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Over half of the far-infrared background light comes

from galaxies at z=1.2
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Submillimetre surveys during the past decade have discovered a
population of luminous, high-redshift, dusty starburst galaxies'™.
In the redshift range 1 =< z < 4, these massive submillimetre galaxies
go through a phase characterized by optically obscured star forma-
tion at rates several hundred times that in the local Universe. Half of
the starlight from this highly energetic process is absorbed and
thermally re-radiated by clouds of dust at temperatures near 30 K
with spectral energy distributions peaking at 100 pm in the rest
frame’. At 1 =< z=4, the peak is redshifted to wavelengths between
200 and 500 pm. The cumulative effect of these galaxies is to
yield extragalactic optical and far-infrared backgrounds with
approximately equal energy densities. Since the initial detection
of the far-infrared background (FIRB)', higher-resolution experi-
ments have sought to decompose this integrated radiation into the
contributions from individual galaxies. Here we report the results of
an extragalactic survey at 250, 350 and 500 pm. Combining our
results at 500 pm with those at 24 pm, we determine that all of the
FIRB comes from individual galaxies, with galaxies at z=1.2
accounting for 70% of it. As expected, at the longest wavelengths
the signal is dominated by ultraluminous galaxies at z> 1.

The Balloon-borne Large-Aperture Submillimeter Telescope
(BLAST) was designed as a precursor to the Spectral and
Photometric Imaging Receiver (SPIRE) instrument'"'* on the
European Space Agency’s Herschel Space Observatory. BLAST samples
the emission from galaxies at 250, 350 and 500 pm close to the peak of
the FIRB. The multiwavelength observations of BLAST fill the wave-
length gap between the Multiband Imaging Photometer on NASA’s
Spitzer satellite (MIPS; 24-160 pm) and the windows at 850 pm and
1.2 mm accessible from the ground, providing a more complete under-
standing of galaxy evolution at this formative epoch.

The BLAST cosmological survey of the Great Observatories Origins
Deep Survey"? (GOODS-South) region combines a wide-area map of
8.7 square degrees with a deeper, confusion-limited map of 0.8 square
degrees. These nested surveys, which are the focus of this paper, are
hereafter known as the BGS-Wide and BGS-Deep observations,
respectively. The depth of the BGS-Deep map was chosen to produce
maps that have high signal-to-noise ratios and in which the fluctua-
tions are dominated by pixel-to-pixel fluctuations in signals from
galaxies rather than detector noise. The BLAST map (Fig. 1) overlaps
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some of the deepest multiwavelength data that exist in a cosmological
survey, including radio, infrared, optical (Hubble Ultra Deep Field)
and X-ray (Extended Chandra Deep Field-South) surveys'*. The
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Figure 1| Map showing the signal-to-noise ratio combination of all three
BLAST bands for the entire BLAST GOODS-South observation. The circles
show the locations of the ~500 sources extracted from the map that are
detected with a signal-to-noise ratio >5. The 0.8-square-degree BGS-Deep
region, centred at right ascension (RA) 3 h 32 min 28s, declination (dec.)
—27° 48’ 30.00” was mapped to 16 depths of 11, 9 and 6 mJy at 250, 350 and
500 pm, respectively, and contains 253 sources. It is visible as the region of
high density in detected sources in the map. The 8.7-square-degree BGS-
Wide field was mapped to 1¢ depths of 36, 31 and 20 mJy at 250, 350 and
500 pm, respectively, and contains 261 sources. A more detailed description
of the map making is provided in Supplementary Information.
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BGS-Wide map was designed to match the coverage area and
sensitivity of the near-infrared and mid-infrared Spitzer Wide-area
Infrared Extragalactic survey'. By considering both of the data sets
together, we derive a catalogue of sources that covers a large dynamic
range, (a factor of 50 in flux density) with sufficient sensitivity to
resolve the FIRB into individual galaxies. The area is large enough
that the source counts are minimally affected by clustering. The
BLAST survey contains approximately 500 sources with significant
(>50) detections.

The brightness distribution, or number counts, of submillimetre
sources probes the luminosity function in relation to redshift and can
be used to constrain models for the formation and evolution of dusty,
star-forming galaxies. Models that simultaneously fit the entire range
of existing data (24-850 pm) include at least two distinct galaxy
populations with different spectral energy distributions and evolu-
tionary histories'®". The BLAST data uniquely bridge these wave-
lengths across the energetic peak in the FIRB, and provide new strong
constraints on the details of the evolution of these populations.

The number counts cannot be obtained directly from the distri-
bution of detected sources in the BLAST catalogues because of several
well-known biases. (1) The steep decrease in the counts with increas-
ing flux density results in an Eddington bias whereby many more faint
sources are boosted, rather than diminished in brightness, by noise
fluctuations'®. (2) The completeness of the survey falls off steeply at the
faint end of the catalogue. (3) Multiple faint sources blend into
brighter sources owing to a high surface density of the weakest sources
and the 30-60" resolution of the BLAST experiment. Rather than
attempting to correct our source list for each of these effects, we
estimate the counts from the distribution of pixel brightnesses in
the entire map. This P(D) analysis" implicitly handles all of the effects
mentioned above, yet uses more of the information available to us
than just the brightest pixels of the extracted point sources in our
catalogues.

Figure 2 shows the BLAST number counts with the results from
experiments spanning 24-850 um, for comparison. The BLAST
counts are consistent with a single power law at low flux density.
We can place limits on the shape of the number counts at the faint
end by comparison with the FIRB. Using the naive model that the
power law continues down to some limiting flux Sy, with no sources
fainter than Sy, we find that the inferred integrated surface brightness
equals the FIRB when Sy =7.0* 1.3, 7.2 = 1.7 and 4.6 = 1.2 m]Jy at
250,350 and 500 pm, respectively. A break in the counts, to a shallower
slope, must occur at flux densities higher than the above limits to
ensure that the integrated signal from the BLAST surveys is consistent
with the amplitude of the FIRB. The increased sensitivity and higher
resolution of SPIRE'' should enable deeper surveys to detect the loca-
tion of this spectral break.

BLAST is insensitive to individual sources significantly fainter than
the ‘confusion limit’, which is conventionally defined as the flux at
which sources reach a surface density of one object per 40 beams'’.
The confusion limits for BLAST and estimates of those for SPIRE
based on the BLAST number counts are given in Table 1. We note
that, through the P(D) analysis, BLAST is sensitive to the number
counts well below the confusion limit.

A stacking analysis using known positions of sources selected at
different wavelengths is a powerful tool to estimate the contribution
of a class of objects to the background at the wavelength of a particu-
lar map. The average brightness of these objects is calculated as the
mean flux density measured at all of the positions in the map, a
procedure that detects signals well below the threshold in signal-to-
noise ratio used to make the BLAST catalogue. The contribution to
the background from any stacked population is the product of its
mean flux density and its surface density. A more detailed description
of this method is provided in Supplementary Information.

We stack the 24-pm Far-Infrared Deep Extragalactic Legacy
(FIDEL) survey catalogue (M. E. Dickinson et al, in preparation)
against the BLAST maps. The FIDEL catalogue contains sources
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Figure 2 | The differential source counts at a variety of submillimetre and
far-infrared wavelengths. If there is no evolution in number density or
luminosity, we expect number counts to be Euclidean with dN/dS oc ™.
We have therefore multiplied the counts by §*° so that a Euclidean slope
would be horizontal. The BLAST 250, 350 and 500-pim counts (circles,
squares and triangles) are measured by P(D) analysis, as described in the text
and Supplementary Information. Other data shown (lines only) are SCUBA
850-um counts™ (solid lines); MIPS 160-pum counts®® (short-dashed lines);
MIPS 70-pum counts*® (dash—dot lines); MIPS 24-pum counts® (long-dashed
lines). The error bars are 10; the shaded regions are 1o error bands; the upper
limits are 2. Nearby sources, such as the brighter sources measured at

24 um, appear Euclidean. The counts at 850 pum are steep, which is an
indication of strong evolution. A striking feature of the BLAST counts is that
the slope steepens with increasing wavelength: this is the transition from the
short-wavelength part of the FIRB dominated by local sources to the longer-
wavelength regime dominated by distant starburst galaxies. There appears to
be a break in the 500-pum counts at the low end. However, the large error bar
in the last bin and the fact that adjacent bins are inherently anti-correlated
make the result not very significant.

brighter than 13 pJy. The stacked flux values are given in Table 2.
We include a ~7-10% correction for completeness of the FIDEL
catalogue based on extrapolation of 24-pim counts®’. From the results
of these calculations, shown in Table 2, we conclude that the FIDEL
sources produce 75-100% of the FIRB as measured using the Far-
Infrared Absolute Spectrophotometer (FIRAS)*' on NASA’s Cosmic
Background Explorer.

Results similar to those from BLAST have been reported by stacking
24-pm Spitzer sources against the 70-um and 160-pm maps®*. Those
data, recorded at wavelengths shorter than the peak intensity of the
spectral energy distribution, are biased towards the low-redshift
(z £ 1) population that contributes to the FIRB. Surveys at 850 um
using the Submillimetre Common-User Bolometer Array (SCUBA) at
the James Clerk Maxwell Telescope (Mauna Kea, Hawaii) sampled the
higher-redshift contribution but resolved only 20-30% of the FIRB
above the confusion limit®. Techniques using gravitational lensing to
identify fainter sources below the confusion limits of ground-based
submillimetre telescopes have been claimed to resolve a larger fraction

Table 1| Source confusion limits determined by BLAST

Wavelength (um)  BLAST r.m.s. flux density ~ BLAST confusion SPIRE confusion
from sources (mly) flux density (mJy) flux density (mJy)
250 18 334 22*2
350 13 307 22+4
500 12 27+4 18+5

The fluctuations in the BLAST maps result from a combination of instrument noise and signals
from sources. For each of the BLAST bands listed in the first column, the second column gives
the residual map fluctuations from sources after subtracting instrument noise. The third and
fourth columns give the formal confusion limits for BLAST and for SPIRE based on BLAST P(D)
analysis and the respective beam sizes. The confusion limit is the source brightness, Scon, for
which there is one source for every 40 beams. r.m.s., root mean squared.
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Table 2 | The results of the 24-um stacked flux

Wavelength (um) Stacked flux Corrected flux FIRB
("Wm ?sr 1) (Wm ?sr™h) (MWm ?sr™ 1)
250 79x05 85*06 10423
350 45+0.3 48=+03 54*16
500 20*+0.2 22*+0.2 24+06

For each of the BLAST bands in the first column, the second and third columns give the stacked
and completeness-corrected fluxes, respectively. The fourth column is the expected flux
determined by FIRAS?. The precision of the astrometry is 5”. To verify the astrometry, the
stacked flux was shown to drop off in all directions when the map is shifted with respect to the
24-um catalogue. A similar stack was made against the 2-Ms Chandra Deep Field-South survey
catalogue®® which resolves ~80% of the soft and hard X-ray backgrounds®®. We find that these
sources account for about 14% of the FIRB. Because active galactic nuclei account for 55% of the
sources in the Chandra catalogue®, we conclude that they only comprise 7% of the FIRB,
although there may be a small contribution from Compton-thick active galactic nuclei that is
missed.

of the FIRB*. The wide spectral coverage of the BLAST data allows us
to probe the Universe at both low redshift and high redshift. To
demonstrate this, we use the Spitzer Infrared Array Camera (IRAC)
colours to broadly divide the FIDEL catalogue into different popula-
tions to examine their relative contributions to the background at
BLAST wavelengths. Using sources of known redshift in the
GOODS Multiwavelength Southern Infrared Catalogue™, we were
able to define a simple cut in IRAC colours that effectively divides
the catalogue into two galaxy populations above and below z= 1.2. At
250 pum, we find that there are approximately equal contributions to
the background from sources above and below z = 1.2. We also note a
systematic increase to 55% at 350 um and 70% at 500 um in the
proportion of the background produced by sources at z> 1.2. These
results are consistent with our expectation that objects in the longer-
wavelength BLAST channels are dominated by the ultraluminous
z> 1 galaxies discovered by SCUBA at 850 um.

BLAST is the first instrument to make confusion-limited maps of
the sky at wavelengths near the peak of the FIRB with enough sens-
itivity, sky coverage and angular resolution to identify a large number
of sources, determine the detailed shape of the source counts and
show that most of the FIRB comes from submillimetre sources
already identified in deep 24-pm surveys. Combining these data with
the results at 70 and 160 pm, we can account for essentially all of the
FIRB with known galaxies. Combining the BLAST and future
Herschel data at 250, 350 and 500 pm with spectroscopic and pho-
tometric redshifts will allow a determination of the optically
obscured star-formation history of the Universe. These data will also
provide catalogues of luminous submillimetre sources that will bene-
fit from high-resolution imaging and spectroscopy from the Atacama
Large Millimetre/submillimetre Array as we improve our under-
standing of galaxy formation and evolution in the high-redshift
Universe.
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