines are taken from the
same sources as used to determine FIR emission lines, except in a few cases where data was not available at MIR
wavelengths, in such cases MIR spectroscopic observations
of sources with similar FIR characteristics were used. Instrumental noise at a level commensurate with 10 hours
of SAFARI integration time (1σ = 0.342 mJy, R∼1000
at 120 μm) is then added. In order to take into account
the variance in results due to diﬀerent noise, 10 diﬀerently seeded randomly generated Gaussian noise arrays
are generated for each spectrum. We therefore have a total
of 1000 diﬀerent datacubes for each evolutionary model.
Simultaneously a ‘truth’ catalog is generated for each datacube/FoV, in order to compare the redshifts we estimate
to their input values.
The artiﬁcial skies also include spatial bins where more
than one source is present. If the ﬂuxes of the two sources
are comparable then their spectra lines become eﬀectively
mixed, making it diﬃcult to determine which emission
lines come from which objects. The work described in
Clements et al. (2007) did not address this problem. In
this work we try to extract redshifts from both spectrally,
and spatially confused sources. Throughout this work we
refer to the brightest source in a spatial bin as the primary,
and the second brightest as the secondary.
2.2. Extraction of Redshifts
In the 2000 realizations of the SAFARI footprints there are
∼15000 sources with S120μm > 0.342 mJy. We therefore
use an automated algorithm to estimate source redshifts.

In doing this, the estimation selection rules are ﬁxed and
thus not tailored to each individual source. By automating
the redshift estimation we increase the number of sources
for which we can estimate redshifts, however in doing so we
limit the eﬃciency of the estimation method by applying
a ‘one size ﬁts all’ approach.
Redshifts are estimated using a pseudo cross-correlation
(PCC) method and stored. The PCC method works by
ﬁrst checking each spatial pixel in the sky, and determining whether it has a 120 μm ﬂux greater than our cutoﬀ value, S120μm > 0.342 mJy. If true, the continuum
emission is ﬁtted with a fourth order polynomial, which is
subtracted from the spectrum to leave an array containing
only line emission and noise. The highest ﬂux pixel in this
array is considered to be a real emission line, and an array of possible redshifts is generated by assuming this line
to be each of those in our set of template lines. The set
of template lines is then placed at each of these possible
redshifts and the redshift which gives the strongest correlation between our continuum subtracted spectra and the
shifted template lines is taken as the best ﬁt redshift. This
process is then repeated on any unused possible emission
lines in the spectrum to attempt to determine a secondary
redshift. More details on the PCC method can be found
in Raymond et al. (2009). Finally, estimated redshifts are
compared to the ‘truth’ catalog in order to determine their
accuracy.
3. Results
All results quantifying the redshift estimation in this section were determined by taking the average over the 100
SAFARI FoVs (with 10 diﬀerent noise realizations for each
SAFARI FoV: 1σ = 0.342 mJy, 0 mean) for both the
burst mode and bright-end evolution models. When quoting results we give the number of accurately estimated
(Δz = |zestimated − zinput | < 0.1) redshifts as a percentage of the total number of sources brighter than the given
cutoﬀ ﬂux. Conversely the number of inaccurate redshifts
are given as a percentage of the total number of redshifts
output by the algorithm.
For the bright-end and burst mode evolution models 37
and 53% of all primary sources with S120μm ≥ 0.342 mJy
are accurately estimated, with 14 and 9% of all redshifts
output by the algorithm under the same constraints being inaccurate, respectively. For secondary sources (which
exist for 6 and 8% of all spatial pixels) we accurately estimate redshifts for 37 and 29% of sources for bright-end
and burst mode respectively, with 14 and 9% of all redshifts output by the algorithm under the same constraints
being inaccurate, respectively. The distribution 120 of μm
ﬂuxes for sources with accurately estimated redshifts are
shown in Figure 2.
The factor that impacts most on the eﬃciency of redshift estimation of the PCC method is emission line ﬂux:
it is easier to obtain redshifts for higher ﬂux sources, as
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Figure 1. Plotted are the ﬂux as a fraction of the 120 μm confusion limit (top row) and redshift (bottom row) distributions of
the sources that populate the bright-end and burst mode evolution data cubes respectively, for each spectral type. Each spectral
type has the majority of sources at low ﬂuxes, and beneath the confusion limit. The burst mode evolution model as opposed
to the bright-end model however has more sources at higher ﬂuxes. The bright-end evolution model contains only normal and
star-forming spectral types whereas the burst mode includes, in addition, luminous/ultra luminous and Seyfert types. These more
extreme spectral types in the burst mode model exist at higher redshifts than the other spectral types in either model. This means
that the use of MIR emission lines is more important for the burst mode evolution model.

the emission lines are then more distinguishable against
the instrumental noise. The burst mode evolution model
has more sources at higher ﬂux than the bright-end model,
therefore we accurately estimate redshifts for a higher fraction of burst mode sources. The eﬃciency of the retrieval
of accurate redshifts for secondary sources is also ﬂux dependent. There are a number of additional factors that
can hinder the accurate retrieval of redshifts for secondary
sources. These include the ﬂux ratio between the primary
and secondary sources, as well as possible line degeneracies
between the emission lines of the primary and secondary
sources. Further work is required to quantify the these
eﬀects.
We can use a Kolmogorov-Smirnov test to establish
whether we can use sets of estimated redshifts to diﬀerentiate between diﬀerent evolutionary models. Thus, by
comparing redshifts estimated from datacubes of diﬀerent sizes, we can determine what area of sky needs to be
surveyed by SAFARI in order to be able to reliably distinguish between diﬀerent evolutionary models. We ﬁnd
than by using our PCC redshift estimation method we are
able to reliably distinguish (probability that the sources
from the two models are drawn from the same distribution, P =0.01%) between the bright-end and burst mode

models with a sky survey area equal to 8 SAFARI FoVs,
each of 10 hrs integration time, taking a total total integration time of 80 hours.
4. Conclusions
We ﬁnd that our PCC redshift determination method is
capable of accurately estimating redshifts for sources that
are more than an order of magnitude fainter than the
traditional continuum confusion limit (at 120 μm). The
eﬃcacy of our method is higher for brighter sources. In
this work we use the PCC method on model skies based
on the parameters of the SAFARI instrument for SPICA,
however this technique is also more generally applicable.
The bright-end and burst mode evolution models include
sources up to redshifts of z∼4 and 5 respectively. At these
redshifts we are still able to accurately estimate redshifts
for sources using the PCC method. As yet, we have not
tested to see the redshift at which the PCC method begins
to fail.
The evolutionary models we have investigated in this
work have the bulk of sources at ﬂuxes fainter than the
confusion limit, therefore by employing the PCC method
we can greatly increase the number of galaxies that can be
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Figure 2. Plotted here are the the ﬂux distributions for the input sources (dashed line) with 120 μm ﬂux S120μm > 0.342 mJy
and, those with redshifts accurately estimated by the PCC method (solid line). The top two panels are for primary sources and
the bottom two are for secondary sources. The right two panels give results for bright-end evolution and the left two for burst
mode. For both the evolution models the majority of sources lie at low ﬂuxes. The bright-end has the highest concentration of
low ﬂux sources of the two models, and we accurately estimate redshifts for 37% of sources with S120μm > 0.342 mJy. The burst
mode evolution model has more sources at higher ﬂuxes, and as the most important factor in the eﬃciency of our PCC method
is ﬂux, has the higher accurate estimation rate of 53%. Accurate redshifts are also estimated for 37 and 29% of secondary sources
for bright-end and burst mode respectively.

uniquely identiﬁed in a single observation. This provides a
larger statistical sample with which to compare observed
source counts and redshift distributions with those presented in diﬀerent evolutionary models.
Future work should include the investigation of the following; the use of the PAH features in identifying sources
and determining their redshifts; the viability of taking into
account sources with atypical line strengths; more realistic angular resolution modeling, where spatial resolution
varies across the waveband; investigating the eﬃciency of
the method when implemented on a wider range of evolutionary models. A detailed analysis of the eﬀects of spectral type, initial luminosity and redshift parameters on
our ability to accurately estimate redshifts from spectrally
confused sources is also currently being undertaken.
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