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A dusty, normal galaxy in the epoch of reionization
Darach Watson1, Lise Christensen1, Kirsten Kraiberg Knudsen2, Johan Richard3, Anna Gallazzi1,4 & Michał Jerzy Michałowski5

Candidates for the modest galaxies that formed most of the stars in
the early Universe, at redshifts z . 7, have been found in large num-
bers with extremely deep restframe-ultraviolet imaging1. But it has
proved difficult for existing spectrographs to characterize them using
their ultraviolet light2–4. The detailed properties of these galaxies
could be measured from dust and cool gas emission at far-infrared
wavelengths if the galaxies have become sufficiently enriched in dust
and metals. So far, however, the most distant galaxy discovered via
its ultraviolet emission and subsequently detected in dust emission is
only at z 5 3.2 (ref. 5), and recent results have cast doubt on whether
dust and molecules can be found in typical galaxies at z $ 76–8. Here
we report thermal dust emission from an archetypal early Universe
star-forming galaxy, A1689-zD1. We detect its stellar continuum in
spectroscopy and determine its redshift to be z 5 7.5 6 0.2 from a
spectroscopic detection of the Lyman-a break. A1689-zD1 is rep-
resentative of the star-forming population during the epoch of
reionization9, with a total star-formation rate of about 12 solar masses
per year. The galaxy is highly evolved: it has a large stellar mass and
is heavily enriched in dust, with a dust-to-gas ratio close to that of
the Milky Way. Dusty, evolved galaxies are thus present among the
fainter star-forming population at z . 7.

As part of a programme to investigate galaxies at z . 7 with the
X-shooter spectrograph on the Very Large Telescope, we observed the
candidate high-redshift galaxy, A1689-zD1, behind the lensing galaxy
cluster Abell 1689 (Fig. 1). The source was originally identified10 as a can-
didate z . 7 system from deep imaging with the Hubble and Spitzer space
telescopes, with photometry fitting suggesting that it is at z 5 7.6 6 0.4.
The galaxy is gravitationally magnified by a factor of 9.3 by the galaxy
cluster10. Although it is intrinsically faint, because of the gravitational
amplification, it is one of the brightest candidate z . 7 galaxies known.
The X-shooter observations were carried out on several nights between
March 2010 and March 2012 with a total time of 16 h on target.

The galaxy continuum is detected and can be seen in the binned spec-
trum (Fig. 2). The Lya cutoff is at 1,035 6 24 nm and defines the redshift
to be z 5 7.5 6 0.2. It is thus one of the most distant galaxies known
so far to be confirmed via spectroscopy, and the only galaxy at z . 7
where the redshift is determined from spectroscopy of its stellar con-
tinuum. The spectral slope is blue; using a power-law fit Fl / l–b,
b 5 2.0 6 0.1, where l is the wavelength and Fl is the flux per unit wave-
length. The flux break is sharp, and greater than a factor of ten in depth.
In addition, no line emission is detected, ruling out a different redshift
solution for the galaxy. Line emission is excluded to lensing-corrected
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Figure 1 | The gravitationally lensing galaxy cluster Abell 1689. The colour
image is composed with Hubble Space Telescope filters: F105W (blue), F125W
(green) and F160W (red). The zoomed box (499 3 499) shows A1689-zD1.
Contours indicate far-infrared dust emission detected by ALMA at 3s, 4s,
and 5s local rms (yellow, positive; white, negative). The ALMA beam

(1.3699 3 1.1599) is shown, bottom left. Images and noise maps were
primary-beam corrected before making the signal-to-noise ratio (SNR) maps.
Slit positions for the first set of X-shooter spectroscopy are overlaid in magenta
(dashed boxes indicate the dither), while the parallactic angle was used in
the remaining observations (pink dashed lines).
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depths of 3 3 10219 erg cm–2 s–1 (3s) in the absence of sky emission
lines, making this by far the deepest intrinsic spectrum published of
an object from the epoch of reionization, highlighting the difficulty of
obtaining ultraviolet redshifts for objects at this epoch that are not strongly
dominated by emission lines. The restframe equivalent width limits
are ,4 Å for both Lya and C III] 1,909 Å. Our search space for Lya is
largely free of sky emission lines; they cover 16% of the range.

Fits to the galaxy’s spectral energy distribution (SED) yield a lensing-
corrected stellar mass of 1.7 3 109 solar masses (M[) (that is, log(Mw/
M[) 5 9:23z0:15

{0:16), with a best-fitting stellar age of 80 million years
(that is, a light-weighted age t of log[t (yr)] 5 7:91z0:26

{0:24). The lensing-
corrected ultraviolet luminosity is about 1.8 3 1010L[, where L[ is the
solar luminosity, resulting in a star-formation rate (SFR) estimate of
2.7 6 0.3 M[ yr21 based on the ultraviolet emission and uncorrected
for dust extinction, for a Chabrier initial mass function11. A1689-zD1 is
thus fainter than the turnover luminosity, L*, in the galaxy luminosity

function at this redshift, meaning that it is among the faint galaxies that
dominate star formation at this epoch9.

Mosaic observations of the lensing cluster were obtained with the
Atacama Large Millimetre Array (ALMA) in Cycles 0 and 1 with the
receivers tuned to four 3.8 GHz frequency bands between 211 GHz and
241 GHz. A1689-zD1 is located towards the northern edge of the mosaic
and is detected at 5.0s with an observed flux of 0.61 6 0.12 mJy in the
combined image and at 2.4–3.1s significance in each of the three indi-
vidual observations (Fig. 3). A1689-zD1 is located within the primary
beam’s full-width at half-maximum (FWHM) of one pointing and the
sensitivity (root mean square, rms) around its position is 0.12 mJy per
beam, 42% of the sensitivity of the deepest part of the mosaic. The source
is the brightest in the mosaic area of 5 square arcminutes. It coincides
with the ultraviolet position of A1689-zD1 and is 1.599 away from the
next-nearest object in the Hubble Space Telescope image, which is not
detected in the ALMA map. No line emission is convincingly detected
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Figure 2 | Spectrum of A1689-zD1. The binned one-dimensional (middle
panel) and two-dimensional (upper panel; wavelength versus distance along
the slit) spectra are shown, with the 68% confidence uncertainty for the
one-dimensional spectrum in the bottom panel. The redshift z 5 7.5 is
determined from the Lya break at 1,035 nm. Sky absorption (grey bands) and

the best-fit SED (blue line) are shown. The Lya break is close to the
spectrograph’s near-infrared (NIR)/visual (VIS) arm split; however, the break is
clearly detected in the NIR arm alone. A nearby galaxy (z < 2) visible in the
bottom part of the two-dimensional spectrum is detected in both the VIS
and the NIR arms.

CombinedCombined 319-1319-1 319-2319-2 261261

Figure 3 | ALMA SNR maps of A1689-zD1. Contours are SNR 5 5, 4, 3, 2
(black, solid), –3, –2 (white, dashed). Images and noise maps were primary-
beam corrected before making SNR maps. Beam sizes are shown at the bottom
left of each panel. Panels are 899 3 899. The panels show from left to right:
the combined data, the two tunings of observation 2011.0.00319.S and

observation 2012.1.00261.S. A1689-zD1 is detected from left to right, at 5.0s,
2.4s, 3.1s, and 3.0s. Natural weighting was used and the visibilities were
tapered with a 199 circular Gaussian kernel, resulting in beams of
1.3699 3 1.1599, 1.1999 3 1.0999, 1.4399 3 1.1299, 1.4399 3 1.1799 from left
to right.
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More ALMA data:  structure - merger or proto-disc?

Knudsen, et al, 2017



More ALMA data:  structure - merger or proto-disc?

NE
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Using UVMULTIFIT: 

Two circular Gaussians
      FWHM ~ 0.5"-0.6"
Corrected for lensing: 
    ~ 0.45kpc x 1.9kpc 

Knudsen, et al, 2017



A1689-zD1:  SED 

Knudsen et al, 2017

LFIR ~ 1.8x1011 Lo  

SFR(total) ~ 13 Mo/yr  
log(Mstellar/Mo) ~ 9.3 (+/— 0.13) 
log(Mdust/Mo) ~ 7.2-7.6

CMB effects:  T~40K, beta=1.75: 
Band 7:  8% ,  Band 6:  17%



A2744_YD4:  pushing to even higher redshift 

We also made use of the Easy and Accurate Zphot from Yale
(EAZY; Brammer et al. 2008) software. The SED fits adopted
the standard SED templates from EAZY, as well as those from
the galaxy evolutionary synthesis models (GALEV; Kotulla
et al. 2009) including nebular emission lines as described by
Anders & Fritze-v. Alvensleben (2003). Adopting a large
redshift range ( z0 10< < ) with no prior assumptions on the
extinction, the best fit has zphot=8.38 0.11

0.13
-
+ in excellent

agreement with that from Hyperz.
In summary, the photometry strongly supports a z 8>

solution. A low z solution is unlikely given the F814W-
F125W > 3mag break as well as the low statistical likelihood.

3. Spectroscopic Follow-up

3.1. X-shooter Observations

Given the importance of confirming the presence of dust
emission beyond z 8� , we undertook a spectroscopic
campaign using X-Shooter/VLT (ID: 298.A-5012, PI: Ellis).
Between 2016 November 24 and 27, we secured 7.5 hr on-
source integration with excellent seeing ( 0.6» arcsec). We used
a 5 arcsec dither to improve the sky subtraction and aligned the
slit so that a brighter nearby source could verify the blind offset
(see Figure 2). The data were reduced using v2.8 of the ESO
Reflex software combined with X-Shooter pipeline
recipes v2.8.4.
We visually inspected all three arms of the X-Shooter

(UVB, VIS, NIR) spectrum and identified one emission line at
λ=11408.4Å with an integrated flux of f=1.82±0.46×
10−18 erg s−1 cm−2. By measuring the rms at adjacent
wavelengths, we measure the significance as ≈4.0σ. We
checked the reliability of the line by confirming its presence on
two independent spectral subsets spanning half the total
exposure time (Figure 4). These half-exposures show the line
with significances of 2.7 and 3.0, consistent with that of the
total exposure. No further emission lines of comparable
significance were found. We explore two interpretations of
this line at 11408Å. It is either (1) one component of the [O II]
doublet at a redshift z 2.06� , or (2) Lyα at z=8.38.
For (1), depending on which component of the [O II]λ3727,

3730 doublet is detected, we expect a second line at either
11416.9Å or 11399.8Å. No such emission is detected above
the 1σ flux limit of 4.6×10−19 cgs. This would imply a flux
ratio for the two components of 3.95» (2.02) at 1(2)σ, greater
than the range of 0.35–1.5 from theoretical studies (e.g.,
Pradhan et al. 2006).
For (2), although the line is somewhat narrow for Lyα (rest-

frame width ≈20 km s 1- ), its equivalent width deduced from
the line flux and the F125W photometry is 10.7±2.7Å,
consistent with the range seen in other z 7> spectroscopically
confirmed sources (Stark et al. 2017). We detect no flux above
the noise level at the expected position of either the CIV and
[O III] doublets at this redshift. However, at the expected
position of the C III] doublet, we notice a very marginal (≈2σ)
feature at λ=17914.7Å (7.5± 0.35×10−19 erg s−1 cm−2)
seen on two individual sub-exposures. If this is C III]λ1907Å
(normally the brighter component) at zC III=8.396, the Lyα
offset of 338±3 km s−1 would be similar to that for a
z=7.73 galaxy (Stark et al. 2017). The other component
would be fainter than 5.0×10−19 erg s−1 cm−2, consistent
with theoretical studies of this doublet (e.g., Rubin et al. 2004).
Previous spectroscopy of A2774_YD4 was undertaken by

the GLASS survey (Schmidt et al. 2016), who place a 1σ upper
limit on any Lyα detection at 4.4×10−18 erg s−1 cm−2, 2.4»
times above our X-Shooter detection.

3.2. ALMA Observations

Only a few far-infrared emission lines lines are detectable for
sources in the reionization era (see, e.g., Combes 2013). Only
the [O III] 88 μm line at the z=8.38 redshift of Lyα would be
seen in the frequency range covered by our ALMA observa-
tions. Given the recent detection of this line in a z 7.2� Lyα
emitter (Inoue et al. 2016), we examined our ALMA data for
such a possibility. Searching our data in frequency space, we
find a 4.0σ narrow emission line offset by 0.35 arcsec from the

Figure 2. Position of the ALMA band 7 detected high-redshift galaxy
A2744_YD4 (blue) with respect to other group members (yellow) suggested by
Zheng et al. (2014). The X-shooter slit orientation is shown with the dashed
white line. Although one other member of the group was targeted in the
exposure, no confirming features were found in the data.

Figure 3. Spectral energy distribution of A2744_YD4. The red curve shows
the best-fitting SED found by Hyperz with zphot=8.42 0.32

0.09
-
+ . The black curve

shows a forced low-redshift solution derived when only a redshift interval from
0 to 3 is permitted. This has a likelihood >20 times lower. The inner panel
displays the redshift probability distribution.
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and H 700 = km s−1 Mpc−1), and all magnitudes are quoted in
the AB system (Oke & Gunn 1983).

2. Imaging Data

Here, we describe the ALMA data in which a high-z
candidate is detected at 0.84 mm and the public imaging data
used to constrain its spectral energy distribution (SED).

2.1. Deep ALMA Band 7 Observations

A deep ALMA Band 7 map (ID 2015.1.00594, PI: Laporte)
of the FF cluster Abell 2744 centered at 0.84 mm ( fc=356
GHz) was observed on 2016 July during 2.5 hr. The data were
reduced using the CASA pipeline (McMullin et al. 2007) with
a natural weighting and a pixel size of 0 04. Figure 1 reveals a
source with greater than 4.0s significance with a peak flux of
9.9±2.3×10−5 Jy/beam (uncorrected for magnification).
The uncertainty and significance level was computed from the
rms measured across a representative ≈2×2 arcmin field. The
signal is seen within two independent frequency ranges (center
panels in Figure 1) and the significance level is comparable to
that claimed for Watson et al’s z 7.5~ lensed system, although
its observed flux is six times fainter. Taking into account the
different magnification factors (see later), the intrinsic (lensing-
corrected) peak fluxes are similar at ≈5×10−5 Jy. Dividing
the exposure into two independent halves, the significances of
3.2 and 3.4 are consistent with that of the total exposure.

To identify the likely source, we examined the final version
of the reduced HST data of Abell 2744 (ACS and WFC3)
acquired between 2013 November and 2014 July as part of the
Frontier Fields program (ID: 13495, PI: Lotz), combining this
with archival data from previous campaigns (ID: 11689, PI:
Dupke; ID: 13386, PI: Rodney). Although there is some
structure in the ALMA detection, it lies close to the source
A2744_YD4 (F160W=26.3) at R.A.=00:14:24.9,
decl.=−30:22:56.1(2000) first identified by Zheng et al.
(2014). Correcting for an astrometric offset between HST
positions and astrometry measured by the Gaia telescope (Gaia
Collaboration et al. 2016), we deduce a small physical offset of

0.2� arcsec between the ALMA detection and the HST image.

2.2. Other Imaging Data

Deep Ks data are also available from a 29.3 hr HAWK-I
image taken between 2013 October and December (092.A-
0472, PI: Brammer), which reaches a 5σ depth of 26.0. Spitzer

IRAC data obtained in channels 1 ( 3.6cl ~ μm) and 2
( 4.5cl ~ μm) with 5σ depths of 25.5 and 25.0, respectively,
carried out under DDT program (ID: 90257, PI: T. Soifer). We
extracted the HST photometry on PSF-matched data using
SExtractor (Bertin & Arnouts 1996) v2.19.5 in double image
mode using the F160W map for the primary detection
(Figure 1). To derive the total flux, we applied an aperture
correction based on the F160W MAG_AUTO measure (see,
e.g., Bouwens et al. 2006). The noise level was determined
using several 0.2 arcsec radius apertures distributed around the
source. The total Ks magnitude of 26.45±0.33 was obtained
using a 0.6 arcsec diameter aperture applying the correction
estimated in Brammer et al. (2016). The uncertainty was
estimated following a similar procedure to that adopted for the
HST data. The Spitzer data were reduced as described in
Laporte et al. (2014) using corrected Basic Calibrated Data
(cBCD) and the standard reduction software MOPEX to
process, drizzle, and combine all data into a final mosaic. As
shown in Figure 2, four other galaxies are close to
A2744_YD4, but only the other source within the X-shooter
slit is comparably bright to A2744_YD4. We used GALFIT
(Peng & Ho 2002) to deblend the two sources and to measure
their IRAC fluxes. We fitted both IRAC ch1 and ch2 images
assuming fixed positions, those measured from the F160W
image. Our photometry of A2744_YD4 is consistent with that
published previously by the AstroDeep team (Zheng et al.
2014; Coe et al. 2015 and Merlin et al. 2016).

2.3. SED Fitting

We used several SED fitting codes to estimate the photometric
redshift of A2744_YD4 and hence its implied association with the
ALMA detection. In each case, we fit all the available photometric
data (HST-ACS, HST-WFC3, VLT HAWK-I, Spitzer).
First, we used an updated version of Hyperz (Bolzonella

et al. 2000) with a template library drawn from Bruzual & Charlot
(2003), Chary & Elbaz (2001), Coleman et al. (1980), and
Leitherer et al. (1999) including nebular emission lines as
described by Schaerer & de Barros (2009). We permitted a range
in redshift ( z0 10< < ) and extinction ( A0 3v< < ) and found
the best solution at zphot=8.42 0.32

0.09
-
+ ( 12c ~ ), with no acceptable

solution at lower redshift. Restricting the redshift range to 0 <
z 3< and increasing the extinction interval to ( A0 10v< < ),
we found a low-redshift solution at z z

phot
low- =2.17 0.08

0.03
-
+ but with a

significantly worse 92c ~ (Figure 3).

Figure 1. ALMA Band 7 continuum detection for A2744_YD4. (left)Map combining all frequency channels; (middle left and middle right) independent maps for two
equal frequency ranges. Contours are shown at 1, 2, 3, 4, and 5σ adopting a noise level from an area of 0.5×0.5 arcmin. (right) HST F160W image with combined
ALMA image contours overplotted.
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SFR(total) ~ 20 Mo/yr  
Mstellar ~ 2x109 Mo 
Mdust ~ 6x106 Mo

z = 8.38

Laporte et al. 2017

How many more of such systems?? 



• The dust grain growth:  
• Where does all the dust come from on such a relatively short time 

scale?   
• Grain growth in the ISM vs return from massive stars?  

• How is the star formation affected by the conditions at this early 
epochs?  
• Do the conditions of the ISM and the (neutral) IGM play a role?  
• Early phases of galaxy evollution. 

• Are the ISM properties different?    
• Massive, bright-end galaxies do not appear to be very different in line 

properties.  What about the less extreme galaxies? 

Questions:  the dust masses and interstellar medium properties 
of galaxies during the first one billion years



Implications for high-z dust formation

• Where does dust form? – AGB stars, SNe, ISM 
grain growth


• Earliest direct hard limit on dust formation 
timescale: <~500Myr from beginning of SF in the 
universe. Dust formation must be fast


• Already have a good idea that dust formation is 
quick => AGB stars cannot dominate SF at these 
redshifts (or any redshift?)


• CCSNe produce the metals that form the dust: 
should be a maximum dust-to-stellar mass ratio. 

e.g. Michalowski et al. 2010

Indebetouw et al. 2014 
Matsuura et al. 2011Gall et al., 2014, Nature, 511, 326



D. Cormier et al.: PACS spectroscopy of the Herschel Dwarf Galaxy Survey

Table 1. Characteristics of the PACS FIR fine-structure cooling lines.

Species � Transition IP �E/ka ncrit
[µm] [eV] [K] [cm�3]

[C ii] 157.7 2P3/2�2P1/2 11.3 91 50b , 2.8 ⇥ 103

[N ii] 121.9 3P2�3P1 14.5 188 310
[N ii] 205.2 3P1�3P0 14.5 70 48
[N iii] 57.3 3P3/2�3P1/2 29.6 251 3.0 ⇥ 103

[O i] 63.2 3P1�3P2 – 228 4.7 ⇥ 105

[O i] 145.5 3P0�3P1 – 327 9.5 ⇥ 104

[O iii] 88.4 3P1�3P0 35.1 163 510

Notes. Values taken from Madden et al. (2013). The IP for [O ii]
is 13.62 eV. (a) Excitation temperature �E/k required to populate the
transition level from the ground state. (b) Critical density for collisions
with electrons.

obtained pointed observations for the most compact objects,
small mappings for more extended galaxies, and partial map-
pings of specific star-forming regions for the most extended
galaxies (d25 > 60 typically), such as the Magellanic Clouds.
We define an extended source sample for the galaxies partially
mapped or for which the size of the maps do not match for all
observed lines. This sample comprises 4 Local Group galaxies,
IC 10, NGC 6822, LMC (8 regions targeted), and SMC, and the
nearby galaxy NGC 4449. The other 43 galaxies of the DGS are
classified as compact (see also Sect. 2.1.7).

The dwarf galaxies were observed between November 2009
and August 2012. 46 sources were done in chop-nod mode
and 6 sources in unchopped mode. The number of targeted
spectral line varies from just [C ii] 157 µm, in the faintest
cases, up to 7 lines, [C ii] 157 µm, [O iii] 88 µm, [O i] 63 µm,
[O i] 145 µm, [N iii] 57 µm, [N ii] 122 µm, and [N ii] 205 µm,
in the brightest galaxies. We provide details on the observations,
such as OBSIDs, map sizes, lines observed, etc. in Appendix A.

2.1.2. Properties of the FIR lines

General characteristics of the FIR fine-structure cooling lines ob-
served with PACS are given in Table 1.

[C II] 157 µm: The [C ii] line is one of the most important
coolants of the ISM, as carbon is the fourth most abundant el-
ement. [C ii] is excited by collisions with e�, hydrogen atoms,
or molecules. The ionization potential of C0 being 11.26 eV, be-
low that of hydrogen, C+ can be found outside of H ii regions,
in the neutral phase. It requires only 91.3 K to be excited hence
it can cool any warm neutral phase. Thus C+ can originate from
di↵use ionized gas as well as di↵use neutral gas or the surface
layers of PDRs (up to AV ⇠5 mag). The relative contribution of
each medium to its observed intensity is a function of density
and ionization degree (e.g., Kaufman et al. 2006).

[N II] 122 µm and [N II] 205 µm: [N ii] is only found in
the ionized gas. The critical densities with e� are 310 cm�3

and 50 cm�3 for [N ii] 122 µm and [N ii] 205 µm, respectively.
Being in the same ionization stage, their ratio is a good electron
density tracer of the low-density di↵use ionized gas. Because
[C ii] can be found in the low-density ionized gas, part of
its emission can correlate with the [N ii] emission. Hence the
[N ii] lines can, in principle, be used to disentangle the fraction
of [C ii] from the ionized gas to that from the PDR alone (Oberst
et al. 2006).

[N III] 57 µm: The [N iii] 57 µm emission only arises in ion-
ized gas and is usually associated with H ii regions. Being at

two di↵erent ionization stages, the ratio of [N iii]57/[N ii]122 is a
measure of the e↵ective temperature of the ionizing stars (Rubin
et al. 1994).

[O I] 63 µm and [O I] 145 µm: O0 has an ionization poten-
tial of 13.62 eV, just above that of hydrogen. The first two fine-
structure transitions require excitation energies of 228 and 325 K
above the ground state, corresponding to the [O i] 63 µm
and 145 µm lines. [O i] is only found in neutral gas and usually
arises from warm, dense regions. Along with [C ii], [O i] 63 µm
is one of the brightest PDR cooling lines (e.g., Bernard-Salas
et al. 2012). [O i] can also exist deeper in the PDR than [C ii]
since the formation of CO occurs at larger AV (⇠10 mag) than
the transition of C+ into C0 (⇠3 mag). The ratio of the two [O i]
lines is an indicator of the gas temperature for temperatures in
the vicinity of 300 K. It is a density tracer for high temperatures
and high densities. The [O i] emission can be a↵ected by optical
depth e↵ects (self-absorption, optical thickness), particularly for
the lower level transition at 63 µm (Liseau et al. 2006). In the
optically thin limit, the [O i] 63 µm, just above the ground state,
is brighter than the 145 µm line.

[O III] 88 µm: The [O iii] 88 µm line is only found in the
ionized gas, and because it requires energetic photons (35 eV), it
is commonly accepted that it comes from H ii regions rather than
inter-clump di↵use media where radiation fields are expected to
be softer. The [O iii] transition at 52 µm (3P2�3P1) is at the edge
of the PACS wavelength coverage and was not observed in our
survey.

2.1.3. Data reduction

The data were downloaded from the Herschel Science Archive
and reduced with the Herschel interactive processing environ-
ment (HIPE, Ott 2010) user release 12 and the PACS cali-
bration tree v65. We reprocessed the observations from the
raw data (level 0) to spectral data cubes (level 2) using the
standard pipeline scripts available within HIPE. We opted for
the telescope background normalization calibration method for
all chop-nod observations, except for the [N ii]205 observations
which were processed with the de-leaked RSRF provided in
HIPE1. In the first part of the pipeline (level 0 to level 0.5),
the astrometry and information from the instrument are read.
Masks for bad and noisy pixels, and for when the chopper and
grating are moving are also applied. From level 0.5 to level 1,
glitches are flagged, and the calibration is applied. In the chop-
nod case, signal from the chopper position is subtracted. From
level 1 to level 2, a spectral flat-field correction is applied, and
outlier data points are masked by a sigma-clipping. The flat-field
scaling is both multiplicative and additive for chop-nod obser-
vations, and additive only for unchopped observations. In the
unchopped case, a transient correction and background subtrac-
tion are also executed. For the transient correction, we applied
a multi-resolution method as described in Lebouteiller et al.
(2012). For the background subtraction, we used a procedure
that smoothes and averages the OFF-spectra taken before and af-
ter an ON-spectrum in time (when several OFF-frames are avail-
able), and then subtracts it from the ON-frame.

2.1.4. Spectral maps

The data are saved as spectral cubes before they are rebinned and
projected onto a final spatial grid in the pipeline script. Once
the spectral cubes (one cube per raster position) are exported

1 More information available in the PACS Observer’s Manual (v.2.5.1).
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[CII] traces the different phases of the ISM 

[CII] can be excited by collisions with: 
 
•  Electrons. 
•  Atomic Hydrogen. 
•  Molecular Hydrogen (dense or 

diffuse). 
 Illustration from:  Pineda et al.
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apply an average correction of ∼2 to the UV-derived SFR (see
Section 4.1).

4. ANALYSIS AND DISCUSSION

4.1. L[C II]versus SFR

Based on observations of local galaxies, it has recently been
suggested that a scaling relation between the SFR and the [C II]
luminosity of galaxies of different types exists (De Looze
et al. 2011, 2014; Sargsyan et al. 2012; Cormier et al. 2015;
Herrera-Camus et al. 2015; Olsen et al. 2015; Vallini et al.
2015). De Looze et al. (2014) argued that galaxies with lower
metallicities and higher dust temperatures, as expected for
high-redshift galaxies, would tend to have larger scatter in this
relationship, with possibly increasing [C II] luminosities for a
given SFR value. However, recent [C II] line observations of a
sample of dwarf galaxies show that low metallicity galaxies do
not have systematically higher [C II] to IR luminosity ratios
(Cormier et al. 2015). It is thus interesting to examine the
location of our [C II] line candidates in the SFR versus [C II]
luminosity plot (SFR–L[C II]).

Figure 13 presents the [C II] luminosity and SFR for our
[C II] line candidates in the UDF, compared to previous [C II]
line detections of non-quasar galaxies at z>5 (González-
López et al. 2014; Ota et al. 2014; Capak et al. 2015; Maiolino
et al. 2015; Willott et al. 2015; Knudsen et al. 2016). In this
plot, we also compare our observations with the relationships
found for local galaxies with different environments and
metallicities (e.g., De Looze et al. 2014) and simulations of
high-redshift galaxies (Vallini et al. 2015). Most of these
studies, including the recent [C II] detections at z>5 quote

total SFRs, including both obscured and unobscured star-
formation components. Since the IR-derived SFR appears to be
comparable to the UV-derived SFR in our [C II] line candidate
sample, SFRIR/SFRUV∼1 or SFRtot∼2×SFRUV (see
Section 3.7), we simply apply a factor of twocorrection to
each individual UV-derived SFR value in our sample. This
effectively translates into a shift of 0.3 dex to higher SFRs in
Figure 13.
Two important things can be extracted from Figure 13. First,

most of the high-redshift galaxies with previous [C II]
detections seem to agree, at least to first order, with the local
calibrations for SFR–L[C II]. Second, only three of our
candidates are located in this region of the plot, with the rest
have SFRs that are too low. These sources would need to have
obscured SFRs a factor >10 larger than their SFRUV to be
placed in the local SFR–[C II] relationship. However, if these
sources had SFRIR∼5–10M☉ yr−1—implying that they are
highly obscured as most of their emission would be produced
in the IR—they would still be at the limit of what can be
individually detected in our 1.2 mm continuum map, assuming
Td∼50 K, similar to what is observed in ID27 and ID31
discussed in Section 3.7.
It would therefore be tempting to simply discard the [C II]

line candidates that have SFRUV<5–10M☉ yr−1. However,
the possibility that low SFR galaxies could indeed have
significant [C II] line emission has recently been suggested by
the ALMA detection of [C II] line emission in the vicinity of
the normal star-forming galaxy BDF-3299 at z=7.1, shown as
an SFR upper limit in Figure 13 (Maiolino et al. 2015).
Furthermore, and along the same line, most of the galaxies

so far detected in [C II] emission at z>5 have been

Figure 13. L[C II] vs. SFR relationship for our [C II] line candidates (black circles) compared to high-redshift galaxies from the literature. The green shaded area
represents the relation (including dispersion) for local star-forming galaxies and starbursts found by De Looze et al. (2014). The blue shaded area shows the relation
found for local low metallicity dwarfs and irregular galaxies (also by De Looze et al. 2014). The solid, dashed, and dotted linesrepresent the models obtained by
Vallini et al. (2015) for galaxies with 1, 0.2,and 0.05 solar metallicity, respectively. The “horizontal” location of our line candidates in this plot is due to our
sensitivity limit. We note that the statistical expectation is that 60% of our line candidates are not real.
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From “blind" searches (ASPECS): 



• Metallicity?    
• If low, L[CII] decreases, but not dramatically compared to e.g. CO 

• Density?  
•   n > ncrit - collisional de-excitation  
•  C  bound in CO 

• Temperature?   
• Other tracers, which are more luminous? 

• SFR, Mstellar , etc estimates?  
• Maybe the uncertainties are larger than expected, the stellar 

populations are different during the first few 108 yrs 
• If using Ly-alpha, then maybe excitation is due to shocks and infalling 

gas in DM halos.   

• Radiation field?  
• A harder radiation field (increase (far-)UV emission) would C+ -> C++

Why is it sometimes difficult to see C+ at z > 6?



• Selection biases?    
• Ly-alpha emitters vs Lyman-alpha break galaxies?  Dust selected?  

Mass selected?    

• Other lines?  Better tracers?  
• What do we know from local galaxies?  

• [NII]?   
• Tracing ionized gas only - but weaker  

• [OI], [OII], [OIII]?  
• [OI] and [OII] likely weaker, however, [OIII] could have comparable 

strength depending on the gas conditions.  
• [OIII] 88µm, observable with ALMA band 8-10.  

Why is it sometimes difficult to see C+ at z > 6?



those of nearby spiral galaxies (10) and are at
least one order of magnitude smaller than those
of SXDF-NB1006-2. The high [O III]/IR ratio of
SXDF-NB1006-2, despite a degree of chemical
enrichment (or so-called metallicity) similar to
that of the nearby dwarf galaxies, indicates a very
small mass fraction of dust in elements heavier
than helium (or dust-to-metal mass ratio) in
SXDF-NB1006-2. The dust deficiency of this galaxy
is in contrast to the discovery of a dusty galaxy at
z ≈ 7.5 (27), suggesting a diversity of the dust
content in the reionization epoch. Because the [C II]
line predominantly arises in gas where hydrogen
is neutral, the nondetection of the [C II] line in
SXDF-NB1006-2 suggests that this young galaxy
has little H I gas.
We also compared the observed properties of

SXDF-NB1006-2 with the galaxies at z = 7.2 in a
cosmological hydrodynamic simulation of galaxy
formation and evolution (18). This simulation
yielded several galaxies with a UV luminosity sim-
ilar to that of SXDF-NB1006-2 (fig. S10). Relative
to these simulated galaxies, SXDF-NB1006-2 has
the highest [O III] line luminosity, a similar oxy-
gen abundance, and a lower dust IR luminosity
by at least a factor of 2 to 3. This indicates a
factor of >2 to 3 smaller dust-to-metal mass ratio
within the ISM of SXDF-NB1006-2 relative to
that in the simulated galaxies, where we assumed
the dust-to-metalmass ratio of 50% as in theMilky
Way ISM (28). Therefore, the dust-to-metal ratio of
SXDF-NB1006-2 is implied to be <20%. The dust-
to-metal ratio is determined by two processes: (i)
dust growth by accretion of atoms and molecules
onto the existing grains in cold dense clouds, and
(ii) dust destruction by supernova (SN) shock
waves consequent upon star formation (28). The
dust-poor nature of SXDF-NB1006-2 may be
explained by rapid dust destruction due to its

high SN rate or by slow accretion growth due to a
lack of cold dense clouds in the ISM.
In the context of cosmic reionization studies,

the most uncertain parameter is the product of
the escape fraction of ionizing photons and the
emission efficiency of these photons, fescxion (29).
From the SED modeling, we have obtained log10

[fescxion(Hz erg–1)] = 25.44−0.84
+0.46 for SXDF-NB1006-

2 (18). This ionizing photon emission efficiency is
strong enough to reach (or even exceed) the cos-
mic ionizing photon emissivity at z ~ 7 estimated
from various observational constraints on reioniza-
tion (29) by an accumulation of galaxies that have
already been detected (MUV < −17), although this
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Fig. 2. Spectral energy distribution of SXDF-
NB1006-2. (A) Thumbnail images (4′′ × 4′′; north
is up, east is to the left) in the Subaru/Suprime-Cam
z′, NB1006, UKIRT/WFCAM J, H, and K bands, and
Spitzer/IRAC 3.6-mm and 4.5-mm bands, from left
to right. (B) Near-infrared photometric data with
the best-fit model.The bottom horizontal axis shows
the wavelength in the observer’s rest frame; the
upper axis shows the wavelength in the source rest
frame.The observations are marked by the circles.
The horizontal error bars show the wavelength
range of the band filters.The vertical error bars for
detection bands represent ±1s photometric uncer-
tainties; the downward arrows for nondetections
represent the 3s upper limits.The z′ point in gray is
not used for the model fit. The best-fit model spec-
trum is shown by the solid green line, and the corre-
spondingmagnitudes through the filters are indicated
by asterisks. (C) The observed flux with the ±1s un-
certainty of the [O III] line and the best-fit model
prediction (asterisk). (D) The 3s upper limit on the
total infrared luminosity with a dust temperature of
40 K and an emissivity indexof 1.5. Also shown is the
best-fitmodel prediction (asterisk; zero IR luminosity
due to absence of dust in the best-fit model).

Fig. 3. Comparisons of SXDF-NB1006-2 and
other galaxies detected in the [O III] line. The
horizontal axis represents the oxygen abundance
relative to the Sun on a logarithmic scale: [O/H] =
log10(nO/nH) − log10(nO/nH)⊙, where nO and nH are
the number density of oxygen and hydrogen atoms,
respectively, and the solar abundance is assumed
to be 12 + log10(nO/nH)⊙ = 8.69 (30). Circles with
error bars represent data of nearby dwarf galaxies
(9–11); inverted triangles with error bars are
averages of nearby spiral galaxies (13).The arrows
at the right-side axis show luminosity ratios of dusty
galaxies at z ~ 3 to 4 whose oxygen abundances
have not yet been measured (10, 14, 15). Data
from SXDF-NB1006-2 are shown as five-pointed
stars with error bars. (A) The [O III]/far-UV (FUV)
luminosity ratio. The FUV luminosity is nLn at about
1500 Å in the source rest frame. (B) The [O III]/total
infrared (IR) luminosity ratio. The IR wavelength
range is 8 to 1000 mm in the source rest frame.
Because the IR continuum of SXDF-NB1006-2 is
not detected, we show a 3s lower limit with a dust
temperature of 40 K and an emissivity index of
1.5. (C) The [O III]/[C II] luminosity ratio. Because
the [C II] 158-mm line of SXDF-NB1006-2 is not
detected, we show a 3s lower limit.
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Millimeter/submillimeter Array (ALMA) have
revealed the [C II] line emission from young
star-forming galaxies emitting a strong hydrogen
Lya line, so-called Lya emitters (LAEs), at red-
shift z ~ 5 to 6 (3, 4). However, ALMA obser-
vations have also shown that LAEs at z > 6 have
at least an order of magnitude lower luminosity
of the [C II] line than that expected from their
star formation rate (SFR) (4–7), suggesting un-
usual ISM conditions in these high-z LAEs (8).
Herschel observations of nearby dwarf gal-

axies, on the other hand, have revealed that a
forbidden oxygen line, [O III] 88 mm, is much
stronger than the [C II] line in these chemically
unevolved galaxies (9–11). The Infrared Space
Observatory and the Japanese infrared astrono-
mical satellite AKARI have detected the [O III] line
from the LargeMagellanic Cloud and frommany

nearby galaxies (12, 13). However, the [O III] line
has rarely been discussed in a high-z context,
because of the lack of instruments suitable to
observe the redshifted line. Only a few detections
from gravitationally lensed dusty starburst gal-
axies with active galactic nuclei at z ~ 3 to 4 have
been reported (14, 15) prior to ALMA. On the
other hand, simulations predict that ALMA will
be able to detect the [O III] line from star-forming
galaxies with reasonable integration time even at
z > 8 (16).
To examine the [O III] 88-mm line in high-z

LAEs, we performed ALMA observations of an
LAE at z = 7.2, SXDF-NB1006-2, discovered with
the Subaru Telescope (17). We have also obtained
ALMAdata of the [C II] 158-mmline of this galaxy.
[The observations and the data reduction are
described in (18).] The [O III] line is detected with
a significance of 5.3s (Fig. 1A), and the obtained
line flux is 6.2 × 10–21 W m–2; the corresponding
luminosity is 3.8× 1035W (Table 1). The [C II] line
is not detected at the position of the [O III] em-
ission line, andwe take the 3s upper limit for the
[C II] line flux as <5.3 × 10–22Wm–2. However, we
note a marginal signal (3.5s) that displays a spa-
tial offset (≈ 0.4′′ ≈ 2 kpc in the proper distance)
from the [O III] emission (fig. S4). The continuum
is not detected in either of the ALMA bands,
resulting in a 3s upper limit of the total IR lum-
inosity of <2.9 × 1037 W when assuming a dust
temperature of 40K and an emissivity index of 1.5.
The spatial distribution of the ALMA [O III]

emission overlaps with that of the Subaru Lya
emission (Fig. 1A), as expected because both
emission lines are produced in the same ionized
gas. On the other hand, the Lya emission is well
resolved (the image resolution is 0.4′′) and spa-
tially more extended than the [O III] line. This is

because Lya photons suffer from resonant scat-
tering by neutral hydrogen atoms in the gas
surrounding the galaxy. The systemic redshift of
the galaxy is estimated at z = 7.2120 ± 0.0003
from the [O III] emission line at an observed
wavelength of 725.603 mm. The Lya line is lo-
cated at DvLya = +1.1 (±0.3) × 102 km s–1 relative
to the systemic redshift (Fig. 1C and fig. S6). This
velocity offset, caused by scattering of neutral
hydrogen, is relatively small by comparison to
those observed in galaxies at z ~ 2 to 3 (DvLya ~
300 km s–1), given the ultraviolet (UV) absolute
magnitude of this galaxy (MUV = −21.53 magAB)
(19–21). Theobserved smallDvLya of SXDF-NB1006-
2 may indicate an H I column density of NH I <
1020 cm–2 (21, 22). SXDF-NB1006-2 is in the
reionization era where only the intergalactic
medium (IGM) with a high hydrogen neutral
fraction may cause an observation of DvLya ≈
+100 km s–1 (23), implying an even smaller H I

column density in the ISM of this galaxy.
We performed spectral energy distribution

(SED) modeling to derive physical quantities such
as the SFR of SXDF-NB1006-2 (Table 1). In addi-
tion to broadband photometric data from the
United Kingdom Infra-Red Telescope (UKIRT)
J, H, and K bands, Spitzer 3.6-mm and 4.5-mm
bands, and Subaru narrowband photometry
NB1006 (table S3), we have also used the [O III]
line flux and the IR luminosity as constraints
(Fig. 2) (18). The extremely blue rest-frame UV
color of this galaxy [slope b < −2.6 (3s) estimated
from J −H, where the flux density Fl∝ lb] gives
an age of ~1 million years for the ongoing star
formation episode. The nondetection of the dust
IR emission suggests little dust and hence neg-
ligible attenuation. The observed strong [O III]
line flux favors an oxygen abundance of 5% to
100% that of the Sun, but rejects 2% and 200% of
the solar abundance at >95% confidence. The
obtained oxygen abundance is similar to those
estimated in galaxies at z ~ 6 to 7, for which UV
C III] and C IV emission lines were detected (24, 25).
Because ~1million years is insufficient to produce
the inferred oxygen abundance, the galaxy must
have had previous star formation episodes. There-
fore, the derived stellarmass of ~300million solar
masses is regarded as a lower limit. We obtain a
~50% escape fraction of hydrogen-ionizing pho-
tons to the IGM in the best-fit model. Such a high
escape fraction, although still uncertain, may
imply a low H I column density of ~1017 cm–2

(26) or porous structure in the ISM of the galaxy.
The [O III]/far-UV luminosity ratio of SXDF-

NB1006-2 is similar to those of nearby dwarf
galaxies with an oxygen abundance of 10% to
60% that of the Sun (Fig. 3A), which suggests
that the oxygen abundance estimated from the
SED modeling is reasonable and chemical en-
richment in this young galaxy has already pro-
ceeded. On the other hand, the dust IR continuum
and the [C II] line of SXDF-NB1006-2 are veryweak
relative to those of the nearby dwarf galaxies
(Fig. 3, B and C). The galaxies at z ~ 3 to 4, from
which the [O III] line was detected previously, are
IR luminous dusty ones (14, 15). Their [O III]/IR
and [O III]/[C II] luminosity ratios are similar to
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Fig. 1. [O III] 88-mm and Lya emission images and spectra of SXDF-NB1006-2. (A) The ALMA [O III]
88-mm image (contours) overlaid on the Subaru narrow-band Lya image (offsets from the position listed in
Table 1). Contours are drawn at (−2, 2, 3, 4, 5) × s, where s = 0.0636 Jy beam–1 km s–1. Negative contours
are shown by the dotted line. The ellipse at lower left represents the synthesized beam size of ALMA.
(B) The ALMA [O III] 88-mm spectrum with resolution of 20 km s–1 at the intensity peak position shown
against the relative velocity with respect to the redshift z = 7.2120 (blue dashed line).The best-fit Gaussian
profile for the [O III] line is overlaid.The RMS noise level is shown by the dotted line. (C) The Lya spectrum
(17) shown as a function of the relative velocity compared to the [O III] 88-mm line. The flux density is
normalized by a unit of 10–18 erg s–1 cm–2 Å–1.The sky level on an arbitrary scale is shown by the dotted line.
The velocity intervals where Earth’s atmospheric lines severely contaminate the spectrum are flagged
(hatched boxes).The Lya line shows a velocity shift Dv ≈+110 kms–1 relative to the [O III] line (red dashed line).
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Millimeter/submillimeter Array (ALMA) have
revealed the [C II] line emission from young
star-forming galaxies emitting a strong hydrogen
Lya line, so-called Lya emitters (LAEs), at red-
shift z ~ 5 to 6 (3, 4). However, ALMA obser-
vations have also shown that LAEs at z > 6 have
at least an order of magnitude lower luminosity
of the [C II] line than that expected from their
star formation rate (SFR) (4–7), suggesting un-
usual ISM conditions in these high-z LAEs (8).
Herschel observations of nearby dwarf gal-

axies, on the other hand, have revealed that a
forbidden oxygen line, [O III] 88 mm, is much
stronger than the [C II] line in these chemically
unevolved galaxies (9–11). The Infrared Space
Observatory and the Japanese infrared astrono-
mical satellite AKARI have detected the [O III] line
from the LargeMagellanic Cloud and frommany

nearby galaxies (12, 13). However, the [O III] line
has rarely been discussed in a high-z context,
because of the lack of instruments suitable to
observe the redshifted line. Only a few detections
from gravitationally lensed dusty starburst gal-
axies with active galactic nuclei at z ~ 3 to 4 have
been reported (14, 15) prior to ALMA. On the
other hand, simulations predict that ALMA will
be able to detect the [O III] line from star-forming
galaxies with reasonable integration time even at
z > 8 (16).
To examine the [O III] 88-mm line in high-z

LAEs, we performed ALMA observations of an
LAE at z = 7.2, SXDF-NB1006-2, discovered with
the Subaru Telescope (17). We have also obtained
ALMAdata of the [C II] 158-mmline of this galaxy.
[The observations and the data reduction are
described in (18).] The [O III] line is detected with
a significance of 5.3s (Fig. 1A), and the obtained
line flux is 6.2 × 10–21 W m–2; the corresponding
luminosity is 3.8× 1035W (Table 1). The [C II] line
is not detected at the position of the [O III] em-
ission line, andwe take the 3s upper limit for the
[C II] line flux as <5.3 × 10–22Wm–2. However, we
note a marginal signal (3.5s) that displays a spa-
tial offset (≈ 0.4′′ ≈ 2 kpc in the proper distance)
from the [O III] emission (fig. S4). The continuum
is not detected in either of the ALMA bands,
resulting in a 3s upper limit of the total IR lum-
inosity of <2.9 × 1037 W when assuming a dust
temperature of 40K and an emissivity index of 1.5.
The spatial distribution of the ALMA [O III]

emission overlaps with that of the Subaru Lya
emission (Fig. 1A), as expected because both
emission lines are produced in the same ionized
gas. On the other hand, the Lya emission is well
resolved (the image resolution is 0.4′′) and spa-
tially more extended than the [O III] line. This is

because Lya photons suffer from resonant scat-
tering by neutral hydrogen atoms in the gas
surrounding the galaxy. The systemic redshift of
the galaxy is estimated at z = 7.2120 ± 0.0003
from the [O III] emission line at an observed
wavelength of 725.603 mm. The Lya line is lo-
cated at DvLya = +1.1 (±0.3) × 102 km s–1 relative
to the systemic redshift (Fig. 1C and fig. S6). This
velocity offset, caused by scattering of neutral
hydrogen, is relatively small by comparison to
those observed in galaxies at z ~ 2 to 3 (DvLya ~
300 km s–1), given the ultraviolet (UV) absolute
magnitude of this galaxy (MUV = −21.53 magAB)
(19–21). Theobserved smallDvLya of SXDF-NB1006-
2 may indicate an H I column density of NH I <
1020 cm–2 (21, 22). SXDF-NB1006-2 is in the
reionization era where only the intergalactic
medium (IGM) with a high hydrogen neutral
fraction may cause an observation of DvLya ≈
+100 km s–1 (23), implying an even smaller H I

column density in the ISM of this galaxy.
We performed spectral energy distribution

(SED) modeling to derive physical quantities such
as the SFR of SXDF-NB1006-2 (Table 1). In addi-
tion to broadband photometric data from the
United Kingdom Infra-Red Telescope (UKIRT)
J, H, and K bands, Spitzer 3.6-mm and 4.5-mm
bands, and Subaru narrowband photometry
NB1006 (table S3), we have also used the [O III]
line flux and the IR luminosity as constraints
(Fig. 2) (18). The extremely blue rest-frame UV
color of this galaxy [slope b < −2.6 (3s) estimated
from J −H, where the flux density Fl∝ lb] gives
an age of ~1 million years for the ongoing star
formation episode. The nondetection of the dust
IR emission suggests little dust and hence neg-
ligible attenuation. The observed strong [O III]
line flux favors an oxygen abundance of 5% to
100% that of the Sun, but rejects 2% and 200% of
the solar abundance at >95% confidence. The
obtained oxygen abundance is similar to those
estimated in galaxies at z ~ 6 to 7, for which UV
C III] and C IV emission lines were detected (24, 25).
Because ~1million years is insufficient to produce
the inferred oxygen abundance, the galaxy must
have had previous star formation episodes. There-
fore, the derived stellarmass of ~300million solar
masses is regarded as a lower limit. We obtain a
~50% escape fraction of hydrogen-ionizing pho-
tons to the IGM in the best-fit model. Such a high
escape fraction, although still uncertain, may
imply a low H I column density of ~1017 cm–2

(26) or porous structure in the ISM of the galaxy.
The [O III]/far-UV luminosity ratio of SXDF-

NB1006-2 is similar to those of nearby dwarf
galaxies with an oxygen abundance of 10% to
60% that of the Sun (Fig. 3A), which suggests
that the oxygen abundance estimated from the
SED modeling is reasonable and chemical en-
richment in this young galaxy has already pro-
ceeded. On the other hand, the dust IR continuum
and the [C II] line of SXDF-NB1006-2 are veryweak
relative to those of the nearby dwarf galaxies
(Fig. 3, B and C). The galaxies at z ~ 3 to 4, from
which the [O III] line was detected previously, are
IR luminous dusty ones (14, 15). Their [O III]/IR
and [O III]/[C II] luminosity ratios are similar to
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Fig. 1. [O III] 88-mm and Lya emission images and spectra of SXDF-NB1006-2. (A) The ALMA [O III]
88-mm image (contours) overlaid on the Subaru narrow-band Lya image (offsets from the position listed in
Table 1). Contours are drawn at (−2, 2, 3, 4, 5) × s, where s = 0.0636 Jy beam–1 km s–1. Negative contours
are shown by the dotted line. The ellipse at lower left represents the synthesized beam size of ALMA.
(B) The ALMA [O III] 88-mm spectrum with resolution of 20 km s–1 at the intensity peak position shown
against the relative velocity with respect to the redshift z = 7.2120 (blue dashed line).The best-fit Gaussian
profile for the [O III] line is overlaid.The RMS noise level is shown by the dotted line. (C) The Lya spectrum
(17) shown as a function of the relative velocity compared to the [O III] 88-mm line. The flux density is
normalized by a unit of 10–18 erg s–1 cm–2 Å–1.The sky level on an arbitrary scale is shown by the dotted line.
The velocity intervals where Earth’s atmospheric lines severely contaminate the spectrum are flagged
(hatched boxes).The Lya line shows a velocity shift Dv ≈+110 kms–1 relative to the [O III] line (red dashed line).
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those of nearby spiral galaxies (10) and are at
least one order of magnitude smaller than those
of SXDF-NB1006-2. The high [O III]/IR ratio of
SXDF-NB1006-2, despite a degree of chemical
enrichment (or so-called metallicity) similar to
that of the nearby dwarf galaxies, indicates a very
small mass fraction of dust in elements heavier
than helium (or dust-to-metal mass ratio) in
SXDF-NB1006-2. The dust deficiency of this galaxy
is in contrast to the discovery of a dusty galaxy at
z ≈ 7.5 (27), suggesting a diversity of the dust
content in the reionization epoch. Because the [C II]
line predominantly arises in gas where hydrogen
is neutral, the nondetection of the [C II] line in
SXDF-NB1006-2 suggests that this young galaxy
has little H I gas.
We also compared the observed properties of

SXDF-NB1006-2 with the galaxies at z = 7.2 in a
cosmological hydrodynamic simulation of galaxy
formation and evolution (18). This simulation
yielded several galaxies with a UV luminosity sim-
ilar to that of SXDF-NB1006-2 (fig. S10). Relative
to these simulated galaxies, SXDF-NB1006-2 has
the highest [O III] line luminosity, a similar oxy-
gen abundance, and a lower dust IR luminosity
by at least a factor of 2 to 3. This indicates a
factor of >2 to 3 smaller dust-to-metal mass ratio
within the ISM of SXDF-NB1006-2 relative to
that in the simulated galaxies, where we assumed
the dust-to-metalmass ratio of 50% as in theMilky
Way ISM (28). Therefore, the dust-to-metal ratio of
SXDF-NB1006-2 is implied to be <20%. The dust-
to-metal ratio is determined by two processes: (i)
dust growth by accretion of atoms and molecules
onto the existing grains in cold dense clouds, and
(ii) dust destruction by supernova (SN) shock
waves consequent upon star formation (28). The
dust-poor nature of SXDF-NB1006-2 may be
explained by rapid dust destruction due to its

high SN rate or by slow accretion growth due to a
lack of cold dense clouds in the ISM.
In the context of cosmic reionization studies,

the most uncertain parameter is the product of
the escape fraction of ionizing photons and the
emission efficiency of these photons, fescxion (29).
From the SED modeling, we have obtained log10

[fescxion(Hz erg–1)] = 25.44−0.84
+0.46 for SXDF-NB1006-

2 (18). This ionizing photon emission efficiency is
strong enough to reach (or even exceed) the cos-
mic ionizing photon emissivity at z ~ 7 estimated
from various observational constraints on reioniza-
tion (29) by an accumulation of galaxies that have
already been detected (MUV < −17), although this

SCIENCE sciencemag.org 24 JUNE 2016 • VOL 352 ISSUE 6293 1561

Fig. 2. Spectral energy distribution of SXDF-
NB1006-2. (A) Thumbnail images (4′′ × 4′′; north
is up, east is to the left) in the Subaru/Suprime-Cam
z′, NB1006, UKIRT/WFCAM J, H, and K bands, and
Spitzer/IRAC 3.6-mm and 4.5-mm bands, from left
to right. (B) Near-infrared photometric data with
the best-fit model.The bottom horizontal axis shows
the wavelength in the observer’s rest frame; the
upper axis shows the wavelength in the source rest
frame.The observations are marked by the circles.
The horizontal error bars show the wavelength
range of the band filters.The vertical error bars for
detection bands represent ±1s photometric uncer-
tainties; the downward arrows for nondetections
represent the 3s upper limits.The z′ point in gray is
not used for the model fit. The best-fit model spec-
trum is shown by the solid green line, and the corre-
spondingmagnitudes through the filters are indicated
by asterisks. (C) The observed flux with the ±1s un-
certainty of the [O III] line and the best-fit model
prediction (asterisk). (D) The 3s upper limit on the
total infrared luminosity with a dust temperature of
40 K and an emissivity indexof 1.5. Also shown is the
best-fitmodel prediction (asterisk; zero IR luminosity
due to absence of dust in the best-fit model).

Fig. 3. Comparisons of SXDF-NB1006-2 and
other galaxies detected in the [O III] line. The
horizontal axis represents the oxygen abundance
relative to the Sun on a logarithmic scale: [O/H] =
log10(nO/nH) − log10(nO/nH)⊙, where nO and nH are
the number density of oxygen and hydrogen atoms,
respectively, and the solar abundance is assumed
to be 12 + log10(nO/nH)⊙ = 8.69 (30). Circles with
error bars represent data of nearby dwarf galaxies
(9–11); inverted triangles with error bars are
averages of nearby spiral galaxies (13).The arrows
at the right-side axis show luminosity ratios of dusty
galaxies at z ~ 3 to 4 whose oxygen abundances
have not yet been measured (10, 14, 15). Data
from SXDF-NB1006-2 are shown as five-pointed
stars with error bars. (A) The [O III]/far-UV (FUV)
luminosity ratio. The FUV luminosity is nLn at about
1500 Å in the source rest frame. (B) The [O III]/total
infrared (IR) luminosity ratio. The IR wavelength
range is 8 to 1000 mm in the source rest frame.
Because the IR continuum of SXDF-NB1006-2 is
not detected, we show a 3s lower limit with a dust
temperature of 40 K and an emissivity index of
1.5. (C) The [O III]/[C II] luminosity ratio. Because
the [C II] 158-mm line of SXDF-NB1006-2 is not
detected, we show a 3s lower limit.
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Millimeter/submillimeter Array (ALMA) have
revealed the [C II] line emission from young
star-forming galaxies emitting a strong hydrogen
Lya line, so-called Lya emitters (LAEs), at red-
shift z ~ 5 to 6 (3, 4). However, ALMA obser-
vations have also shown that LAEs at z > 6 have
at least an order of magnitude lower luminosity
of the [C II] line than that expected from their
star formation rate (SFR) (4–7), suggesting un-
usual ISM conditions in these high-z LAEs (8).
Herschel observations of nearby dwarf gal-

axies, on the other hand, have revealed that a
forbidden oxygen line, [O III] 88 mm, is much
stronger than the [C II] line in these chemically
unevolved galaxies (9–11). The Infrared Space
Observatory and the Japanese infrared astrono-
mical satellite AKARI have detected the [O III] line
from the LargeMagellanic Cloud and frommany

nearby galaxies (12, 13). However, the [O III] line
has rarely been discussed in a high-z context,
because of the lack of instruments suitable to
observe the redshifted line. Only a few detections
from gravitationally lensed dusty starburst gal-
axies with active galactic nuclei at z ~ 3 to 4 have
been reported (14, 15) prior to ALMA. On the
other hand, simulations predict that ALMA will
be able to detect the [O III] line from star-forming
galaxies with reasonable integration time even at
z > 8 (16).
To examine the [O III] 88-mm line in high-z

LAEs, we performed ALMA observations of an
LAE at z = 7.2, SXDF-NB1006-2, discovered with
the Subaru Telescope (17). We have also obtained
ALMAdata of the [C II] 158-mmline of this galaxy.
[The observations and the data reduction are
described in (18).] The [O III] line is detected with
a significance of 5.3s (Fig. 1A), and the obtained
line flux is 6.2 × 10–21 W m–2; the corresponding
luminosity is 3.8× 1035W (Table 1). The [C II] line
is not detected at the position of the [O III] em-
ission line, andwe take the 3s upper limit for the
[C II] line flux as <5.3 × 10–22Wm–2. However, we
note a marginal signal (3.5s) that displays a spa-
tial offset (≈ 0.4′′ ≈ 2 kpc in the proper distance)
from the [O III] emission (fig. S4). The continuum
is not detected in either of the ALMA bands,
resulting in a 3s upper limit of the total IR lum-
inosity of <2.9 × 1037 W when assuming a dust
temperature of 40K and an emissivity index of 1.5.
The spatial distribution of the ALMA [O III]

emission overlaps with that of the Subaru Lya
emission (Fig. 1A), as expected because both
emission lines are produced in the same ionized
gas. On the other hand, the Lya emission is well
resolved (the image resolution is 0.4′′) and spa-
tially more extended than the [O III] line. This is

because Lya photons suffer from resonant scat-
tering by neutral hydrogen atoms in the gas
surrounding the galaxy. The systemic redshift of
the galaxy is estimated at z = 7.2120 ± 0.0003
from the [O III] emission line at an observed
wavelength of 725.603 mm. The Lya line is lo-
cated at DvLya = +1.1 (±0.3) × 102 km s–1 relative
to the systemic redshift (Fig. 1C and fig. S6). This
velocity offset, caused by scattering of neutral
hydrogen, is relatively small by comparison to
those observed in galaxies at z ~ 2 to 3 (DvLya ~
300 km s–1), given the ultraviolet (UV) absolute
magnitude of this galaxy (MUV = −21.53 magAB)
(19–21). Theobserved smallDvLya of SXDF-NB1006-
2 may indicate an H I column density of NH I <
1020 cm–2 (21, 22). SXDF-NB1006-2 is in the
reionization era where only the intergalactic
medium (IGM) with a high hydrogen neutral
fraction may cause an observation of DvLya ≈
+100 km s–1 (23), implying an even smaller H I

column density in the ISM of this galaxy.
We performed spectral energy distribution

(SED) modeling to derive physical quantities such
as the SFR of SXDF-NB1006-2 (Table 1). In addi-
tion to broadband photometric data from the
United Kingdom Infra-Red Telescope (UKIRT)
J, H, and K bands, Spitzer 3.6-mm and 4.5-mm
bands, and Subaru narrowband photometry
NB1006 (table S3), we have also used the [O III]
line flux and the IR luminosity as constraints
(Fig. 2) (18). The extremely blue rest-frame UV
color of this galaxy [slope b < −2.6 (3s) estimated
from J −H, where the flux density Fl∝ lb] gives
an age of ~1 million years for the ongoing star
formation episode. The nondetection of the dust
IR emission suggests little dust and hence neg-
ligible attenuation. The observed strong [O III]
line flux favors an oxygen abundance of 5% to
100% that of the Sun, but rejects 2% and 200% of
the solar abundance at >95% confidence. The
obtained oxygen abundance is similar to those
estimated in galaxies at z ~ 6 to 7, for which UV
C III] and C IV emission lines were detected (24, 25).
Because ~1million years is insufficient to produce
the inferred oxygen abundance, the galaxy must
have had previous star formation episodes. There-
fore, the derived stellarmass of ~300million solar
masses is regarded as a lower limit. We obtain a
~50% escape fraction of hydrogen-ionizing pho-
tons to the IGM in the best-fit model. Such a high
escape fraction, although still uncertain, may
imply a low H I column density of ~1017 cm–2

(26) or porous structure in the ISM of the galaxy.
The [O III]/far-UV luminosity ratio of SXDF-

NB1006-2 is similar to those of nearby dwarf
galaxies with an oxygen abundance of 10% to
60% that of the Sun (Fig. 3A), which suggests
that the oxygen abundance estimated from the
SED modeling is reasonable and chemical en-
richment in this young galaxy has already pro-
ceeded. On the other hand, the dust IR continuum
and the [C II] line of SXDF-NB1006-2 are veryweak
relative to those of the nearby dwarf galaxies
(Fig. 3, B and C). The galaxies at z ~ 3 to 4, from
which the [O III] line was detected previously, are
IR luminous dusty ones (14, 15). Their [O III]/IR
and [O III]/[C II] luminosity ratios are similar to
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Fig. 1. [O III] 88-mm and Lya emission images and spectra of SXDF-NB1006-2. (A) The ALMA [O III]
88-mm image (contours) overlaid on the Subaru narrow-band Lya image (offsets from the position listed in
Table 1). Contours are drawn at (−2, 2, 3, 4, 5) × s, where s = 0.0636 Jy beam–1 km s–1. Negative contours
are shown by the dotted line. The ellipse at lower left represents the synthesized beam size of ALMA.
(B) The ALMA [O III] 88-mm spectrum with resolution of 20 km s–1 at the intensity peak position shown
against the relative velocity with respect to the redshift z = 7.2120 (blue dashed line).The best-fit Gaussian
profile for the [O III] line is overlaid.The RMS noise level is shown by the dotted line. (C) The Lya spectrum
(17) shown as a function of the relative velocity compared to the [O III] 88-mm line. The flux density is
normalized by a unit of 10–18 erg s–1 cm–2 Å–1.The sky level on an arbitrary scale is shown by the dotted line.
The velocity intervals where Earth’s atmospheric lines severely contaminate the spectrum are flagged
(hatched boxes).The Lya line shows a velocity shift Dv ≈+110 kms–1 relative to the [O III] line (red dashed line).
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Millimeter/submillimeter Array (ALMA) have
revealed the [C II] line emission from young
star-forming galaxies emitting a strong hydrogen
Lya line, so-called Lya emitters (LAEs), at red-
shift z ~ 5 to 6 (3, 4). However, ALMA obser-
vations have also shown that LAEs at z > 6 have
at least an order of magnitude lower luminosity
of the [C II] line than that expected from their
star formation rate (SFR) (4–7), suggesting un-
usual ISM conditions in these high-z LAEs (8).
Herschel observations of nearby dwarf gal-

axies, on the other hand, have revealed that a
forbidden oxygen line, [O III] 88 mm, is much
stronger than the [C II] line in these chemically
unevolved galaxies (9–11). The Infrared Space
Observatory and the Japanese infrared astrono-
mical satellite AKARI have detected the [O III] line
from the LargeMagellanic Cloud and frommany

nearby galaxies (12, 13). However, the [O III] line
has rarely been discussed in a high-z context,
because of the lack of instruments suitable to
observe the redshifted line. Only a few detections
from gravitationally lensed dusty starburst gal-
axies with active galactic nuclei at z ~ 3 to 4 have
been reported (14, 15) prior to ALMA. On the
other hand, simulations predict that ALMA will
be able to detect the [O III] line from star-forming
galaxies with reasonable integration time even at
z > 8 (16).
To examine the [O III] 88-mm line in high-z

LAEs, we performed ALMA observations of an
LAE at z = 7.2, SXDF-NB1006-2, discovered with
the Subaru Telescope (17). We have also obtained
ALMAdata of the [C II] 158-mmline of this galaxy.
[The observations and the data reduction are
described in (18).] The [O III] line is detected with
a significance of 5.3s (Fig. 1A), and the obtained
line flux is 6.2 × 10–21 W m–2; the corresponding
luminosity is 3.8× 1035W (Table 1). The [C II] line
is not detected at the position of the [O III] em-
ission line, andwe take the 3s upper limit for the
[C II] line flux as <5.3 × 10–22Wm–2. However, we
note a marginal signal (3.5s) that displays a spa-
tial offset (≈ 0.4′′ ≈ 2 kpc in the proper distance)
from the [O III] emission (fig. S4). The continuum
is not detected in either of the ALMA bands,
resulting in a 3s upper limit of the total IR lum-
inosity of <2.9 × 1037 W when assuming a dust
temperature of 40K and an emissivity index of 1.5.
The spatial distribution of the ALMA [O III]

emission overlaps with that of the Subaru Lya
emission (Fig. 1A), as expected because both
emission lines are produced in the same ionized
gas. On the other hand, the Lya emission is well
resolved (the image resolution is 0.4′′) and spa-
tially more extended than the [O III] line. This is

because Lya photons suffer from resonant scat-
tering by neutral hydrogen atoms in the gas
surrounding the galaxy. The systemic redshift of
the galaxy is estimated at z = 7.2120 ± 0.0003
from the [O III] emission line at an observed
wavelength of 725.603 mm. The Lya line is lo-
cated at DvLya = +1.1 (±0.3) × 102 km s–1 relative
to the systemic redshift (Fig. 1C and fig. S6). This
velocity offset, caused by scattering of neutral
hydrogen, is relatively small by comparison to
those observed in galaxies at z ~ 2 to 3 (DvLya ~
300 km s–1), given the ultraviolet (UV) absolute
magnitude of this galaxy (MUV = −21.53 magAB)
(19–21). Theobserved smallDvLya of SXDF-NB1006-
2 may indicate an H I column density of NH I <
1020 cm–2 (21, 22). SXDF-NB1006-2 is in the
reionization era where only the intergalactic
medium (IGM) with a high hydrogen neutral
fraction may cause an observation of DvLya ≈
+100 km s–1 (23), implying an even smaller H I

column density in the ISM of this galaxy.
We performed spectral energy distribution

(SED) modeling to derive physical quantities such
as the SFR of SXDF-NB1006-2 (Table 1). In addi-
tion to broadband photometric data from the
United Kingdom Infra-Red Telescope (UKIRT)
J, H, and K bands, Spitzer 3.6-mm and 4.5-mm
bands, and Subaru narrowband photometry
NB1006 (table S3), we have also used the [O III]
line flux and the IR luminosity as constraints
(Fig. 2) (18). The extremely blue rest-frame UV
color of this galaxy [slope b < −2.6 (3s) estimated
from J −H, where the flux density Fl∝ lb] gives
an age of ~1 million years for the ongoing star
formation episode. The nondetection of the dust
IR emission suggests little dust and hence neg-
ligible attenuation. The observed strong [O III]
line flux favors an oxygen abundance of 5% to
100% that of the Sun, but rejects 2% and 200% of
the solar abundance at >95% confidence. The
obtained oxygen abundance is similar to those
estimated in galaxies at z ~ 6 to 7, for which UV
C III] and C IV emission lines were detected (24, 25).
Because ~1million years is insufficient to produce
the inferred oxygen abundance, the galaxy must
have had previous star formation episodes. There-
fore, the derived stellarmass of ~300million solar
masses is regarded as a lower limit. We obtain a
~50% escape fraction of hydrogen-ionizing pho-
tons to the IGM in the best-fit model. Such a high
escape fraction, although still uncertain, may
imply a low H I column density of ~1017 cm–2

(26) or porous structure in the ISM of the galaxy.
The [O III]/far-UV luminosity ratio of SXDF-

NB1006-2 is similar to those of nearby dwarf
galaxies with an oxygen abundance of 10% to
60% that of the Sun (Fig. 3A), which suggests
that the oxygen abundance estimated from the
SED modeling is reasonable and chemical en-
richment in this young galaxy has already pro-
ceeded. On the other hand, the dust IR continuum
and the [C II] line of SXDF-NB1006-2 are veryweak
relative to those of the nearby dwarf galaxies
(Fig. 3, B and C). The galaxies at z ~ 3 to 4, from
which the [O III] line was detected previously, are
IR luminous dusty ones (14, 15). Their [O III]/IR
and [O III]/[C II] luminosity ratios are similar to
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Fig. 1. [O III] 88-mm and Lya emission images and spectra of SXDF-NB1006-2. (A) The ALMA [O III]
88-mm image (contours) overlaid on the Subaru narrow-band Lya image (offsets from the position listed in
Table 1). Contours are drawn at (−2, 2, 3, 4, 5) × s, where s = 0.0636 Jy beam–1 km s–1. Negative contours
are shown by the dotted line. The ellipse at lower left represents the synthesized beam size of ALMA.
(B) The ALMA [O III] 88-mm spectrum with resolution of 20 km s–1 at the intensity peak position shown
against the relative velocity with respect to the redshift z = 7.2120 (blue dashed line).The best-fit Gaussian
profile for the [O III] line is overlaid.The RMS noise level is shown by the dotted line. (C) The Lya spectrum
(17) shown as a function of the relative velocity compared to the [O III] 88-mm line. The flux density is
normalized by a unit of 10–18 erg s–1 cm–2 Å–1.The sky level on an arbitrary scale is shown by the dotted line.
The velocity intervals where Earth’s atmospheric lines severely contaminate the spectrum are flagged
(hatched boxes).The Lya line shows a velocity shift Dv ≈+110 kms–1 relative to the [O III] line (red dashed line).
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astrometric position of A2744_YD4 at a frequency of
361.641 GHz. Dividing the exposure time in half, the line is
detected with independent significances of 2.8 and 3.2,
consistent with that of the total exposure. Assuming this line
is [O III] 88 μm, the redshift would be z=8.382 (see Figure 5),
leading to a Lyα velocity shift of ∼70 km s−1 in good
agreement with that observed in a z 7.2~ galaxy (Inoue
et al. 2016). Fitting the emission line with a Gaussian profile,
we derive a modest FWHM=49.8±4.2 km s−1 implying an
intrinsic width of 43� km s−1. The emission line luminosity is
estimated at 1.40±0.35×108 L: without correction for
magnification, which is ≈7 times fainter than that detected in
Inoue et al.’s z=7.2 source. The peak line flux of
A2744_YD4 is consistent with that computed from simulations
in Inoue et al. (2014, see their Figure 3). Compared to the
aforementioned lower-mass source at z 7.2= , the narrower
line width is perhaps surprising but may indicate its formation
outside the body of the galaxy as inferred from the offset and
recent simulations (Katz et al. 2016).

4. Physical Properties

One of the main objectives of this study is to utilize the
spectroscopic redshift as well as the ALMA band 7 detection to
estimate accurate physical properties for A27744_YD4, and
particularly to constrain the dust mass for an early star-forming
galaxy.

4.1. Magnification

Estimating the magnification is critical to determine the
intrinsic properties of any lensed source. Several teams have
provided mass models for each of the six clusters. Moreover, a
web tool11 enables us to estimate the magnification for

Abell2744_YD4 from parametric high-resolution models, i.e.,
version 3.1 of the CATS model (Richard et al. 2014), version 3
of Johnson et al. (2014), version 3 of Merten et al. (2011) and
version 3 of GLAFIC (Ishigaki et al. 2015). We took the
average value with error bars corresponding to the standard
deviation: μ=1.8±0.3.

4.2. The Star Formation Rate (SFR)
and Stellar and Dust Masses

The detection of dust emission in a z=8.38 galaxy provides
a unique opportunity to evaluate the production of dust,
presumably from early supernovae in the first few 100Myr
since reionization began. The key measures are the dust and
stellar masses and the likely average past SFR.

Figure 4. (left) Extracted 1D spectrum with OH night sky contamination indicated in orange. (right) 2D spectra separated into (top) the total exposure (7.5 hr on-
source), (center) first half of the total exposure, (bottom) latter half of the total exposure.

Figure 5. ALMA [O III]88 μm spectrum with a resolution of 25km s−1. The
best Gaussian profile is overplotted in red at the central frequency
corresponding to a redshift of z=8.382. The derived line width is
≈43 km s−1.

11 https://archive.stsci.edu/prepds/frontier/lensmodels/#magcalc
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those of nearby spiral galaxies (10) and are at
least one order of magnitude smaller than those
of SXDF-NB1006-2. The high [O III]/IR ratio of
SXDF-NB1006-2, despite a degree of chemical
enrichment (or so-called metallicity) similar to
that of the nearby dwarf galaxies, indicates a very
small mass fraction of dust in elements heavier
than helium (or dust-to-metal mass ratio) in
SXDF-NB1006-2. The dust deficiency of this galaxy
is in contrast to the discovery of a dusty galaxy at
z ≈ 7.5 (27), suggesting a diversity of the dust
content in the reionization epoch. Because the [C II]
line predominantly arises in gas where hydrogen
is neutral, the nondetection of the [C II] line in
SXDF-NB1006-2 suggests that this young galaxy
has little H I gas.
We also compared the observed properties of

SXDF-NB1006-2 with the galaxies at z = 7.2 in a
cosmological hydrodynamic simulation of galaxy
formation and evolution (18). This simulation
yielded several galaxies with a UV luminosity sim-
ilar to that of SXDF-NB1006-2 (fig. S10). Relative
to these simulated galaxies, SXDF-NB1006-2 has
the highest [O III] line luminosity, a similar oxy-
gen abundance, and a lower dust IR luminosity
by at least a factor of 2 to 3. This indicates a
factor of >2 to 3 smaller dust-to-metal mass ratio
within the ISM of SXDF-NB1006-2 relative to
that in the simulated galaxies, where we assumed
the dust-to-metalmass ratio of 50% as in theMilky
Way ISM (28). Therefore, the dust-to-metal ratio of
SXDF-NB1006-2 is implied to be <20%. The dust-
to-metal ratio is determined by two processes: (i)
dust growth by accretion of atoms and molecules
onto the existing grains in cold dense clouds, and
(ii) dust destruction by supernova (SN) shock
waves consequent upon star formation (28). The
dust-poor nature of SXDF-NB1006-2 may be
explained by rapid dust destruction due to its

high SN rate or by slow accretion growth due to a
lack of cold dense clouds in the ISM.
In the context of cosmic reionization studies,

the most uncertain parameter is the product of
the escape fraction of ionizing photons and the
emission efficiency of these photons, fescxion (29).
From the SED modeling, we have obtained log10

[fescxion(Hz erg–1)] = 25.44−0.84
+0.46 for SXDF-NB1006-

2 (18). This ionizing photon emission efficiency is
strong enough to reach (or even exceed) the cos-
mic ionizing photon emissivity at z ~ 7 estimated
from various observational constraints on reioniza-
tion (29) by an accumulation of galaxies that have
already been detected (MUV < −17), although this
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Fig. 2. Spectral energy distribution of SXDF-
NB1006-2. (A) Thumbnail images (4′′ × 4′′; north
is up, east is to the left) in the Subaru/Suprime-Cam
z′, NB1006, UKIRT/WFCAM J, H, and K bands, and
Spitzer/IRAC 3.6-mm and 4.5-mm bands, from left
to right. (B) Near-infrared photometric data with
the best-fit model.The bottom horizontal axis shows
the wavelength in the observer’s rest frame; the
upper axis shows the wavelength in the source rest
frame.The observations are marked by the circles.
The horizontal error bars show the wavelength
range of the band filters.The vertical error bars for
detection bands represent ±1s photometric uncer-
tainties; the downward arrows for nondetections
represent the 3s upper limits.The z′ point in gray is
not used for the model fit. The best-fit model spec-
trum is shown by the solid green line, and the corre-
spondingmagnitudes through the filters are indicated
by asterisks. (C) The observed flux with the ±1s un-
certainty of the [O III] line and the best-fit model
prediction (asterisk). (D) The 3s upper limit on the
total infrared luminosity with a dust temperature of
40 K and an emissivity indexof 1.5. Also shown is the
best-fitmodel prediction (asterisk; zero IR luminosity
due to absence of dust in the best-fit model).

Fig. 3. Comparisons of SXDF-NB1006-2 and
other galaxies detected in the [O III] line. The
horizontal axis represents the oxygen abundance
relative to the Sun on a logarithmic scale: [O/H] =
log10(nO/nH) − log10(nO/nH)⊙, where nO and nH are
the number density of oxygen and hydrogen atoms,
respectively, and the solar abundance is assumed
to be 12 + log10(nO/nH)⊙ = 8.69 (30). Circles with
error bars represent data of nearby dwarf galaxies
(9–11); inverted triangles with error bars are
averages of nearby spiral galaxies (13).The arrows
at the right-side axis show luminosity ratios of dusty
galaxies at z ~ 3 to 4 whose oxygen abundances
have not yet been measured (10, 14, 15). Data
from SXDF-NB1006-2 are shown as five-pointed
stars with error bars. (A) The [O III]/far-UV (FUV)
luminosity ratio. The FUV luminosity is nLn at about
1500 Å in the source rest frame. (B) The [O III]/total
infrared (IR) luminosity ratio. The IR wavelength
range is 8 to 1000 mm in the source rest frame.
Because the IR continuum of SXDF-NB1006-2 is
not detected, we show a 3s lower limit with a dust
temperature of 40 K and an emissivity index of
1.5. (C) The [O III]/[C II] luminosity ratio. Because
the [C II] 158-mm line of SXDF-NB1006-2 is not
detected, we show a 3s lower limit.
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Millimeter/submillimeter Array (ALMA) have
revealed the [C II] line emission from young
star-forming galaxies emitting a strong hydrogen
Lya line, so-called Lya emitters (LAEs), at red-
shift z ~ 5 to 6 (3, 4). However, ALMA obser-
vations have also shown that LAEs at z > 6 have
at least an order of magnitude lower luminosity
of the [C II] line than that expected from their
star formation rate (SFR) (4–7), suggesting un-
usual ISM conditions in these high-z LAEs (8).
Herschel observations of nearby dwarf gal-

axies, on the other hand, have revealed that a
forbidden oxygen line, [O III] 88 mm, is much
stronger than the [C II] line in these chemically
unevolved galaxies (9–11). The Infrared Space
Observatory and the Japanese infrared astrono-
mical satellite AKARI have detected the [O III] line
from the LargeMagellanic Cloud and frommany

nearby galaxies (12, 13). However, the [O III] line
has rarely been discussed in a high-z context,
because of the lack of instruments suitable to
observe the redshifted line. Only a few detections
from gravitationally lensed dusty starburst gal-
axies with active galactic nuclei at z ~ 3 to 4 have
been reported (14, 15) prior to ALMA. On the
other hand, simulations predict that ALMA will
be able to detect the [O III] line from star-forming
galaxies with reasonable integration time even at
z > 8 (16).
To examine the [O III] 88-mm line in high-z

LAEs, we performed ALMA observations of an
LAE at z = 7.2, SXDF-NB1006-2, discovered with
the Subaru Telescope (17). We have also obtained
ALMAdata of the [C II] 158-mmline of this galaxy.
[The observations and the data reduction are
described in (18).] The [O III] line is detected with
a significance of 5.3s (Fig. 1A), and the obtained
line flux is 6.2 × 10–21 W m–2; the corresponding
luminosity is 3.8× 1035W (Table 1). The [C II] line
is not detected at the position of the [O III] em-
ission line, andwe take the 3s upper limit for the
[C II] line flux as <5.3 × 10–22Wm–2. However, we
note a marginal signal (3.5s) that displays a spa-
tial offset (≈ 0.4′′ ≈ 2 kpc in the proper distance)
from the [O III] emission (fig. S4). The continuum
is not detected in either of the ALMA bands,
resulting in a 3s upper limit of the total IR lum-
inosity of <2.9 × 1037 W when assuming a dust
temperature of 40K and an emissivity index of 1.5.
The spatial distribution of the ALMA [O III]

emission overlaps with that of the Subaru Lya
emission (Fig. 1A), as expected because both
emission lines are produced in the same ionized
gas. On the other hand, the Lya emission is well
resolved (the image resolution is 0.4′′) and spa-
tially more extended than the [O III] line. This is

because Lya photons suffer from resonant scat-
tering by neutral hydrogen atoms in the gas
surrounding the galaxy. The systemic redshift of
the galaxy is estimated at z = 7.2120 ± 0.0003
from the [O III] emission line at an observed
wavelength of 725.603 mm. The Lya line is lo-
cated at DvLya = +1.1 (±0.3) × 102 km s–1 relative
to the systemic redshift (Fig. 1C and fig. S6). This
velocity offset, caused by scattering of neutral
hydrogen, is relatively small by comparison to
those observed in galaxies at z ~ 2 to 3 (DvLya ~
300 km s–1), given the ultraviolet (UV) absolute
magnitude of this galaxy (MUV = −21.53 magAB)
(19–21). Theobserved smallDvLya of SXDF-NB1006-
2 may indicate an H I column density of NH I <
1020 cm–2 (21, 22). SXDF-NB1006-2 is in the
reionization era where only the intergalactic
medium (IGM) with a high hydrogen neutral
fraction may cause an observation of DvLya ≈
+100 km s–1 (23), implying an even smaller H I

column density in the ISM of this galaxy.
We performed spectral energy distribution

(SED) modeling to derive physical quantities such
as the SFR of SXDF-NB1006-2 (Table 1). In addi-
tion to broadband photometric data from the
United Kingdom Infra-Red Telescope (UKIRT)
J, H, and K bands, Spitzer 3.6-mm and 4.5-mm
bands, and Subaru narrowband photometry
NB1006 (table S3), we have also used the [O III]
line flux and the IR luminosity as constraints
(Fig. 2) (18). The extremely blue rest-frame UV
color of this galaxy [slope b < −2.6 (3s) estimated
from J −H, where the flux density Fl∝ lb] gives
an age of ~1 million years for the ongoing star
formation episode. The nondetection of the dust
IR emission suggests little dust and hence neg-
ligible attenuation. The observed strong [O III]
line flux favors an oxygen abundance of 5% to
100% that of the Sun, but rejects 2% and 200% of
the solar abundance at >95% confidence. The
obtained oxygen abundance is similar to those
estimated in galaxies at z ~ 6 to 7, for which UV
C III] and C IV emission lines were detected (24, 25).
Because ~1million years is insufficient to produce
the inferred oxygen abundance, the galaxy must
have had previous star formation episodes. There-
fore, the derived stellarmass of ~300million solar
masses is regarded as a lower limit. We obtain a
~50% escape fraction of hydrogen-ionizing pho-
tons to the IGM in the best-fit model. Such a high
escape fraction, although still uncertain, may
imply a low H I column density of ~1017 cm–2

(26) or porous structure in the ISM of the galaxy.
The [O III]/far-UV luminosity ratio of SXDF-

NB1006-2 is similar to those of nearby dwarf
galaxies with an oxygen abundance of 10% to
60% that of the Sun (Fig. 3A), which suggests
that the oxygen abundance estimated from the
SED modeling is reasonable and chemical en-
richment in this young galaxy has already pro-
ceeded. On the other hand, the dust IR continuum
and the [C II] line of SXDF-NB1006-2 are veryweak
relative to those of the nearby dwarf galaxies
(Fig. 3, B and C). The galaxies at z ~ 3 to 4, from
which the [O III] line was detected previously, are
IR luminous dusty ones (14, 15). Their [O III]/IR
and [O III]/[C II] luminosity ratios are similar to
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Fig. 1. [O III] 88-mm and Lya emission images and spectra of SXDF-NB1006-2. (A) The ALMA [O III]
88-mm image (contours) overlaid on the Subaru narrow-band Lya image (offsets from the position listed in
Table 1). Contours are drawn at (−2, 2, 3, 4, 5) × s, where s = 0.0636 Jy beam–1 km s–1. Negative contours
are shown by the dotted line. The ellipse at lower left represents the synthesized beam size of ALMA.
(B) The ALMA [O III] 88-mm spectrum with resolution of 20 km s–1 at the intensity peak position shown
against the relative velocity with respect to the redshift z = 7.2120 (blue dashed line).The best-fit Gaussian
profile for the [O III] line is overlaid.The RMS noise level is shown by the dotted line. (C) The Lya spectrum
(17) shown as a function of the relative velocity compared to the [O III] 88-mm line. The flux density is
normalized by a unit of 10–18 erg s–1 cm–2 Å–1.The sky level on an arbitrary scale is shown by the dotted line.
The velocity intervals where Earth’s atmospheric lines severely contaminate the spectrum are flagged
(hatched boxes).The Lya line shows a velocity shift Dv ≈+110 kms–1 relative to the [O III] line (red dashed line).
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Millimeter/submillimeter Array (ALMA) have
revealed the [C II] line emission from young
star-forming galaxies emitting a strong hydrogen
Lya line, so-called Lya emitters (LAEs), at red-
shift z ~ 5 to 6 (3, 4). However, ALMA obser-
vations have also shown that LAEs at z > 6 have
at least an order of magnitude lower luminosity
of the [C II] line than that expected from their
star formation rate (SFR) (4–7), suggesting un-
usual ISM conditions in these high-z LAEs (8).
Herschel observations of nearby dwarf gal-

axies, on the other hand, have revealed that a
forbidden oxygen line, [O III] 88 mm, is much
stronger than the [C II] line in these chemically
unevolved galaxies (9–11). The Infrared Space
Observatory and the Japanese infrared astrono-
mical satellite AKARI have detected the [O III] line
from the LargeMagellanic Cloud and frommany

nearby galaxies (12, 13). However, the [O III] line
has rarely been discussed in a high-z context,
because of the lack of instruments suitable to
observe the redshifted line. Only a few detections
from gravitationally lensed dusty starburst gal-
axies with active galactic nuclei at z ~ 3 to 4 have
been reported (14, 15) prior to ALMA. On the
other hand, simulations predict that ALMA will
be able to detect the [O III] line from star-forming
galaxies with reasonable integration time even at
z > 8 (16).
To examine the [O III] 88-mm line in high-z

LAEs, we performed ALMA observations of an
LAE at z = 7.2, SXDF-NB1006-2, discovered with
the Subaru Telescope (17). We have also obtained
ALMAdata of the [C II] 158-mmline of this galaxy.
[The observations and the data reduction are
described in (18).] The [O III] line is detected with
a significance of 5.3s (Fig. 1A), and the obtained
line flux is 6.2 × 10–21 W m–2; the corresponding
luminosity is 3.8× 1035W (Table 1). The [C II] line
is not detected at the position of the [O III] em-
ission line, andwe take the 3s upper limit for the
[C II] line flux as <5.3 × 10–22Wm–2. However, we
note a marginal signal (3.5s) that displays a spa-
tial offset (≈ 0.4′′ ≈ 2 kpc in the proper distance)
from the [O III] emission (fig. S4). The continuum
is not detected in either of the ALMA bands,
resulting in a 3s upper limit of the total IR lum-
inosity of <2.9 × 1037 W when assuming a dust
temperature of 40K and an emissivity index of 1.5.
The spatial distribution of the ALMA [O III]

emission overlaps with that of the Subaru Lya
emission (Fig. 1A), as expected because both
emission lines are produced in the same ionized
gas. On the other hand, the Lya emission is well
resolved (the image resolution is 0.4′′) and spa-
tially more extended than the [O III] line. This is

because Lya photons suffer from resonant scat-
tering by neutral hydrogen atoms in the gas
surrounding the galaxy. The systemic redshift of
the galaxy is estimated at z = 7.2120 ± 0.0003
from the [O III] emission line at an observed
wavelength of 725.603 mm. The Lya line is lo-
cated at DvLya = +1.1 (±0.3) × 102 km s–1 relative
to the systemic redshift (Fig. 1C and fig. S6). This
velocity offset, caused by scattering of neutral
hydrogen, is relatively small by comparison to
those observed in galaxies at z ~ 2 to 3 (DvLya ~
300 km s–1), given the ultraviolet (UV) absolute
magnitude of this galaxy (MUV = −21.53 magAB)
(19–21). Theobserved smallDvLya of SXDF-NB1006-
2 may indicate an H I column density of NH I <
1020 cm–2 (21, 22). SXDF-NB1006-2 is in the
reionization era where only the intergalactic
medium (IGM) with a high hydrogen neutral
fraction may cause an observation of DvLya ≈
+100 km s–1 (23), implying an even smaller H I

column density in the ISM of this galaxy.
We performed spectral energy distribution

(SED) modeling to derive physical quantities such
as the SFR of SXDF-NB1006-2 (Table 1). In addi-
tion to broadband photometric data from the
United Kingdom Infra-Red Telescope (UKIRT)
J, H, and K bands, Spitzer 3.6-mm and 4.5-mm
bands, and Subaru narrowband photometry
NB1006 (table S3), we have also used the [O III]
line flux and the IR luminosity as constraints
(Fig. 2) (18). The extremely blue rest-frame UV
color of this galaxy [slope b < −2.6 (3s) estimated
from J −H, where the flux density Fl∝ lb] gives
an age of ~1 million years for the ongoing star
formation episode. The nondetection of the dust
IR emission suggests little dust and hence neg-
ligible attenuation. The observed strong [O III]
line flux favors an oxygen abundance of 5% to
100% that of the Sun, but rejects 2% and 200% of
the solar abundance at >95% confidence. The
obtained oxygen abundance is similar to those
estimated in galaxies at z ~ 6 to 7, for which UV
C III] and C IV emission lines were detected (24, 25).
Because ~1million years is insufficient to produce
the inferred oxygen abundance, the galaxy must
have had previous star formation episodes. There-
fore, the derived stellarmass of ~300million solar
masses is regarded as a lower limit. We obtain a
~50% escape fraction of hydrogen-ionizing pho-
tons to the IGM in the best-fit model. Such a high
escape fraction, although still uncertain, may
imply a low H I column density of ~1017 cm–2

(26) or porous structure in the ISM of the galaxy.
The [O III]/far-UV luminosity ratio of SXDF-

NB1006-2 is similar to those of nearby dwarf
galaxies with an oxygen abundance of 10% to
60% that of the Sun (Fig. 3A), which suggests
that the oxygen abundance estimated from the
SED modeling is reasonable and chemical en-
richment in this young galaxy has already pro-
ceeded. On the other hand, the dust IR continuum
and the [C II] line of SXDF-NB1006-2 are veryweak
relative to those of the nearby dwarf galaxies
(Fig. 3, B and C). The galaxies at z ~ 3 to 4, from
which the [O III] line was detected previously, are
IR luminous dusty ones (14, 15). Their [O III]/IR
and [O III]/[C II] luminosity ratios are similar to
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Fig. 1. [O III] 88-mm and Lya emission images and spectra of SXDF-NB1006-2. (A) The ALMA [O III]
88-mm image (contours) overlaid on the Subaru narrow-band Lya image (offsets from the position listed in
Table 1). Contours are drawn at (−2, 2, 3, 4, 5) × s, where s = 0.0636 Jy beam–1 km s–1. Negative contours
are shown by the dotted line. The ellipse at lower left represents the synthesized beam size of ALMA.
(B) The ALMA [O III] 88-mm spectrum with resolution of 20 km s–1 at the intensity peak position shown
against the relative velocity with respect to the redshift z = 7.2120 (blue dashed line).The best-fit Gaussian
profile for the [O III] line is overlaid.The RMS noise level is shown by the dotted line. (C) The Lya spectrum
(17) shown as a function of the relative velocity compared to the [O III] 88-mm line. The flux density is
normalized by a unit of 10–18 erg s–1 cm–2 Å–1.The sky level on an arbitrary scale is shown by the dotted line.
The velocity intervals where Earth’s atmospheric lines severely contaminate the spectrum are flagged
(hatched boxes).The Lya line shows a velocity shift Dv ≈+110 kms–1 relative to the [O III] line (red dashed line).

RESEARCH | REPORTS

 o
n 

O
ct

ob
er

 1
4,

 2
01

6
ht

tp
://

sc
ie

nc
e.

sc
ie

nc
em

ag
.o

rg
/

D
ow

nl
oa

de
d 

fro
m

 

[OIII] 88µm  at  z = 7.2  -  ALMA results

Inoue et al. 2016, Science

[OIII] / [CII] 

[OIII] / LIR 

[OIII] / FFUV

SDXF-NB1006-2

   Cycle 4-5 ALMA projects - stay tuned  
 



Summary….

★ Finding extended dust emission at redshift  z > 7 

★ Detections of [CII] at z > 6, but also a large number 
of non-detections 

★ Using lensing to push the sensitivity. 

★ What does this mean of design of future (cluster/
lensed/blank field) z>6 surveys with ALMA?  

★ [CII]  vs  other tracers:  [OIII] ? 


