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Figure 7.7 The cosmic optical, infrared and microwave backgrounds
compared.
The energy density of the CMB is the highest, but the optical (COB) and
infrared (CIB) backgrounds contain similar amounts of energy. (Modified from
an original figure by H. Dole et al. The cosmic infrared background resolved by
Spitzer. Contributions of mid-infrared galaxies to the far-infrared background.
A&A, 451:417429, May 2006 [46]).

other contaminating sources from this background, and the results remained
somewhat noisy, so the paper only described this detection as ‘tentative’.
Confirmation, though, of the existence of a cosmic infrared background (CIB)
arrived two years later with the results of the DIRBE instrument [58]. The two
data sets matched perfectly. Even more surprising was the amount of energy
in the CIB. When this is compared to the amount of energy emitted by all the
distant optical and near-infrared galaxies found in deep surveys such as the
Hubble Deep Fields, which can be thought of as the cosmic optical background
(COB), the two are found to be almost identical. This means that the sources
that power the CIB have, over the history of the universe, generated as much
energy as all the stars we can see in all the galaxies observed by our optical
telescopes. This can be seen diagrammatically in Figure 7.7, which also shows
that both of these backgrounds still contain much less energy than the CMB -
not that surprising since the CMB comes from the formation of the universe.

Clements, 2014, from
original by Dole, 2006

CIB demonstrates that ~50% of energy generated by 
stars/AGN is reprocessed to far-IR by dust



CIB Galaxies: Different

~2000 optically 
selected galaxies

5 submm
selected galaxies



HDF850.1

Brightest submm source in HDF undetected in optical/
IR. Lies at z=5.18 and has SFR ~ 850 Msun/yr

Walter et al., 2012
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The Herschel Space Telescope

• Launched May 14 2009 
• ESA cornerstone mission 
• Far-infrared Space 

Telescope: 60-600µm 
wavelength 

• 3.5m primary: largest mirror 
ever launched into space 
– Limited by launch vehicles 

• 3 cryogenically cooled 
instruments (one led by UK) 

• Largest and most ambitious 
ESA astronomy mission yet
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SPIRE
• Longest wavelength 

instrument 
• Photometer and spectrometer 

– Large area cosmological 
surveys for dusty distant 
galaxies powering the CIB 

– Galactic plane survey  
– Search for new protostars 
– Spectral line surveys of 

stars and galaxies 
• UK led instrument (Cardiff 

University, Rutherford 
Appleton Lab, U. Leth and 
others)



HerMES GOODS-N: ~700 galaxies in 8 
hours

250 microns

500 microns

350 microns



Herschel Far-IR Surveys

• HerMES wedding cake survey (Oliver+12)

• Total area about 350 sq. deg. incl. HeLMS 
extension to Stripe 82

• H-ATLAS survey (Eales+10) about 660 sq. deg. in 
NGP, SGP & GAMA regions

• Total coverage ~1000 sq. deg. for about 106 FIR/
submm selected galaxies

• An improvement on the few 100 from SCUBA etc.



HerMES 1621

Figure 4. Map of dust emission from the Galaxy, with HerMES fields overplotted. The image is the 100 µm, COBE-normalized, IRAS map of extended
emission (Schlegel, Finkbeiner & Davis 1998). The projection is Hammer–Aitoff in Galactic coordinates. The sky brightness is plotted on a false-colour
logarithmic scale, with regions of very low Galactic emission appearing black and the Galactic plane yellow. In addition to the blank fields marked, HerMES
has also observed 12 known clusters.

Table 4. Beam sizes for different Herschel observing modes. Scan rates
are given for each mode. The FWHM of the beams in units of arcsec are
taken from SPIRE and PACS Observers’ Manuals V2.4/V2.3 (respectively).
Where two values are given, these are the major and minor axes; when the
ellipticity is less than 15 per cent, the geometric mean of the two is quoted.
The SPIRE beam is not known to vary significantly with scan rate and only
one value is given. Modes below the line are not used by HerMES but by
other Key Programme surveys.

Beam FWHM (arcsec)
Mode Rate at wavelength (µm)

(arcsec s−1) 100 160 250 350 500

SPIRE 30/60 18.2 24.9 36.3
PACS 20 6.8 11.4
Parallel 20 6.8 11.4 18.2 24.9 36.3

Parallel 60 7.0 × 12.7 11.6 × 15.7 18.2 24.9 36.3

beam smearing of around 30 per cent (Poglitsch et al. 2010, and
Table 4).

We alternated orthogonal scan directions to minimize correlated
noise, i.e. correlations arising from asymmetric transient detector
responses to sky signal.

2.4 Dithering

Moving the array on successive scans so that different pixels or
bolometers trace different parts of the sky (dithering) improves the
quality of the data in a number of ways. Dither steps of more than one
detector will reduce correlated noise arising when the same detector
crosses the same patch of sky on a short time-scale. Dithering on
large scales will also increase uniformity by distributing dead/noisy
pixels across the maps. Dithering at subdetector scales can possibly
lead to some improvement in resolution if the point spread function
is not fully sampled (in the case of SPIRE), further reducing the
impact of the sparse filling of the focal plane.

For PACS-only observations, we implemented a dithering pat-
tern. For each scan, we requested an offset with respect to our
nominal target position with offsets defined on a grid with spacing
(0, ±7.5, ±10.5 arcsec). This provides sampling at subpixel and
subarray scales.

For SPIRE, we modelled the scan pattern of good detectors and
investigated dithering patterns that reduced the variation in sensi-
tivity to point sources (for details see Appendix B). We found that
for a given number of repeats, N, offsetting by a fraction 1/N of
the scan leg separation between repeats was usually close to op-
timal. Exceptions to this would be cases where the resulting step
size coincided with the projected bolometer spacing; however, none
of our patterns resulted in that coincidence. This also provided a

C⃝ 2012 The Authors, MNRAS 424, 1614–1635
Monthly Notices of the Royal Astronomical Society C⃝ 2012 RAS
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Colour Selection
• The 3 colours 

observed 
simultaneously 
with SPIRE 
provide 
indications of 
redshift

• At z>5 SED 
peak is at 
wavelengths 
longer than 500 
microns:



Do Such red Sources 
Exist?

250 microns 350 microns 500 microns



Additional Flux: Submm 
Photo-z

• Can use model far-IR SEDs as templates 
in a crude photo-z estimator

• With Herschel data alone similar to red 
selection

• Additional submm data greatly improves 
photo-z accuracy



Redshift
Likelihood

Fitted SED



Redshift
Likelihood

Fitted SED
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The Highest Redshift dusty 
galaxies



Riechers 
et al 2013



DSFGs at z>4: 
Unexpectedly Common

The Astrophysical Journal, 780:75 (24pp), 2014 January 1 Dowell et al.

Table 6
Predicted Number of Red SPIRE Sources

Predicted Density (deg−2)
Model Red Red z > 3 Red z > 4 Reference

Béthermin 11 1.1 0.05 <0.03 Béthermin et al. (2011); B11
Béthermin 12 0.58 0.58 0.49 Béthermin et al. (2012); B12
F.-Conde <0.6 <0.6 <0.6 Fernandez-Conde et al. (2008)
LeBorgne <0.3 <0.3 <0.3 Le Borgne et al. (2009)
Valiante 1.5 0.2 <0.3 Valiante et al. (2009)
Franceschini 10 3.4 1.2 Franceschini et al. (2010)
Xu 12 0.34 0.08 Xu et al. (2001)
Observed 3.27+0.67

−0.84 >1.68 (95%) 2.37+0.75
−0.79 This work

Notes. Comparison of the prediction of various pre-existing models with the observed number of red sources
satisfying our detection criteria (D ! 23.9 mJy, S500 µm ! 30 mJy, S500 µm ! S350 µm ! S250 µm). The upper
limits, which are provided when no such sources were generated in our simulations, are the 95% one-sided
frequentist limits, and are set by the sky area simulated for each model. The number of red sources at z > 3
and z > 4 are based on combining the measured sky density with the observation that 4/5 of our sources with
redshifts are at z > 4, and 5/5 at z > 3.

For the Xu et al. (2001) models, we used mock catalogs
covering 10 deg2 which have been updated to better match
the Spitzer number counts. This substantially over-predicts
the number density of red sources at 12 deg−2. However, the
predicted number of z > 4 sources is much smaller, 0.08 deg−2,
which is strongly ruled out. Again, this model also predicts
a very large number of red sources at lower z which are not
seen in the data. Inspection of these sources show that most are
classified as having “active galactic nucleus (AGN)” rather than
“starburst” templates. Closer inspection of the templates that
meet our source selection criteria indicate that the models may
have poor applicability for these types of sources. For example,
the template within the model catalogs which most often passes
the selection criteria is based on the 1011.8 L⊙ galaxy Mrk 0309,
which is assumed to have a dust temperature of ∼22 K (for β =
1.5), despite being scaled up by a factor of five in luminosity
for the catalogs, and despite having no published measurements
for the template fit at λ > 100 µm. Galaxies with luminosity
of 1012.5 L⊙ and average dust temperature 22 K may exist, but
the Mrk 0309-based template is not yet a convincing example
of one.

The B12 models fare considerably better. We generated
catalogs representing 200 deg2, and found a predicted red source
density of 0.58 deg−2. Furthermore, all of the red sources
predicted by this model are at z > 3, with 0.49 deg−2 at
z > 4. Folding in the efficiency distribution, and including
the predicted contamination rate by “orange” sources, the B12
model predicts that we should select 14.7 sources over our fields,
compared with the 38 actually found. This corresponds to a P
value of 3 × 10−7, so formally this model is still excluded
at very high significance. However, it is clear that it is much
closer to our observations than the other models, and it is
worth attempting to understand why this is the case. There
are two primary reasons. First, the B12 predicts more high-z,
luminous DSFGs than many of the other models—although
not, for example, the B11 model. Second, the SED templates
for luminous DSFGs are redder, on average, than for most
of the other models—this is the most important difference in
comparison with the B11 model. In addition, the B12 model
implements some scatter in the templates for a fixed z and
luminosity, which most of the other models do not. However,
this seems to have a relatively modest effect—doubling the
scatter increases the predicted source density by about 25%, but
entirely by adding bright z < 3 red sources which, so far, have
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Figure 13. Cumulative number counts (red DSFGs brighter than a specified flux
density in the difference map, D) for the B11 and B12 models, based on the
simulations discussed in the text. Shown, for comparison, is our measurement
of the number density of z > 4 red DSFGs from Section 5.4.
(A color version of this figure is available in the online journal.)

not been observed. Furthermore, it disturbs the agreement of this
model with the observed far-IR/submillimeter monochromatic
differential number counts. The cumulative number counts for
the B11 and B12 models, compared with our observations, are
shown in Figure 13.

One possibility for improving the agreement of these models
with observations is that there may be significantly more strong
lensing at high redshifts than expected. Here we explore how
much more lensing would be required to match our observations
with current population models using the B11 model. The B11
model already contains lensing, but we can consider the effects
of modifying this prescription. If we substitute the lensing
model of Wardlow et al. (2013), the number of red sources is
significantly increased to 1.4 deg−2. However, most of these are
at z < 2; the number densities at z > 3 and z > 4 are increased
to 0.3 and 0.2 deg−2, respectively. This is a step in the right
direction, but is clearly still inconsistent with our observations.
Furthermore, the observed flux density distribution clearly does
not match our population—the number of S500 µm > 50 mJy
sources at z > 3 is only 0.05 deg−2. The five sources with
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Figure 14. Photo-z distribution of our sample using the SED prior discussed in
the text.
(A color version of this figure is available in the online journal.)

sampled λC
max values, we also take the corresponding values

of the SED parameters (Td, β, etc.), redshifting that SED to
the corresponding zp of the catalog source, and scaling it to
match the observed 500 µm flux density. For this calculation
we must also correct for the selection efficiency and purity, as
discussed in Section 5, so for each zp, LIR pair we also associate
a randomly drawn ϵ and p appropriate to that source. Doing this
once for each source in our catalog provides a single simulation
of our red source sample. We then bin the simulated sources
by zp into two broad bins (zp = 4–5 and zp = 5–6), add up
the total LIR in each bin, counting each catalog source as p/ϵA
sources per deg2, where A is the area of the field that that source
comes from. For those sources in our main survey area with
spectroscopic redshifts (FLS 1, FLS 3, FLS 5, and LSW 20) we
instead sample LIR directly from their SED fits (Section 4.7),
hence excluding both FLS 3 and LSW 20 from our calculation
as they lie outside both redshift bins.

We then divide the total LIR in each bin by the comoving
volume per deg2, and convert to a star formation rate density
(SFRD) using the Kennicutt (1998) conversion. By repeating
this procedure 5000 times, and folding in Poisson noise due to
the limited sample size, we can estimate the uncertainty in the
SFRD from these sources, deriving values of (1.5 ± 0.5)×10−3

and (8.6 ± 4.9) × 10−4 M⊙ yr−1 Mpc−3 at 4 ! z < 5 and
5 ! z < 6, respectively (Figure 15). About half of the
uncertainty budget in the lower bin and the majority in the higher
bin arises from Poisson noise. Note that we make no attempt
to correct for non-red DSFGs at these redshifts, nor for sources
fainter than our detection limit. These values thus represent only
the contribution to the SFRD from the most luminous, heavily
obscured far-IR galaxies.

This discussion assumes that AGN activity is not a major
contributor to the far-IR luminosity of our sources, as is thought
to be the case for lower-z DSFGs (Alexander et al. 2005).
Unfortunately, given the high redshift, extreme obscuration,
and modest source density of our sources, obtaining sufficiently
deep X-ray data for even a small fraction of our catalog would
be prohibitively expensive. However, we note that the closest
X-ray source to GOODSN 8 in the 2 Ms Chandra Deep Field
North catalog (Alexander et al. 2003) is 18′′ away, which, given
our positional uncertainties, is unlikely to be related.

Figure 15. Estimated contribution of our 500 µm riser selected DSFGs to the
star formation rate density at z = 4–6 (red circles). No correction is made for
fainter sources, or for DSFGs in this redshift range that are not red in the SPIRE
bands. The horizontal bars reflect the bin size, and are not uncertainties. The
orange diamonds show the red points corrected for fainter sources using the
B11 luminosity function. For comparison, the blue pentagons are the extinction
corrected values derived from rest-frame UV HST surveys for sources brighter
than 0.3 L⋆ (Bouwens et al. 2007); these include significantly lower luminosity
sources than the red points.
(A color version of this figure is available in the online journal.)

If we assume that the shape of the DSFG luminosity function
does not evolve from z ∼ 2 to z ∼ 5 (which is almost certainly
not true in detail, and may not even be a good approximation),
then we can correct for the presence of fainter starbursts. Further
assuming that our z > 4 targets have LIR > 1013 L⊙, based
on the results of Section 4.7, and using the B11 luminosity
function,43 the contribution to the SFRD from red, z > 4
DSFGs is similar to the extinction-corrected, UV-inferred SFRD
at the same redshifts of Bouwens et al. (2007), as shown in
Figure 15. Using the B12 luminosity function increases this by
a further factor of three. Again, we have not made any attempt
to include non-red z > 4 DSFGs. Furthermore, the overall
SFRD for these luminosity functions is dominated by sources
with LIR ∼ 1012 L⊙, which are too obscured to be detected in
the rest-frame UV even in deep Hubble Space Telescope (HST)
observations. Clearly, the exact values should not be taken too
seriously, but they do suggest that rest-frame UV based estimates
of the star formation history of the universe may be missing a
significant component of the SFRD, even after corrections for
extinction. Determining whether or not this is the case will
require further observations—with the goals of both increasing
the number of red sources with spectroscopic redshifts, and
extending the search to fainter sources.

8. CONCLUSIONS

We have presented a method for selecting candidate high-z
DSFGs using Herschel/SPIRE colors, and provided a catalog
of such sources selected from the first 21.4 deg2 of data from
the HerMES project.

1. The number density of red S500 µm " 30,D =
0.92S500 µm − 0.39S250 µm " 23.9 mJy sources in confu-
sion limited SPIRE maps is ∼2 deg−2. After modeling for

43 See Figure 11 of B11, noting that the only change in the shape from z = 3
to 5 is an increase in L⋆ by 6%.

22

We find more than 
current models predict

Comparison of SFRD of
z>4 DSFGs & UVGs

Dowell et al. 2014
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Figure 4. Raw 500 µm di↵erential number counts of our sample of “red” sources. Filled circles represent the raw red source counts with
1� Poisson error bars, except for the highest three flux density bins, where we plot the 95% upper confidence limits. The green diamonds
shows the total Herschel 500 µm number counts measured by Clements et al. (2010). The dotted blue line represents the expected measured
raw counts based on an intrinsic red source distribution shown by the solid blue line. These two lines are derived from simulations described
in Section 4.1 that account for blending, Eddington bias, false detections and completeness. The cyan stars connected with a dashed line
are binned data from creating a simulated catalog based on the earlier Béthermin et al. (2011) model, and selecting objects with the same
criteria as we do for our catalog. The red crosses connected with a dashed line show the same with a catalog drawn from Béthermin et al.
(2012a) model. The model comparisons are discussed in Section 4.2.

Table 2

Raw 500 µm number counts.

S
min

S
max

S
mean

N
bin

dN/dS

(mJy) (mJy) (mJy) (⇥10�4 mJy�1deg�2)

52.0 60.2 56.1 225 998.6 ± 66.6

60.2 69.8 65.0 154 590.1 ± 47.5

69.8 80.8 75.3 55 181.9 ± 24.5

80.8 93.6 87.2 27 77.1 ± 14.8

93.6 108.4 101.0 9 22.2 ± 7.4

108.4 125.5 117.0 4 8.5 ± 4.3

125.5 145.4 135.4 1 1.84 + 8.41
� 1.79

145.4 168.4 156.9 1 1.58 + 7.26
� 1.55

168.4 195.0 181.7 1 1.37 + 6.27
� 1.33

The raw source counts can provide a biased estimator
of the intrinsic source distribution through a number of
e↵ects. If the intrinsic source counts are a steep function
of source brightness, or the flux uncertainties are large, a
larger number of faint sources may appear to satisfy our
catalog selection criteria than the number of acceptable
sources that appear not to. This so-called “Eddington
bias” may be present at the cuts where we require S

500

>
52mJy, D > 34mJy, S

500

> S
350

and S
350

> S
250

, and
this will a↵ect the observed slope of the number counts.
Additionally, there may be a bias in our counts that

arises from the variation of our angular resolution with
wavelength. There will be closely adjacent sources that

appear blended into one object at 500µm and resolved
into several at 350 or 250µm. If one of these sources
is very red, but not bright enough for catalog inclusion,
and the other(s) neither very bright nor very red, the sum
may well appear both bright enough and red enough for
inclusion. This results in a fairly red but slightly faint
object in the catalog. Examples of this e↵ect are shown
on Figure 5.
Ordinarily these e↵ects can be estimated and corrected

using a model or prior knowledge of the shape of the
intrinsic source counts. However, as discussed in Dow-
ell et al. (2014), the existing models appear to under-
predict the abundance of these sources by an order of
magnitude or more, so this procedure will not be reliable.
Instead, we take a self-consistent approach. We use ex-
isting source models to construct an artificial sky without
red sources, add a power-law distribution of red sources
and vary the terms in the power-law until searches of the
artificial maps return counts that match the raw counts
on Fig. 4.
We use the Béthermin et al. (2012a) model to create

simulated maps at all three wavelengths containing no
red sources, then we add the measured instrumental noise
to these maps and we inject fake red sources into this
data set. To do this we first draw 500µm fluxes from a
power-law distribution of the shape dN/dS = N

0

⇥S�↵,
then we fix the color ratios of our injected objects to
the median of the color ratios measured in our catalog,
S
500

/S
250

= 1.55 and S
500

/S
350

= 1.12. On Fig. 6 we
plot the measured color distribution in our 500µm bins.
The largest scatter is in the lowest two bins, where many
of the objects with high color ratios are either blends or

z>4 Sources: Status

• Dowell et al, 2014: 38 candidates over 21 sq. deg.

• Asboth et al. (2016): 477 over 273 sq. deg. in HeLMS

Asboth et al. 2016
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Figure 7. Color-color plot of red sources. Blue filled circles represent the objects in the current catalog. The green dashed line represents
the redshift-track for the starburst galaxy Arp220 and the dotted magenta line for SMMJ21352–102 (Cosmic Eyelash, Swinbank et al.
2010), with the labels on these curves showing the redshifts. Red filled stars show two sources from the catalog discussed in our paper that
have ALMA redshift measurements. These are from left to right: HeLMS65 with z = 4.997 or z = 3.798 (see discussion in Section 6.1); and
HeLMS34 with z = 5.162. For these two sources we plot the errors in the color measurements. These uncertainties are representative of
the typical errors of the colors of sources in our catalog. The black open star symbols represent four sources from the Dowell et al. (2014)
red source sample that have spectroscopic redshift measurements. From left to right: FLS1 (z = 4.3); FLS5 (z = 4.4); LSW102 (z = 5.3);
and FLS3 (z = 6.3).

on di↵erent comparison samples. While we did not carry
out a similar analysis, based on the similar selection func-
tion, and the similar measured �

max

and T
obs

distribu-
tion of our sample, we can assume that our catalog also
consists of mostly high redshift objects.

6. FOLLOW-UP RESULTS

Previous follow-up observations of red sources have
already shown that we can indeed successfully select
high redshift dusty galaxies based on their red SPIRE
colors, but to confirm that this is true about our
whole sample more observations will be needed. Here
we summarize spectroscopic redshift measurements with
ALMA and millimeter-wave photometric follow-up mea-
surements with CSO/MUSIC for a subsample of the red
sources in the HeLMS catalog, then we discuss how these
additional data can help us constrain the properties of
our sources compared to what we can infer from the
SPIRE data alone.

6.1. ALMA spectroscopy

We carried out spectroscopic observations for two of
our red sources HeLMS34 and HeLMS65 using the At-
acama Large Millimeter/submillimeter Array (ALMA)
during the Cycle 2 operational phase, to determine their
redshifts. We already have photo-z estimates for the
redshift these two sources, z

phot

= 5.15 ± 0.12 and
z
phot

= 5.24 ± 0.27, respectively (Clements et al. in
prep.). The observations were carried out in Band 3,
which covers frequencies between 84 and 116GHz, which
contains the redshifted CO rotational lines typically be-
low the J = 6� 5 transition.

Figure 8. Distribution of the observed temperature T
dust

/(1+z)
and the observed SED peak wavelength �

max

of our red sources
measured by fitting an optically thick modified blackbody spectrum
to our SPIRE flux densities, as described in Section 5

Asboth et al. 2016



Some Surprises

Lockman-102: very bright - 140mJy at 500 microns - 
but very high redshift: z=5.29



HLock-102: 3x brighter than HFLS3 at 500 µm, followed up w/ CARMA, PdBI, SMA!
!
Detected CO J=5-4, 6-5, 7-6, 8-7, 9-8, [CI], [CII], [NII]!
!

⇒  strongly-lensed red source at z=5.292 [somewhat less red than HFLS3]!

⇒ u-v plane lens modeling (Cornell REU student J. Bradli/Rutgers): magnified by factor of ~10x!

⇒  Intrinsic S500µm ~ 12-14 mJy – color info would be lost in Herschel/SPIRE confusion noise!
!

⇒ Clear differential effects between [CII] and continuum!

⇒ Lensing galaxy: zphot ~ 1.8 – could be most distant lensing galaxy known!

CO 7-6 & [CI] !

CO 8-7 !

CO 9-8 !

HLock-102 
[CII] on dust 

HST/WFC3  F110W!
dust!

Lens model + dust!

Lock-102: Lensed

Lens not yet fully identified - highest z lens to date?
SMA data looking at kinematics of CII line at z=5.29

Wardlow, et 
al. in prep;

Bussmann 
uvmcmcfit 
lens fitting 

code



ALMA Spectra

• Multiple spectral scans to cover large enough 
frequency range to ensure line detection - a ‘special 
mode’ and with high overheads in AO2 & 3

z=5.162 z=5.093



More ambiguous cases

z=3.798 or 4.997 z=3.34 based on not 
seeing other lines

Ideally want high spectral range receiver on sensitive 
submm interferometer - SMA with 32GHz b/w SWARM 

coming soon
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Figure 1: Illustration of where 500µm-risers lie in the Herschel/SPIRE colour-colour plane. The colour 
selections used to define our sample (grey dashed lines) are shown in comparison with the redshift 
tracks of the local Dusty Star Forming Galaxy Arp220 with tick marks from z = 3 − 7. The red 
diamonds are the 500µm risers from the HerMES project (and two sources from the literature: ID 141 
and HLS 773) with securely measured CO redshifts, with the three recently discovered z > 5 ALMA 
sources marked with green boxes. 
 
 

 
Figure 2: Results of our HST cycle 22 observations of two of our targets (Wardlow et al., in prep). 
Left: colour image using our HST WFC3 F105W and F160W data together with ground-based 
WHT/LIRIS Ks imaging of HELMS-10 (z = 4.373). Contours are from our SMA 1.1 mm 
observations. The background SMG is clearly detected in the three bands. In the HST images there is 
indication of lensing, by a bluer galaxy, detected also in the optical with WHT/ACAM, at about 1” 
from the SMG. Right: SMA 1.1 mm contours of FLS-1 (z = 4.286) superimposed on our HST F105W 
and F160W images. In this case the WFC3 source is probably a lensing galaxy and there is no strong 
emission directly associated with the background SMG, probably due to strong obscuration. 

Now have 10 HerMES red sources with spectroscopic 
redshifts confirmed at z>4

Asboth et al., Martinez-Navajes et al.



Followup studies

• Include ALMA & HST high resolution imaging

• Multiband photometry to understand SEDs, 
determine stellar mass, SF history etc.

• Additional spectroscopy to study multiple lines 
eg. [CII]



Initial [CII] spectroscopy of two high z dusty 
objects from JCMT - Chapman et al. (in prep).

Note very different velocity widths.



Hopes for higher z?
• Proper understanding of the z>5 dusty star forming 

galaxy population needs to push to lower 
luminosities - say >2x fainter than HFLS3

• Such objects will not appear in SPIRE images - too 
faint - but will appear in submm (0.85, 1.25mm) 
images

• Objects at z>>6 would also appear as such ‘SPIRE 
dropouts’

• May be needed to explain sources like A1689-zD1 
the dusty, massive evolved galaxy at z~7.5 (Watson 
et al., 2015)



SPIRE Dropouts

Herschel 3 colour SPIRE images compared to 1.25mm 
AzTEC contours (Hatsukade et al., 2011)

870μm followup coming (Greenslade et al.)



SPIRE Dropouts: NGP6_d1





NGP6 Observations
• Herschel, no detection; SCUBA2, SMA, NIKA - 

detections 

Greenslade et al., in prep

z~5.25



What Next?: SPICA
• Proposed ESA-

JAXA mission for 
mid to far-IR 
spectroscopy

• 2.5m diameter, 
telescope cooled to 
8K

• Two instruments: 
mid-IR & far-IR







Conclusions
• Far-IR luminous galaxies at z>4 more 

common than models predict

• May make significant contribution to 
SFRD

• Good way of finding high-z lenses

• Increasing number of z>5 sources coming 
from ALMA

• SPIRE dropouts may push to lower L and/
or even higher z


