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1 INTRODUCTION

ABSTRACT

We present near-infrared (near-IR) spectroscopic observations from Very Large Telescope
Infrared Spectrometer And Array Camera (ISAAC) of 13 250-pum luminous galaxies in the
Chandra Deep Field-South, seven of which have confirmed redshifts which average to (z) =
2.0 + 0.4. Another two sources of the 13 have tentative z > 1 identifications. Eight of the
nine redshifts were identified with Ha detection in H and K bands, three of which are
confirmed redshifts from previous spectroscopic surveys. We use their near-IR spectra to
measure Ho linewidths and luminosities, which average to 415 20 kms™' and 3 x 10¥ W
(implying SFRy, ~ 200 Mg, yr~!), both similar to the He properties of submillimetre galaxies
(SMGs). Just like SMGs, 250-pm-luminous galaxies have large Ho to far-infrared (FIR)
extinction factors such that the Ho star formation rates (SFRs) underestimate the FIR SFRs by
approximately eight to 80 times. FIR photometric points observed from 24 to 870 pm are used
to constrain the spectral energy distributions even though uncertainty caused by FIR confusion
in the Balloon-borne Large-Aperture Submillimeter Telescope (BLAST) bands is significant.
The population has a mean dust temperature of Ty = 52 4+ 6 K, emissivity 8 = 1.73 £ 0.13
and FIR luminosity Lpr = 3 x 103 L. Although selection at 250 pm allows for the
detection of much hotter dust-dominated hyper-luminous infrared galaxies (HyLIRGs) than
SMG selection (at 850 pum), we do not find any 260-K ‘hot-dust’ HyLIRGs. We have shown
that near-IR spectroscopy combined with good photometric redshifts is an efficient way to
spectroscopically identify and characterize these rare, extreme systems, hundreds of which are
being discovered by the newest generation of IR observatories including the Herschel Space
Observatory.

Key words: galaxies: evolution — galaxies: high-redshift — galaxies: starburst — infrared:
galaxies.

pum luminous galaxies at z ~ 1.5 whose infrared (IR) luminosities
exceed ~10'> L but are 850-pm faint due to hotter characteristic

Submillimetre galaxies (SMGs) contribute significantly to the rapid
buildup of stellar mass in the Universe at z ~ 2. However, their
selection at 850 pum is inherently biased towards colder dust sources
(Eales et al. 2000; Blain et al. 2004). Recent work (e.g. Chapman
et al. 2004; Casey et al. 2009a) has demonstrated that 850-pum-
faint, high-redshift ultraluminous infrared galaxies (ULIRGS) exist
and may contribute significantly to the cosmic star formation rate
density at its peak. Casey et al. (2009a) describe a population of 70-
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dust temperatures. Sparse IR data, particularly in the 50-500 pm
wavelength range, along with poor volume density constraints have
limited the interpretation of these submm-faint ULIRGs. Similar
studies of other IR-luminous galaxy populations, selected at 24
pum, 350 wm or 1.2 mm for example, present even more evidence
for diverse populations of luminous, dusty starbursts at z => 1 which
do not necessarily intersect (see Dey et al. 2008; Bussmann et al.
2009; Younger et al. 2009).

The arrival of new IR instruments — including Balloon-borne
Large-Aperture Submillimeter Telescope (BLAST; Pascale et al.
2008), Submillimetre Common-User Bolometer Array 2 (SCUBA
2), Large Apex Bolometer Camera (LABOCA) and the Herschel
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Space Observatory —has opened up more extensive studies of these
distant starbursts. BLAST’s deep mapping of the Extended Chandra
Deep Field-South (ECDF-S) at 250, 350 and 500 pwm has, for the first
time, led to z ~ 2 ULIRG selection near the peak of their spectral
energy distribution (SED). Ivison et al. (2010, hereafter 110) and
Dunlop et al. (2010, hereafter D10) describe the selection of these
250-um sources, along with their radio and 24-pum counterparts,
in detail and match sources to photometric redshifts derived from
the extensive ECDF-S multiwavelength data. We also make use of
longer wavelength constraints from the LABOCA 870-um survey
of the ECDF-S (Weig et al. 2009). While most low-redshift (z <
0.8) 250-pum sources have spectroscopic identifications, none of the
suspected high-redshift sources had spectroscopic redshifts.

This paper presents new Very Large Telescope (VLT) Infrared
Spectrometer And Array Camera (ISAAC) spectroscopic obser-
vations of 13 BLAST 250-pum sources with zyh > 1. With spec-
troscopic redshifts, we constrain the far-infrared (FIR) dust SED
(implying that they are HyLIRGs with Lpr 2 10" L), mea-
sure dust temperatures, blackbody emissivity, FIR luminosities, Ho
luminosities and active galactic nuclei (AGN)/metal lines and con-
strain the FIR-radio correlation for these high-z galaxies. Through-
out, we use a Acpm cosmology (Hinshaw et al. 2009) with Hy =
71kms~! Mpc™! and Qy = 0.27.

2 OBSERVATIONS AND RESULTS

Long-slit spectroscopic observations of 250-pm sources were ob-
tained in 2009 November on VLT ISAAC under excellent seeing
conditions (0.3-0.7 arcsec in the K band). Spectroscopic candi-
dates were chosen from the 10 and D10 ECDF-S BLAST Deep
map samples (rms sensitivity o,50 = 11 mJy) with photometric red-
shifts above z = 1 or undefined photometric redshifts (the latter
caused by a lack of high quality photometry). 110 selected sources
at >50, having folded in the confusion noise (~21mly), result-
ing in flux densities Sys0 > 59 mJy. D10 selected sources at >3o
without accounting for the confusion noise, so their source list
has S»so > 33 mJy. All had reliable 24 pwm and/or radio counter-
parts, which were then matched to K-band sources (with offsets
of <1l arcsec to the radio/24-pum centroid) in archival Multiwave-
length Survey by Yale—Chile (MUSYC) data (Gawiser et al. 2006)
for VLT spectroscopic targeting. The resulting candidate object list
contained 20 sources.

We refer the reader to D10 and 110 for the analysis of the BLAST
250-pum CDF-S map and source selection, as well as some source
properties derived from ancillary data. The two papers present dif-
ferent detection thresholds (which are discussed in more detail as
they relate to source density estimations in Section 3.1) and also use
different counterpart identification methods to identify sources for
photometric redshift fitting. D10 use 24-um counterpart matching,
while I10 use 1.4-GHz radio matching. In general, radio matching is
much more reliable assuming that the FIR-radio correlation holds
(Helou, Soifer & Rowan-Robinson 1985) as there are far fewer po-
tential counterparts and good reason to suspect that an FIR-bright
source is also radio-bright. Identification at 24 um is a less reliable
alternative due to the large IR beamsize and density of sources. We
caution the reader that our K-band identifications are nearest neigh-
bours to the radio and 24-pm counterpart astrometry of D10 and
110 and that there is minor potential for misidentified counterparts.
The offsets between 250-pum peaks and K-band sources (which are
effectively equivalent to the radio/24-pum positions) range from 1
to 16 arcsec, averaging to about 7 arcsec, which is well within
the beamsize of 250-pum observations; however, it is not possible

to know if the counterparts have been identified correctly without
high-resolution FIR observations (e.g. Younger et al. 2010).

We observed 13 of the 20 zppe > 1250-um sources searching
for He or [Om] in J, H and K bands. The band of observations
was primarily chosen based on the galaxies’ photometric redshifts
(where galaxies with zp, > 2 were observed in the K band and
with zppoe < 1.8 in the H band, and in the J band for the intermediate
region). Galaxies were observed individually under varying seeing
conditions which ranged from 0.3 to 0.7 arcsec seeing in the K band.
Since all galaxies here are assumed to be unresolved, we varied
the slit width according to seeing conditions, minimizing it when
possible to reduce skyline contamination. Galaxies were centred on
the 2-arcmin long slit and observed in ABBA nodding mode with a
15-arcsec nod. On occasion, two candidates were within a 2-arcmin
separation and placed on the same slit, with the maximum possible
nod distance, which was sometimes 5—10 arcsec. Datareduction was
completed with Eso software combined with IRAF and our own IDL-
based routines to obtain 1D and 2D wavelength-calibrated spectra.

Only 13 of the sources were observed due to telescope time con-
straints. Nine of the 13 have spectroscopic redshifts, seven of which
are secure. Three of these seven sources (J033246, J033152 and
J033243) were already identified in previous spectroscopic surveys
using the VLT/Focal Reducer and Low Dispersion Spectrograph
2 and the Gemini Near-Infrared Spectrograph (Kriek et al. 2008;
Vanzella et al. 2008) at z = 1.382,2.336 and 2.122, respectively. Our
measured redshifts confirm these observations. Six of the seven se-
cure redshifts and the two tentative redshifts were measured from
Ho detection [at a >40 Hoa signal-to-noise ratio (S/N)]. One of
the eight Ha redshifts (JO33129) would nominally be tentative, but
it was spectroscopically identified in the rest-UV independently;
the ninth secure redshift which is not based on Ha (JO33151) has
absorption features in the K band at ~1.599 which agree with a
rest-UV redshift of 1.605 obtained independently (Swinbank, pri-
vate communication). The lines were identified as Ho using a com-
bination of photometric redshift consistency and a lack of other line
features (which would instead identify the line as [Ou] or [O m],
in the case of [N 1] or S i detection). The four sources which were
not identifiable in emission either have very weak emission features
or lie at redshifts in the range 1.7 <z <2.0; Ho at these redshifts
falls between H and K bands and is thus not detectable with near-IR
spectroscopy.

The nine galaxies have a mean redshift z = 2.0 £ 0.4, and their
redshift distribution, with respect to other 250-pm sources, is shown
in Fig. 1. We determine that their photometric redshifts [derived in
D10 and in Rafferty et al. (in preparation) for 10 sources] are good
to dz/(1 + z) < 12 per cent, and we emphasize that this relatively
small error implies that near-IR spectroscopic followup for ULIRGs
with good photometric redshifts is efficient. Table 1 summarizes the
galaxy properties and Fig. 2 shows their ISAAC spectra for those
which were spectroscopically identified. The galaxies’ names are
derived from their positions in the K band.

The spectra in Fig. 2 are framed around the Ho emission for
every source except JO33151. Regions where emission lines in the
sky’s IR spectrum' are significant (with flux densities in excess
of ~5y s~ nm~! arcsec™>m~2, where y represents photons) are
masked out in both 1D and 2D spectral renditions. The width of
these skylines varied according to the slit width of each observation,
which varied from 0.3 to 0.8 arcsec.

ISee the Gemini Observatories IR Background Spectra page
(http://www.gemini.edu/?q=node/10787) for example sky spectra.

© 2010 The Authors, MNRAS 411, 2739-2749
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Figure 1. The redshift distribution of BLAST 250-um sources, including
the low-redshift spectroscopically identified sources in D10 and 110 (grey
points/histogram). Our spectroscopic sample has a mean redshift 2.0 + 0.4
(black crosses, lined histogram), which fills in much of the high-redshift
subsample of 250-um-bright objects. The distribution in photometric red-
shifts is illustrated as the dashed line histogram and is good to ~12 per cent.
The light grey vertical stripe blocks out the redshift regime where near-
IR spectroscopy cannot confirm redshifts since He falls between H and K
bands.

We use the publicly released smoothed maps of the BLAST
ECDE-S (Devlin et al. 2009) to derive 350- and 500-pum flux den-
sities for the D10 sample (both 350- and 500-pum flux densities are
published for the 110 sample). We use the K-band astrometry (where
the VLT slit was placed) as position priors to extract BLAST flux
densities since the maps are dominated by confusion noise. We note,
however, that because the maps are highly confused, they are likely
to suffer from flux boosting on individual sources, especially for
the fainter 250-pum sources [see Chapin et al. (2010) for a detailed
analysis of source extraction, confusion limitations with BLAST
data and SED fitting].

The fluxes in Table 1 are not corrected for deboosting, but we do
apply corrections when fitting FIR SEDs and deriving Lgr, T aust
and B. We use the S/N of the 250-um detections to determine
the deboosting factor which corrects for the Eddington bias and
boosting by confusion noise, as in Eales et al. (2009, fig. A2).
This results in flux densities which are ~55-75 per cent of the
original measured values for the BLAST bands given in Table 1.
We do not correct 870-pm LABOCA points for deboosting since
the 870-um flux densities are less likely to be boosted by flux from
adjacent sources. This is because the sources which boost a high-
redshift galaxy’s 250-500 pm flux density are far more likely to
sit at lower redshifts than at higher redshifts (where the surface
density of sources is more rare). These low-redshift sources are also
unlikely to be bright at 870 um given typical blackbody SED shapes
at low-z. We recognize that our application of a deboosting factor
to the BLAST bands and not the LABOCA data is a simplification
of a complex issue, but we consider it the most realistic constraint
on the FIR flux densities given the data which are available. We do
not deboost the Multiband Imaging Photometer for Spitzer (MIPS)
photometry at shorter wavelengths since the source surface density
at ~70 pm is similar to the source density at 200 wm, yet the
relative beam size is much smaller at shorter wavelengths.

© 2010 The Authors, MNRAS 411, 2739-2749
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We choose not to propagate the uncertainty in the FIR deboosting
factor (which is estimated to be as large as 50 per cent at a low 250-
um S/N) into the SED uncertainty because the deboosting factor
is not independent between bands. Despite the large uncertainty,
the FIR flux densities for individual sources would be deboosted
by similar factors. A correlated deboosting factor between bands
would imply less uncertainty in derived T4,y or B than blindly
adopting the deboost uncertainties. We test the correlation of the
deboosting factor by using the FIR colours (S350/5350 and S250/S500)
of Herschel Spectral and Photometric Imaging Receiver (SPIRE)
and Photodetector Array Camera and Spectrometer (PACS) sources
(Amblard et al. 2010). Using Monte Carlo tests, we remove the
contribution of a single potential boosting source by subtraction of
an arbitrary 250-pum flux and the associated 350- and 500-pum fluxes
associated with the colours of a randomly selected galaxy from the
Amblard et al. (2010) sample. We find that the FIR luminosity
does not vary by more than £0.1dex and that dust temperature
varies by about +9 K. If two contaminating boosting sources are
incorporated with different FIR colour properties, the variance on
the fitted Lgr and Tqus decreases further. We discuss the impact
that the deboosting factor uncertainty has on our final conclusions
more in Section 3.5.

We measure 870-pm flux densities (at the K-band positions)
from the LABOCA map of ECDF-S (Weip et al. 2009). Six sources
have Sg79 2 4 mJy and are listed in Weig et al. (2009). J033246 is
claimed as an SMG in D10, but its 870-pm peak is >30 arcsec away
from its K-band position. This implies that 7/13 (~53 per cent) of
our sample are submm-faint and would be excluded from traditional
SMG surveys. All galaxies except J033212 are also radio detected
in VLA data at >30 pJy.

The galaxies’ rest-frame near-IR photometry is consistent with
stellar emission, from which we derive stellar masses from the rest-
frame H band magnitude (Table 2), using the methods described
by Hainline et al. (2009). Measuring the absolute magnitude of a
galaxy near its 1.6-pm ‘stellar bump’ provides the most accurate
measure of its stellar mass; however, it is reliant on the assumption
of a constant mass-to-light ratio (here we assume M/L = 3.2), red-
dening properties and minimal AGN contribution to near-IR flux.
The stellar mass estimates are uncertain by ~0.3 dex. The near-IR
photometry is also used to infer AGN content, since a flux excess at
8 um (significantly above stellar population model fits) is indicative
of power-law emission from an AGN. None of our sources has >2o
8-pum flux excesses.

Two of the 13 observed sources, J033151 and J033152, are X-
ray detected above the luminosities which would correspond with
their star formation rates (Lx > 10* ergs™"). Only one individual
source shows obvious signs of containing a luminous AGN, from
its radio flux excess and detection in the X-rays: J033152. From this
AGN estimator (and the analysis in the ensuing section about He
properties), we infer roughly that 20 & 15 per cent of 250-pum-bright
sources have signs of dominant AGN.

2.1 Hoa properties

We measure Ha linewidths and [N u]/Ha ratios in order to infer
AGN content from the six BLAST sources for which we have
secure Ha observations (i.e. not including J033151). After decon-
volving the measured full width at half-maxima (FWHM) with
the instrumental resolution measured from skylines in the vicinity
of Ha (~6.5 A in the K band and ~4.4 A in the H band), we
find that our Ha lines have an average rest-frame FWHM of 415
+ 20kms~! and span the range of 150-800kms~! (for the six
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Figure 2. The VLT ISAAC spectroscopy of nine 250-pum BLAST sources around their Ho emission (0.63-0.69 um rest wavelength), except in the case of
J033151 when no He observations were obtained. The first seven sources have secure redshifts, the next two are tentative and the last is a stacked Ho spectrum
for the six secure Ha sources. Observations were taken in the H or K band, and both 2D and 1D projections are shown for clarity; scaling is optimized for
viewing spectral features which are marked by vertical dashed lines (e.g. Ha, N ). The 2D spectra show an angular scale of 12 arcsec from top to bottom and
the 1D spectra are extracted within 0.6 arcsec. Skyline emission features are blocked out (solid grey vertical lines). Higher redshift sources are smoothed more
(e.g. as in J033237) since the observed wavelengths (of rest-frame He) are higher. The stacked spectrum for the six secure redshift Ho spectra is shown in the
bottom right.
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Table 2. He and stellar properties of BLAST 250-um galaxies.

Name z Sta Lo FWHMyp,  ([Nul/Ha)*  (O/H)" SFRyq SFRER SFRyugio M?
Wm™)  10%W)  (kms™ Moy™)  Moy™) Moy M)
J033129 1482 41x 1071 (56709 19060 0.13 8.60 4477 210075090 13001330 1% 100
J033151  1.599 - - - - - - 380077300 10007330 3 x 10"
033152 2342 13x 10718 (53%3) 49040 0.74 >9.25 41972 14000140000 2800073200 3 x 10'°
3033204 2252 52x 107" (20%3) 36040 0.14 8.64 15472 680071700 33007400 5 10'°
J033243 2123 13 x 10718 (@2t 800 £ 50 0.18 8.71 33514 240014300 20001720 4 x 100
7033246 1382 42x 1071 (49703 15070 0.13 8.59 3974 6801220 650115 1 x 10'°
J033249 2326 58x 10710 (2513 360 + 50 0.14 8.64 194123 1400017000 610071790 3 x 100
J033212 193 35x 1071 (93719 310£50 0.55 >9.25 7313 380072000 <690 4 x 100
J033237 264 1.0x 1078 (5719 630 % 50 0.33 8.96 45178 6000113000 670011350 9 x 100

Note. Ha properties from VLT-ISAAC spectra of the BLAST 250-pum sample. The seven from top have secure redshifts (the six which have Ho properties
are used in our analysis) while the bottom two have tentative redshifts (we calculate their Ho properties, but exclude them from aggregate property analysis
in Section 3 despite being illustrated in figures). FWHM has been deconvolved with the instrumental resolution measured from skylines in the vicinity of Ho
(~6.5 A in the K band and ~4.4 A in the H band), and SFR is derived from Ly using the relation SFR = 7.9 x 10~3 Ly from Kennicutt (1998).

“The metallicity measurements are computed by (N 11/Ha) = log(Snu/She) and (O/H) = 12 4 log(O/H) derived from (N 1/He) using methods described in
Maiolino et al. (2008). The characteristic uncertainty on [N 1]/He is ~0.10.

bStellar masses are measured from Spirzer-IRAC photometry which brackets the rest-1.6-um stellar bump (see Section 2). The characteristic uncertainty in
stellar mass is ~2 x 101 Mg,

VIRIAL MASS (10"

MQ2 For the six galaxies which have secure Ho observations, a stacked
,0.00000  0.252637 1.01055 27373 4.04219
0 T T

c T T 3 spectrum is shown in Fig. 2 which we use to measure the aggre-
s 1 gate line emission properties of the sample. The He linewidth of
i v T e o —— | the stacked spectrum is 530 £ 280kms~! (statistically indistin-
: + t+ 1 guishable from the individual He measurements or the mean SMG
) "™ + J100~ linewidth of 390 km s~!), and the mean line luminosity corresponds
r 10°F ﬁ<>_+*+ + + I to a star formation rate of 190 Mg yr™'. The linewidth is slightly
g |+ _._‘" + 2 larger than the mean linewidth for the sample likely due to S/N
2 r A + o limitations of the original data. Both linewidth measurements, 415
; A A, A & and 530kms~!, are consistent with the dynamics of active star-
* 204 A A 110 forming Hu regions, except the high FWHM outlier: J033243 at
10%F A'A AT A BLAST 250um ULIRGs @ 7=2.123 with FWHM =800kms~'. J033243 is also the second
: SMGs (Suinbenkod) T 1] brightest Her emitter with a high Ha-implied SFR of 335 M yr—';
C ) ) ) ) 1 its SFRpr/SFRy, = 7, which is the lowest SFR ratio of the sample

0 200 400 600 800 indicative of a less Ho obscuration.

FWHM (km s7') We convert the [Nu]/He ratios to 12 + log (O/H) using the

Figure 3. The relation between He FWHM and line luminosity is shown, methods described by Maiolino et al. (2008). However, two sources

for the BLAST sample, SMGs (crosses; Swinbank et al. 2004) and normal (J033249 and J033212) have O/H limits of >9.25, which correspond
z ~ 2 galaxies [e.g. Lyman Break Galaxies (LBGs), grey triangles; Erb to very strong [N u]/Her (20.5). The O/H and [N u]/He indicators
et al. 2003]. The Ha line luminosity is converted to an SFR at right and saturate at metallicities above solar (see Pettini & Pagel 2004),
the He FWHM is converted to a virial mass estimate (using the assumption and additional contribution from either AGN or shocked gas can
of rij2=3kpc) at top. The BLAST 250-pm sample has similarly broad increase the [Nu]/Ha ratio further (e.g. van Dokkum 2005). The
and strong Ho emission to the SMG population, and is brighter than the remaining five secure detections have 12 + log (O/H) values which
normal z ~ 2 galaxies. The two galaxies with tentative redshifts are shown average to 8.64 + 0.08. The measured [N 1)/Ha ratio for the stacked

as empty circles. This plot suggests that 250- um-luminous galaxies might
share intrinsic, physical properties with the SMG population.

Ho spectrum implies a metallicity of 12 4 log (O/H) = 8.751’8:?3

(in agreement with the average for the individual measurements).

galaxies with secure Ho detections). The individual Ha properties 2.2 Dust SED fitting and FIR-radio correlation
of each galaxy are given in Table 2. We plot the He FWHM against We fit the MIPS (70 um, and 160 wm, where available), BLAST

Ho luminosity in Fig. 3. :Flhe Hc.x-mferre.d star format19n rate's aver- (250, 350 and 500 wm), and LABOCA (870 1um) flux densities to
age to 210 == 160 M yr™, which requires a substantial extinction . .

. . two different FIR dust models. For FIR SED fitting, we correct the
factor to account for the star formation observed in the FIR (on BLAST flux densities for boostine b fusi ; ioned
he order of 2000 M yr—'). The mean SFRy/SFR ratio for the ux densities for boosting by confusion noise as mentione
t ©yr ). FIR Her in the beginning of this section. Both FIR SED models assume a

sample is 36 & 22, which is comparable to the ratio for the SMG dified blackbod . . . )
th le dust t ture:
population of Swinbank et al. (2004) of 31 & 15. The subset of our fmodihied blackbody etission curve with a single dust temperatire

sample which is submillimetre-faint radio galaxies (SFRGs) also v3+h 1
has similar SFR ratios, averaging 37 =+ 24. Sy exp(hv/kTy) — 1 @
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Figure 4. The FIR SEDs for high-z BLAST sources, including data from Spitzer-MIPS (24, 70 and 160 um where available), BLAST (250, 350 and 500 pum)
and LABOCA (870 um). We fit three SEDs to the data: (1) a single dust temperature with fixed B = 2 modified blackbody as in equation (1) (dash—dotted
line), (2) a modified blackbody with B treated as a free parameter (solid black line) and (3) an SMG composite SED from Pope et al. (2008) normalized to
24-um flux density (thin grey line). The galaxies’ names, redshifts, best-fitting dust temperatures and FIR luminosities are inset on each SED plot. The two
galaxies marked TENTATIVE (from their tentative redshift identifications) are also the two galaxies whose fixed 8 = 2 SED fit was significantly better than
the B-free model. Neither tentative galaxies are included in the analysis of Section 3.

where S, the flux density, is a function of rest frequency v, the
emissivity S, dust temperature 74 and FIR luminosity Lgr (which
governs the normalization of the function). The first model allows B
to vary (the ‘B-free’ model) while the second model fixes emissivity
to B = 2. Both models have Ty and Lgr as free parameters. The
advantage of allowing emissivity to vary in the first model allows a
reassessment of the emissivity constraints which have been placed
on ULIRGs in past studies (e.g. B = 1.5 or 2.0; Chapman et al.
2005; Casey et al. 2009b,a; Younger et al. 2009). In addition, our
measurements of 8 are made independent of any a priori constraint
on T4 or Lpr. We choose to make the second model rigid as fits
from the first model can be unphysical, as might be the case if
the FIR flux densities are particularly faint or affected by source
confusion.

Only J033212 and J033237 are poorly fitted to a S-free model
(these are the two galaxies with tentative redshift identifications),
since they do not have 70-pm data and have unconstraining upper
limits in the FIR. We use only the fixed 8 = 2 model for these two.
The remaining seven galaxies have reliable S-free SED fits, and
from them we measure B, Tqus and Lgrs—1000 wm) (SUmmarized in
Table 1). Both fixed 8 and B-free fits are shown in Fig. 4. We find a
mean emissivity of § = 1.73 = 0.13 and a mean dust temperature
of Ty =52+ 6K.

The FIR luminosities (8—1000 wm) must be corrected to account
for mid-IR (8-25 pum) emission from polycyclic aromatic hydro-

© 2010 The Authors, MNRAS 411, 2739-2749
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carbon (PAH) and power-law sources (e.g. Menéndez-Delmestre
et al. 2009) above the single FIR modified blackbody. We tether
the Pope et al. (2008) SMG SED to 24-um flux densities (as
seen in Fig. 4) to estimate the luminosity deficit of the single
temperature blackbody. This deficit varies substantially object to
object due to the large spread in 24-um flux densities and black-
body properties in the 825 um Wein tail. On average, we find
that the contribution of the PAH and AGN emission account for
0.04 £+ 0.03dex of luminosity which we add to the FIR lu-
minosities as a correction factor. Although the mid-IR proper-
ties of the sample can vary substantially, this deficit translates
to no more than an ~10 per cent increase in FIR luminosity for
these >10'3-L;) systems. The corrected luminosities are given in
Table 1.

We also overplot the composite SMG spectrum, from Pope et al.
(2008), normalized to the integrated 24-pum flux density in Fig. 4.
While the SMG composite is carefully derived based on mid-IR to
FIR data of SMGs to date, it fails to fit the BLAST FIR data on a
case-by-case basis. In some cases, it under/overestimates the FIR
luminosities by +1 dex. This illustrates how a 24-pum-normalized
SED fitting procedure, which is common in the literature (e.g. Desai
etal. 2009), places poor constraints on the breadth of FIR properties
of ULIRG samples, especially in the absence of direct FIR mea-
surements. Recent high-resolution FIR observations (e.g. Younger
et al. 2010) have demonstrated that 24-pm counterparts are of-
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ten misidentifications and do not correspond to the FIR luminous
source.

Although multiple dust temperature blackbodies are found to fit
well to local ULIRGS in the literature (e.g. see Clements, Dunne &
Eales 2010), strong assumptions must be made regarding the FIR lu-
minosity or normalization, to decompose the sparse FIR data down
into multiple blackbody components. Given the uncertainty of the
FIR luminosities or flux densities at any given wavelength, we de-
cide to forego multiple dust temperature fitting for well-constrained,
single dust temperature blackbody fits. If multiple blackbodies pro-
vide a more physical SED fit, then our derived emissivities, from
the single blackbody fits, could be underestimated.

We measure gr, the ratio of integrated IR flux to radio flux, as
described in detail by I10 to verify the FIR—radio correlation in our
sample. 110 finds a mean gir = 2.41 4= 0.20 based on the larger
sample of BLAST sources with photometric redshifts. Assuming a
radio synchrotron slope of « = 0.75, we measure a mean gr =
2.46 £ 0.18 which agrees with 110 and earlier findings (e.g. Dale
et al. 2007) that there is no evidence for evolution in gr with
redshift. Since « has a significant impact on the calculation of g,
we consider the impact of variations in «: 110 explicitly measured
o for a high-redshift subset of their BLAST sample and found a
median value of o = 0.4. If we use @ = 0.4 instead to calculate gg,
we measure gig = 2.27 £0.17. This is still in agreement with I10’s
measurement of the FIR-radio correlation at high redshift within
uncertainties.

We note that Kovacs et al. (2006) concluded that the local
FIR-radio correlation overestimates FIR luminosity by factors of
~0.2-0.4dex for SMGs, which contrasts with our and I10’s re-
sult for BLAST sources. However, the difference is due to differ-
ent FIR SED fitting procedures; when we refit the 21 SMG FIR
points (measured at 350 and 850 pm) in Kovécs et al. (2006) us-
ing the methods described in this paper (for fixed g = 1.5), we
find gir = 2.46 £ 0.19. Fig. 5 shows the flux densities of the
BLAST sample in the FIR-radio context, plotted against two tem-
plate SEDs which follow the relation: an M82 template (Bressan,
Silva & Granato 2002) and a composite SMG SED (Pope et al.
2008). Some sources exceed the relation (often due to flux excesses
towards shorter wavelengths) while others’ FIR luminosities are
over-predicted, most likely due to AGN contribution to radio lumi-
nosity (e.g. J033152). However, these variations do not appear to
be weighted in either direction, indicating that the FIR-radio corre-
lation is predicting FIR luminosities accurately for the population
on a whole.

3 DISCUSSION

Combining the unique BLAST FIR data with previous Spitzer ob-
servations and our spectroscopic redshift identifications allows a
full characterization of FIR SEDs for 250-pum-bright HyLIRGs.
Since 250-um mapping has the advantage of sampling blackbody
emission near its peak at z ~ 2, 250-um ULIRG/HyLIRG selection
is far less biased towards certain SED shapes, making 250-um-
bright galaxies a much cleaner, unbiased subset of all high-redshift
ULIRGs.

3.1 Source density

The seven galaxies with secure redshifts suggest that these 250-um-
bright galaxies have roughly 1/5 the volume density of similarly
luminous SMGs. We exclude the sources which only have tentative
redshift identifications from this analysis, although we note that
they would not skew or affect the interpretations we draw from the
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Figure 5. A comparison of the BLAST FIR and radio flux densities against
two template SEDs: an M82 spectrum (black) from Bressan et al. (2002) and
a composite SMG spectrum (blue) taken from Pope et al. (2008). The top
panel plots all sources’ flux densities in their rest frame [with overplotted
best-fitting FIR SEDs (light grey) from Fig. 4]. The bottom panel plots all
sources with fluxes renormalized to their radio points. The scatter around the
template SEDs in the bottom panel (where the flux has been renormalized
to the radio) indicates our observed variation in the FIR-radio correlation.
While there appears to be a large scatter, there is no systematic offset from
the FIR-radio-predicted FIR luminosities and those measured directly in
our sample.

entire sample. We estimate this lower limit to p,so for our sample
by taking the redshift ranges z = 1.3-1.7 and 2.0-2.6, given the
gap in the atmospheric opacity between H and K bands. We treat
the D10 and 110 samples separately as the relative selection depths
differ (S»so > 33 and >59 mJy, respectively), finding >8 x 107°
and >5 x 107% k3 Mpc3, respectively. Of the spectroscopically
identified SMG samples in the literature (e.g. Chapman et al. 2005),
51 per cent of the sources have Lpr > 8 x 10" L (a cut-off
corresponding approximately to the BLAST 250-um depth), which
implies a luminosity-limited volume density of 2.5 x 1073 #° Mpc ™3
for SMGs. As much deeper, more uniform 250-um data become
available from Herschel, the overlap with the SMG population is
being explored more fully (e.g. Elbaz et al. 2010).

Of our nine spectroscopic sources, only four have been detected
as SMGs in Weig et al. (2009). While 250-pum-bright sources at
high-z are more rare than SMGs, the fact that 55 per cent (5/9) of our
sample are submm-faint (with (Sg70) < 2 mly) highlights that the
SMG population represents only a subset of high-redshift ULIRG
activity, as Casey et al. (2009), Chapman et al. (2004) and Blain
et al. (2004) suggest. The addition of 250-pum-selected, submm-
faint galaxies to the previously known HyLIRG population could
imply that the volume density of known high-z HyLIRGs would
increase from the SMG estimate roughly by 212 per cent. However,
more spectral observations of similar 250-pum-bright objects from
Herschel are needed to boost these statistics and understand the
actual level of contribution.

3.2 Near-infrared spectral features

The Hoa-derived star formation rates of the BLAST HyLIRG sam-
ple underestimate the FIR SFRs by ~10x, as is often the case
with rest-UV or rest-optical emission-line star formation indicators

© 2010 The Authors, MNRAS 411, 2739-2749
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Figure 6. FIR luminosity against dust temperature for the BLAST 250-pm sample (blue circles, labelled by the last three digits in their right ascension). The
dashed (z=2) and solid (z=1) lines indicate rough 1o boundaries at 250 pum (blue, o250 = 11 mJy, BLAST), 70 um (red, 079 = 1 mJy, MIPS) and 870 pum
(black, og70 = 3 mlJy, LABOCA), where sources at the given redshift would have 1o significance if it has Lrr and T4 corresponding to the boundary and
would be > 10 if it lies to the right of the boundary. To translate these curves into 3o detection limits, they would be shifted ~0.4 dex to the right in luminosity
space; the shape of the boundary curves would be maintained. 70 um-bright ‘hot-dust’ ULIRGs from Casey et al. (2009a) are overlaid as red triangles. The
850-um-detected SMGs from Chapman et al. (2005) and Kovics et al. (2006) are overlaid as small black crosses. The area enclosed by the green colour
highlights a phase space where 250-um observations are more sensitive than 870 pum at all redshifts z > 1.

in dust-obscured starburst galaxies. However, we note that near-IR
spectroscopic observations of SMGs in Takata et al. (2006) mea-
sured internal extinction factors of Ay = 2.9 & 0.5 using Ha/Hp
ratios. When correcting the Ha-inferred SFRs in Table 2 for this
dust extinction the FIR-inferred SFRs are recovered, averaging to
~2000 M, yr~!. This indicates that dust obscuration is significant
in the near-IR and must be corrected for to understand the true
nature of the ultraluminous activity in these galaxies.

Placing our [N n]/Ho metallicity measurements in a larger galaxy
evolution context, the metallicities of this sample (measured by
converting to (O/H), i.e. {12 4 log(O/H)) = 8.65) agree within
uncertainties with the observed metallicities of the most massive
z ~ 2 galaxies, (12+1og(O/H)) ~ 8.55£0.07, in Erb et al. (2006).
The mean [N n]/He ratio for this sample, 0.29 + 0.23, agrees within
the uncertainty with the Swinbank et al. (2004) SMGs, 0.41 4 0.38.
While evolutionary conclusions should not be drawn from these
data alone, the results are consistent with the conjecture that the
ULIRG phenomenon occurs at the early stages of a burst in star
formation triggered by the merger of two typical gas-rich massive
galaxies at z ~ 2.

3.3 Temperature fitting and selection

Fig. 6 shows dust temperature (7q,s) against FIR luminosity, with
BLAST 250-pum sources and SMGs overplotted. Representative

© 2010 The Authors, MNRAS 411, 2739-2749
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lo detection boundaries at 70, 250 and 870 pwm are shown to
illustrate the populations’ selection biases (20, 30 or 5o de-
tection limits would have the same shape but be shifted to the
right in luminosity; e.g. the 30 detection limit corresponds to
a luminosity shift of ~0.4dex). The mean dust temperature of
our sample, when fitted with single modified blackbody SEDs,
is 52 £ 6K, which is comparable to the mean dust tempera-
ture of local ULIRGs of similar (10" L) luminosities, 45 =+
10K (Chapman et al. 2003; Rieke et al. 2009), and only ~5K
warmer than SMGs of similar luminosities, >10'3 Lo (andis 15K
warmer than SMGs on average, which are 36 £ 7K). Overall,
all BLAST sources (except the lower redshift J033246) have dust
temperatures consistent with the high luminosity end of the SMG
distribution.

It is important to note that the SMG FIR luminosities shown here
are derived from radio luminosity, via the FIR-radio correlation,
and that the associated dust temperature fits are reliant upon that
assumption. To first order, we and others have shown that the FIR-
radio correlation holds at these redshifts and luminosities (for direct
comparison, see Table 2); however, scatter is significant, with dif-
ferences in measured/derived FIR luminosities of 0.7 dex. As is
often done for literature SMGs to date (Chapman et al. 2005), dust
temperature is measured by using a single FIR data point (e.g. ob-
served 850 pm) and forcing an SED with fixed radio-inferred Lgg.
If the radio-inferred FIR luminosity is significantly different from
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the actual FIR luminosity, then the dust temperature will either be
grossly over- or underestimated.

We use the BLAST sample and its full SED information (thus
directly measuring FIR luminosity) to test the accuracy of FIR fits
and derived dust temperature for SMGs and other high-z ULIRGs.
Regardless of the accuracy of radio-derived FIR luminosities, we
find that 74, is systematically underestimated by 12 + 19 K when
derived from 870-pm flux densities. Similarly, we also measure
dust temperature from the 70-pm flux densities (as is done in Casey
et al. 2009a, for 70-pum-luminous radio galaxies) and find that they
are overestimated systematically by 6 &= 10 K.

The severity of these over- and underpredicted dust tempera-
tures is due in part to the sample selection. Because the sample is
selected at 250 pm, it is likely that considering only the 870- or
70-pum points will produce larger Ty error than the 870- or 70-um-
selected samples, simply because of the temperature-weighting and
biasing of these selection wavelengths. In other words, if a galaxy
is 870 pum bright and 250 pm faint, then it is far more likely to
have a cooler inherent temperature than a galaxy which is bright
at both wavelengths. This highlights the difficulty with fitting dust
temperatures to single FIR flux measurements and demonstrates
that the luminosity—temperature distribution of previously studied
ULIRG populations should be revisited when more complete SED
information is gathered from Herschel and SCUBA 2 (e.g. Magnelli
et al. 2010).

3.4 HyLIRG evolution

Fig. 6 highlights where 250-pum observations are more sensitive
to hotter dust temperatures than ~870 um at z > 1. The sparsity
of detections in the highlighted region of Fig. 6 indicates that hot-
dust HyLIRGs are genuinely much more rare than their cold-dust
analogues at Ly > 10" Lo at high redshift.

The dearth of hot-dust ULIRGs (2,60 K) from these data is only
significant in the HyLIRG (>10" L) regime for redshifts above
z=1.5 (in other words, it is also significant at fainter luminosities
at lower redshifts but not fainter luminosities at high redshifts). Due
to the 250-um BLAST sensitivity, we have only one 10'> < Lpgr <
10" Lo ULIRG in our sample, and its redshift is ~1.3. This leaves
the possibility that z ~ 2 hotter dust ULIRGs exist, but lie beneath
current 250-pum imaging depth. Casey et al. (2009a) showed that at
slightly lower redshifts, z ~ 1.5, star formation-dominated hot-dust
ULIRGs (T3 ~ 52K, Lpr = 2 x 10'? L) have been observed at
1/5 the volume density of SMGs, but limitations in Spitzer-MIPS
70-um depth prevented significant detections at z = 2. Also, work
by Casey et al. (2009c) argues that hotter dust >60-K HyLIRGs at
z ~ 2 are less prevalent based on CO observations of submm-faint
radio galaxies. After accounting for selection bias, the submm-faint
ULIRG sample was ~2x less luminous in Lgr and Lo than CO-
observed, cold-dust SMGs.

If we assume a priori that high-z ULIRGs have the same dust
temperature distribution as local ULIRGs (which have (7Ty) = 45+
10K above 10'*K), then there is an ~60 per cent chance that
no >60-K sources are detected within a sample of seven sources
(given a Gaussian distribution of dust temperatures for systems of
>101 L). This illustrates how limiting our sample size is when
it comes to drawing conclusions for the whole 250-pm-luminous
population. For example, a sample of ~30 sources with T4, < 60 K
must be detected in order for that likelihood to drop to <13 per
cent. More spectroscopic observations and FIR characterizations of
similar samples are needed from Herschel and SCUBA 2 for real

progress to be made in high-z ULIRG evolutionary studies and to
probe the differences with local ULIRG populations.

Despite its significant uncertainty given the small sample size, the
lack of hot-dust systems (>60 K) in the BLAST HyLIRG sample is
consistent with predictions from smoothed particle hydrodynamics
simulations for IR-luminous galaxies (see Narayanan et al. 2009).
They suggest that the brightest high-z starbursts (>10'* L) are at
their most active phase during the early stages of final merger infall,
when gas and dust are diffuse, extended and cold. Warmer dust is
suggested to condense either at a later stage merger, when gas and
dust have collapsed and heated, or when they have been heated by
a growing AGN. While this sample of galaxies exhibits warm dust
(30 < Tguse < 5S0K), we have not detected any >10'3-L@ hot-dust
(>60K) systems in this sample and find a modest AGN fraction (20
per cent); therefore, our results loosely support the theory that the
most luminous HyLIRGs are triggered by major merging events.

3.5 Confusion

It is important to once again consider the impact of confusion lim-
itations and deboosting factors on our conclusions. We excluded
the uncertainty in the deboosting factor from our results (as dis-
cussed in Section 2) because its blind propagation into all of the
bands in our SED fits is not justified. As is discussed, the deboost-
ing uncertainty is likely to have far greater effect on Lpg than on
T, or B since boosting is correlated between FIR bands. Using a
naive model where the main contribution to source confusion is a
single additional source within the beam, whose FIR colours have
the same distribution as seen in Herschel populations, we estimate
that the derived Lgpg is uncertain by ~0.1 dex and T 4, is uncertain
by ~9 K. However, without a proper understanding of the sources
which boost the flux of our high-z BLAST sample, it is very difficult
to determine how the dust temperatures might change, although it
is unlikely that the mean would shift far from the current mean,
52 £+ 6 K. This differential boosting issue should be investigated
carefully with future, large Herschel 250-pum-selected samples.
The deboosting effect on luminosity is easier to quantify than the
effect on 74. The maximum uncertainty for the deboosting factor
found by Eales et al. (2009) is ~50 per cent, which would propagate
to a factor of ~2 in luminosity. The mean luminosity of our sample
is ~3x 10" Ly, a factor of ~5-10 greater than most high-z ULIRG
populations in the literature. The factor of ~2 difference caused by
potential deboosting corrections is not significant in comparison.
These 250-pm-bright galaxies are still ‘HyLIRGs’, thus amongst
the most luminous, extreme starbursts measured at high redshift.

4 CONCLUSIONS

The redshift identification of these 250-um-bright, z ~ 2 HyLIRGs
has allowed a characterization of their near-IR and FIR properties,
leading to the following conclusions.

Near-IR spectroscopy (as probed here by VLT ISAAC) is an effi-
cient way of identifying redshifts (50-70 per cent success rates) for
FIR sources which have secure photometric redshifts. The redshift
range of our sample is z = 1.3-2.6, averaging to (z) = 2.0 £ 0.4,
making up the z 2 1 subset of 250-um-bright BLAST galaxies. We
also find that Ho star formation rates underpredict their FIR SFRs
by ~35 times, and we measure metallicities which are in agreement
with other high-z galaxy samples, including those of much lower
luminosities but of similar stellar mass.

Having multiple FIR flux densities available for each object, we
fit FIR blackbody SEDs to each source and constrain Lgr, T4 and B
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independent of radio flux density or mid-IR flux densities. We find
that the FIR—radio correlation holds, but that SMG composite spec-
tra, when fitted to 24-pum flux densities, do not successfully describe
the FIR properties of this sample. We measure FIR luminosities of
~3 x 10" Ly and dust temperatures averaging Ty, = 52 £ 6K.
However, we warn that both of these conclusions are sensitive to
the effects of flux boosting in the FIR, although we estimate that
this should not change Lgr by more than a factor of ~2x and 7T gus
beyond its quoted error.

Since 250-um selection is more sensitive to the detection of
hotter dust sources than SMG selection (at 850 pum), the lack of
>60-K hot-dust galaxies in our sample is potentially an indication
that high-z, high-L galaxies are more extended (with diffuse, cool
dust) on a whole than local ULIRGs. However, our small sample
size limits this conclusion to only <40 per cent likelihood. A lack
of >60-K hot-dust specimens in the BLAST 250-um population
could be telling to the galaxies’ evolutionary stage; this work high-
lights the need for more observations of larger samples of similar
and fainter sources. FIR mapping at 70-500 pm from Herschel
and SCUBA 2 will further select rare and poorly studied high-z
ULIRG populations like the galaxies presented here, and near-IR
spectroscopic observations will enable further redshift identifica-
tion of their counterparts, leading to a better characterization of the
ULIRG phenomenon at high-z.
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