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The intense starburst HDF 850.1 in a galaxy
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The Hubble Deep Field provides one of the deepest multiwave-
length views of the distant Universe and has led to the detection of
thousands of galaxies seen throughout cosmic time'. An early map
of the Hubble Deep Field at a wavelength of 850 micrometres, which
is sensitive to dust emission powered by star formation, revealed the
brightest source in the field, dubbed HDF 850.1 (ref. 2). For more
than a decade, and despite significant efforts, no counterpart was
found at shorter wavelengths, and it was not possible to determine
its redshift, size or mass®>~’. Here we report a redshift of z = 5.183 for
HDF 850.1, from a millimetre-wave molecular line scan. This places
HDEF 850.1 in a galaxy overdensity at z~ 5.2, corresponding to a
cosmic age of only 1.1 billion years after the Big Bang. This redshift
is significantly higher than earlier estimates>*** and higher than
those of most of the hundreds of submillimetre-bright galaxies
identified so far. The source has a star-formation rate of 850 solar
masses per year and is spatially resolved on scales of 5 kiloparsecs,
with an implied dynamical mass of about 1.3 X 10"" solar masses, a
significant fraction of which is present in the form of molecular gas.
Despite our accurate determination of redshift and position, a
counterpart emitting starlight remains elusive.

We have obtained a full-frequency scan of the 3-mm band towards
the Hubble Deep Field using the IRAM (Institut de Radioastronomie
Millimétrique) Plateau de Bure Interferometer. The observations covered
the frequency range from 80-115GHz in ten frequency settings at
uniform sensitivity and at a resolution (about 2.3"") that is a good
match to galaxy sizes at high redshift. They resulted in the detection
of two lines of carbon monoxide (CO), the most common tracer for
molecular gas at high redshift®, at 93.20 GHz and 111.84 GHz at the
position of HDF 850.1. Identifying these lines with the J=5and J =6
rotational transitions of CO gives a redshift for HDF 850.1 of z = 5.183.
This redshift was then unambiguously confirmed by the Plateau de
Bure Interferometer’s detection of the 158-um line of ionized carbon
([Cu], redshifted to 307.38 GHz), one of the main cooling lines of the
star-forming interstellar medium. Stacking of other molecules covered
by our frequency scan that trace higher volume densities did not lead to
a detection (see Supplementary Information). Subsequently, the J = 2
line of CO has also been detected using the National Radio Astronomy
Observatory (NRAO) Jansky Very Large Array at 37.29 GHz. The
observed [C11] and CO spectra towards HDF 850.1 are shown in Fig. 1.

The beam size of our CO observations (about 2.3"', 15kpc at
z=>5.183) is too large to spatially resolve the molecular gas emis-
sion in HDF 850.1. However, the [Cn] and underlying continuum

observations (around 1.2"" X 0.8"") show that the source is extended
(hitherto, the interstellar medium has been spatially resolved only in
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Figure 1 | Detection of four lines tracing the star-forming interstellar
medium in HDF 850.1. a, [C11], v, = 307.383 GHz. b, CO(6-5),

Vobs = 111.835 GHz. ¢, CO(5-4), vgps = 93.202 GHz. d, CO(2-1),

Vobs = 37.286 GHz. Zero velocity corresponds to a redshift of z = 5.183.
Continuum emission is detected in a and b at 6.80 = 0.8 mJy and

0.13 = 0.03 mJy, respectively. We derive a 3¢ continuum limit of 30 puJy from
the Jansky Very Large Array observations at 37.3 GHz using a bandwidth larger
than shown here. Gaussian fits to the lines give a full width at half maximum
(FWHM) of 400 = 30 km s ™', narrower than typically found in sub-millimetre
selected galaxies'”. The observed integrated line flux densities are:

S[Cu] =146*03 IYkIIl Sil, S[CO(G—S)] =039=*0.1 ]ykm Sil, S[CO(5—4)] =
0.50 = 0.1 Jykms ™" and Sjco@-1y = 0.17 = 0.04 Jykms ™~ ". The resulting line
luminosities are® 5.0 X 10" Kkms ™' pc®, 1.0 X 10" Kkm s~ ' pc?,

19X 10" Kkms™ ' pc’and 4.1 X 10" Kkm's ™' pc? or 1.10 X 10"Lgy,,

1.06 X 10°Lg,y, 1.14 X 108Lg,, and 1.5 X 10" Ly, (uncertainties as given for
integrated line flux densities). Large velocity gradient modelling gives a
predicted CO(1-0) line luminosity of 4.3 X 10"°Kkms ' pc*
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extremely rare quasar host galaxies at such high redshifts'®). A single
Gaussian fit yields a deconvolved size of 0.9 * 0.3"’, or 5.7 * 1.9 kpc, at
the redshift of the source. Figure 2 shows the maps of total [C11]
emission (Fig. 2a) as well as the red- and blue-shifted parts of the
[Cu] line (Fig. 2b) superposed on the deepest available Hubble
Space Telescope images of the Hubble Deep Field'. The derived
dynamical mass is Mgy, =~ 1.3 = 0.4 X 10" Mg, assuming an arbit-
rary inclination of 30°. An alternative interpretation is that the source
is a merger of two galaxies, rather than a single rotating disk, which
would lower the implied dynamical mass. Figure 2 shows that the
source is completely obscured in the observed optical and near-infra-
red wavebands (that is, the rest-frame ultraviolet). There is no indica-
tion of HDF 850.1 harbouring an active galactic nucleus powered by a
supermassive black hole (quasar)''.

The CO(6-5)/CO(2-1) line luminosity ratio (in units of
Kkms ' pcz) (ref. 9) is 0.23 = 0.05. Assuming that the gas is being
emitted from the same volume, this implies that the high-] CO
emission is sub-thermally excited on galactic scales, less than seen in
the nuclei of local starburst galaxies'?. Using a standard large velocity
gradient model we find that the observed CO line intensities can be
fitted with a moderate molecular hydrogen density of 10**cm > and a
kinetic temperature of 45K for virialized clouds (velocity gradient
dv/dr=12kms 'pc™'). We caution that these numbers would
change if the CO transitions were not emitted from the same volume.
The predicted CO(1-0) line luminosity is 4.3 X 10'° Kkm's ™' pc?, close
to the measured value for CO(2-1). Depending on the choice of o, the
CO-to-H, conversion factor, this line luminosity implies a molecular
gas mass of Mjy, = 3.5 X (2/0.8) X 10"°Mgy,; here o = 0.8, in units
of Mgy, (K km s7! pcz)’l, is the conversion factor adopted for ultra-
luminous infrared galaxies (ULIRGs)" and thought to be applicable
to sub-millimetre bright objects'. The implied molecular gas mass
fraction is Mp2/Mayn ~ 0.25 * 0.08 (0/0.8); that is, even with a low
ULIRG conversion factor the molecular gas constitutes a significant
fraction of the overall dynamical mass. This molecular gas mass

(and fraction) is comparable to what is found in other sub-
millimetre bright galaxies that are typically located at much lower
redshift'*".

The line-free channels of the observations (Fig. 1) were used to con-
strain the underlying continuum emission. Our accurate position of the
rest-frame 158 pm emission is indicated as a cross in Fig. 2 (right). We
combine our continuum detections at 307 GHz and 112 GHz with
published values and new Herschel Space Telescope observations to
constrain the far-infrared properties of the source (see Supplementary
Information for details). Our best fit gives a far-infrared luminosity of
Lk = (6.5 1) X 10"Lgy,, a dust temperature of 35+ 5K (that is,
broadly consistent with the average kinetic temperature of the molecular
gas), a dust mass of Mg, = (2.75 = 0.5) X 10*Mg,, and a star forma-
tion rate of 850Ms,,,, per year (with an uncertainty of about 30%). Given
the extent of the source this results in an galaxy-averaged star formation
rate surface density of 850Ms,, per year divided by (n(2.8 kpc)z) equal-
ling 35Ms,,, per year kpc > (uncertainty ~50%), more than an order of
magnitude less than found in nearby merging systems and a compact
quasar host galaxy at z = 6.42 that has been studied in similar detail".
HDF 850.1 falls on the universal local star-formation law that relates the
average surface density of the star formation rate to that of the molecular
gas mass per local free-fall time'. The estimated surface density would
increase if future observations resolved the source structure.

The resulting [C]/far-infrared luminosity ratio of Licuj/Lgr =
(1.7 £0.5) X 102 in HDF850.1 is comparable to what is found in
normal local star-forming galaxies', but is an order of magnitude
higher than what is found in a z=6.42 quasar'’, the only other
high-z system where the [C1] emission could be resolved to date.
Recent studies indicate that this ratio is a function of environment,
with a low value (Licu/Lpr=1X 107* for luminous systems
dominated by a central black hole (quasars) and a high ratio (up to
Licuy/Lpr =1 X 1072) for low-metallicity environments. Our rela-
tively high ratio in Licn)/Lgr is consistent with HDF 850.1 being a
high redshift star-forming system in a non-quasar environment'”.
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Figure 2 | [C11] line emission towards HDF 850.1. a, [C11] contours on top of
a deep Hubble Space Telescope image' of the region in a filter (I band) that
covers the Lyman-o line and ultraviolet continuum at z = 5.183. [C11] contours
show the averaged emission over 700 km s " and are plotted at 5 mJy per beam,
7 mJy per beam, 9 mJy per beam and 11 mJy per beam (1o = 1.3 mJy per beam).
A Gaussian fit to the emission gives a deconvolved size of 0.9 * 0.3"’ or

5.7 £ 1.9kpc at z = 5.183. The underlying continuum emission (not shown) is
also extended on the same scales. b, The blue and red contours indicate the
approaching and receding [C11] emission relative to the systemic redshift of
z = 5.183. The colour shows a deep Hubble Space Telescope image in a longer
wavelength filter (the ] band from the Hubble Space Telescope’s near-infrared
camera and multi-object spectrometer (NICMOS))*. The cross indicates the
position (and its 5¢ uncertainty) of the rest-frame 158-pm continuum emission
peak (right ascension 12 h 36 min 51.976s, declination 62° 12’ 25.80"" in the
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J2000.0 system), consistent with earlier millimetre interferometric
measurements™® at lower resolution. The [C11] contours have been derived by
averaging the spectrum (Fig. 1) from —400kms™ ' to 0kms ™' and 0kms™ ' to
+400km s~ ' and are plotted at levels of 7 mJy per beam, 10 mJy per beam and
13 mJy per beam (1o = 1.8 mJy per beam), respectively. In each panel the beam
size of the [C11] observations (1.23"" X 0.81"") is indicated in the bottom left
corner. From the spatial offset (total offset = 0.9"', that is, radius r is 0.45"’ or
2.8 kpc) and the FWHM of the line, we derive an approximate dynamical mass
of Mgy, =3.4X 10"°Mgyn/(sini)* where i is the (unknown) inclination of the
system (using Mynsin’i = 1.3 X (FWHM/2)*r/G, where G is the gravitational
constant™). These deep Hubble Space Telescope images of the Hubble Deep
Field fail to reveal the (rest-frame) ultraviolet/optical counterpart of the galaxy
that is forming stars at a rate of about 850Mg,,, per year.

©2012 Macmillan Publishers Limited. All rights reserved
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Figure 3 | Distribution of galaxies near HDF 850.1. a, Distribution of
spectroscopic redshifts towards the Hubble Deep Field and its surroundings
(from the Great Observatories Origins Deep Survey-North, GOODS-N).
HDF 850.1 is indicated in red, and the quasar at the same redshift'® is indicated
in blue. There is an overdensity of galaxies in the redshift bin that contains
HDF 850.1. The high source density at z~ 5.7 is an observational artefact due
to narrow-band Lyman-o imaging surveys of the region (with spectroscopic

An inspection of the distribution of galaxies towards HDF 850.1 that
have spectroscopic redshifts shows that there is an overdensity of
galaxies at the exact redshift of HDF 850.1, including a quasar at
z=15.186"" (Fig. 3 and Supplementary Information). This makes this
region one of the most distant galaxy overdensities known to date'®. An
elliptical galaxy at z = 1.224 (ref. 20) that is situated close to HDF 850.1
in projection (around 1'’ to the northeast) could potentially act as a
gravitational lens for this source®**'. Using a velocity dispersion of
146kms ™" in a singular isothermal sphere for this elliptical galaxy*
and our new redshift and position of HDF 850.1, we derive an amp-
lification factor of around 1.4. A similar flux amplification is found for
a simple point source lens model with mass 3.5 X 10" Mg,,. This
implies that even if lensing is occurring, the quantities derived here
would not need to be revised significantly.

HDF850.1 remains outstanding in the study of dust-obscured
starbursts at high redshift, being one of the first such sources discovered,
and yet evading detection in the optical and near-infrared. Its redshift
of z = 5.183 enforces the presence of a high redshift tail (z > 4) of sub-
millimetre bright star-forming galaxies (that is, a galaxy without an
active galactic nucleus); currently there are only about half a dozen
systems known®™°, Only a small fraction of submillimetre-bright
sources is expected to be at very high redshift*’—it is thus ironic that
the first blank-field source belongs to this subgroup. HDF 850.1’s large
spatial extent, in combination with the modest CO excitation,
the moderate surface density of its star-formation rate, and a high
[Cu]/far-infrared luminosity ratio, points to the presence of a spatially
extended major starburst that is completely obscured even in the
deepest Hubble Space Telescope images available for the Hubble
Deep Field. The absence of a possible counterpart in the available
deep imaging, even though the star-forming interstellar medium is dis-
tributed over many square kiloparsecs, makes this source extreme*>*.
Given its high molecular gas mass (3.5 X (2/0.8) X 10"°Ms,,) and star-
formation rate (850Ms,, per year), HDF 850.1 can build a significant
stellar component as early as z = 4 (ref. 28; a few hundred million years
from z~5). Blind line searches through spectral scans at millimetre
wavelengths, as performed here, thus play a fundamental role in unveil-
ing the nature of star-forming galaxies that are completely obscured in
the (restframe) optical and ultraviolet even if multiwavelength data at
unparalleled depth are available.
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