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So far far-IR detections of distant/primeval 
galaxies (z>4) are mostly on extreme objects: 

SMGs/ULIRGs/QSOS 



e.g. LESS 73.1: SMG at z = 4.76 observed  
 with ALMA  
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•  Multiple mm/far-IR lines detected 

•  Velocity field is dominated by rotation and no 
indications of major merging 

 

 
=> SFR ~ 1000 M!yr-1 (!!!) does not seem to be triggered by major dynamical disturbance, high-

 SFR likely due to very gas rich unstable disk with low Q parameter 

But NOT representative of the bulk of the galaxy population at high-z … 

C. De Breuck et al., 2014 



BRI1202-0725 (z = 4.7) 
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•  First ALMA detection of [CII]158µm at high-z (Wagg+12 & Carilli+13, Carniani+14) 
  

Serendipitous [CII] 
detections of Lyα 
emitting systems 

QSO  

Optically obscured SMG 
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Figure 1. Left: white contours show the submillimeter continuum emission from BRI 1202-0725 at 340 GHz at 1.!!2"0.!!8 resolution (major axis north–south). Contour
levels are a geometric progression in square root two, starting at 0.25 mJy beam#1. Negative contours are dashed. The rms noise on the image is 0.1 mJy beam#1.
The color shows the HST F814W image of Hu et al. (1996). The SMG, quasar, Ly!-1, and Ly!-2 are indicated. Right: the integrated [C ii] emission in the velocity
range 0 km s#1 to 130 km s#1 (see Figures 2 and 3(c)). Contour levels are a geometric progression in square root two, starting at 1.0 mJy beam#1. The color is the
Ly! narrowband image from Hu et al. (1996). The Ly! image within $1!! of the quasar is saturated. Note that saturation and diffraction spikes affect the HST and Ly!
images within about a 1!! radius of the quasar.

Table 1
BRI 1202#0725 Parameters

Source Positiona S340 GHz [C ii] Line Peak FWHMc

J2000 (mJy) Redshiftb (mJy) (km s#1)

Quasard J120523.13#074232.6 18 ± 2.7 4.6942 24 ± 3.6 275
SMG J120522.98#074229.5 17 ± 2.5 4.6915 16 ± 2.4 712
Ly!-1 J120523.06#074231.2 <0.3 4.6950 5.1 ± 0.7 56
Ly!-2e J120523.04#074234.3 1.4 ± 0.2 4.7055 3.7 ± 0.6 338

Notes.
a Submillimeter continuum position, except for Ly!-1, which uses the [C ii] line
peak position.
b Formal errors from Gaussian fitting on the redshifts are <0.0003 in all cases.
c Formal errors from Gaussian fitting on the line widths are !15 km s#1.
d Redshift for single Gaussian fit (see Section 3.1).
e This line is truncated in velocity, and hence the fit is highly uncertain, and the
redshift is strictly a lower limit.

sources are shown in Figure 3 at 31.25 MHz spectral resolution
(=28 km s#1).

Strong [C ii] emission is seen from the SMG over essentially
the full frequency range in the first band. Likewise, strong
emission is seen from the quasar over a narrower frequency
range. For reference, we have fit Gaussian models to the
spectra, although admittedly the SMG spectrum is decidedly
non-Gaussian. Results from the fitting are given in Table 1 (see
Wagg et al. 2012 for more details on the SMG and quasar
spectra).

Inspection of the [C ii] channel images shows emission from
the vicinity of Ly!-1, between the quasar and the SMG, in a few
channels just above 0 km s#1. Figure 1(b) shows the integrated
emission in the velocity range 0 km s#1 to 100 km s#1, with
the Ly! image of Hu et al. (1996) in color. This apparent [C ii]
emission is seen along the direction of the extended Ly! tail
from the quasar toward the SMG (Hu et al. 1997), peaking

close (within 0.!!3) to galaxy Ly!-1. A spectrum at this peak
position near Ly!-1 is shown in Figure 3(c). The [C ii] emission
from Ly!-1 is narrow, with an FWHM $56 km s#1, centered at
z = 4.6950. Note that it is difficult to conclude based on these
relatively low spatial resolution data whether this emission is
truly extended between the quasar and Ly!-1, or simply blended
by the limited spatial resolution. The [C ii] emission around the
quasar also appears extended in the direction of Ly!-2 in the
channels around +250 km s#1 to +300 km s#1.

The two highest velocity channels in Figure 2 show [C ii]
emission from galaxy Ly!-2. Figure 3(d) shows the spectrum
of this galaxy. Since the redshift of this galaxy was essentially
unknown prior to the observations, the spectral coverage trun-
cates some unknown fraction of the line at high velocity (low
frequency). Hence, we do not know the full velocity extent nor
total luminosity of the [C ii] emission for Ly!-2, and the redshift
is strictly a lower limit.

Figure 4 shows the iso-velocity image (moment 1 = intensity-
weighted mean velocity) of the [C ii] emission made using a
3.5" blanking level. There is a clear east–west velocity gradient
across the SMG. This can be seen in the channel images
(Figure 2), where the peak of the line emission moves by about
1.!!7 east to west from low to high velocities. The tail of emission
to the north of the quasar toward Ly!-1 is also seen, as well
as the extended emission to the southwest of the quasar toward
Ly!2.

Figure 5 shows a position–velocity (PV ) plot along the major
axis (east–west) of the SMG. The E–W velocity gradient is clear,
as well as a twist in the line of nodes at the extrema in velocity.
Such a twist could signal a warped disk in atomic gas.

4. ANALYSIS

Wagg et al. (2012) present a detailed analysis of the main [C ii]
line and dust continuum emission from the quasar and SMG in

3

ALMA [CII] DETECTION 

SFR$~$20$M!yr+1$ SFR$~$3000$M!yr+1$

SFR$~$3000$M!yr+1$ SFR$~$70$M!yr+1$
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Star forming systems 
more representative 

of the bulk of the population 
(though still on the high side) 



 
 
New FORS2-VLT optical spectroscopy of the two 
Lyα emitters: Lyα VS [CII] comparison 
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•  Drastically different Lyα and [CII] 
profiles 

•  Extension: Lyα ~ 2.2’’ 
         [CII] < 1’’ 

•  Consistent with recent simulations 
(e.g. Vallini+13) 

•  Possibly traces highly in-
homogeneous ISM and different 
star formation environments 
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Similar result for Lyα-2 

Lyα-1 

R.J. Williams et al. 2014 

FWHM(Lyα)~1300 km/s 

FWHM([CII]) ~ 50 km/s 



Lyα emitters photo-ionized by the QSO? 
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•  Do not detect any other high ionization 
emission lines (CIV, SIV, NV) 

•  He II should be detectable regardless of 
metallicity 

•  Estimate fraction of Lyα emission produced 
by ionization from QSO < 10% 

 

=> Powered by in-situ star formation. 
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Scenarios for large velocity width of Lyα 
•  Strong tidal sheering where compact clumps are less affected and traced by [CII]. 

However separation from primary massive galaxy (> ~10 kpc) suggests this is unlikely 

•  Could be tracing ‘strong positive feedback’ predicted by recent models (e.g. Ishibashi & 
Fabian+12, Zubovas+13, Silk+13): With star formation triggered in AGN-driven outflow 
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•  Difference in FWHM between Lyα and [CII] also 
possibly explained in the context of primeval galaxy 
models (Vallini et al. 2013)  

•  The ionized gas (Lyα) and neutral gas [CII] trace 
different regions within the ISM 

  … more later#

Difference in FWHM between Lyα and [CII]  
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Figure 1. Left: white contours show the submillimeter continuum emission from BRI 1202-0725 at 340 GHz at 1.!!2"0.!!8 resolution (major axis north–south). Contour
levels are a geometric progression in square root two, starting at 0.25 mJy beam#1. Negative contours are dashed. The rms noise on the image is 0.1 mJy beam#1.
The color shows the HST F814W image of Hu et al. (1996). The SMG, quasar, Ly!-1, and Ly!-2 are indicated. Right: the integrated [C ii] emission in the velocity
range 0 km s#1 to 130 km s#1 (see Figures 2 and 3(c)). Contour levels are a geometric progression in square root two, starting at 1.0 mJy beam#1. The color is the
Ly! narrowband image from Hu et al. (1996). The Ly! image within $1!! of the quasar is saturated. Note that saturation and diffraction spikes affect the HST and Ly!
images within about a 1!! radius of the quasar.

Table 1
BRI 1202#0725 Parameters

Source Positiona S340 GHz [C ii] Line Peak FWHMc

J2000 (mJy) Redshiftb (mJy) (km s#1)

Quasard J120523.13#074232.6 18 ± 2.7 4.6942 24 ± 3.6 275
SMG J120522.98#074229.5 17 ± 2.5 4.6915 16 ± 2.4 712
Ly!-1 J120523.06#074231.2 <0.3 4.6950 5.1 ± 0.7 56
Ly!-2e J120523.04#074234.3 1.4 ± 0.2 4.7055 3.7 ± 0.6 338

Notes.
a Submillimeter continuum position, except for Ly!-1, which uses the [C ii] line
peak position.
b Formal errors from Gaussian fitting on the redshifts are <0.0003 in all cases.
c Formal errors from Gaussian fitting on the line widths are !15 km s#1.
d Redshift for single Gaussian fit (see Section 3.1).
e This line is truncated in velocity, and hence the fit is highly uncertain, and the
redshift is strictly a lower limit.

sources are shown in Figure 3 at 31.25 MHz spectral resolution
(=28 km s#1).

Strong [C ii] emission is seen from the SMG over essentially
the full frequency range in the first band. Likewise, strong
emission is seen from the quasar over a narrower frequency
range. For reference, we have fit Gaussian models to the
spectra, although admittedly the SMG spectrum is decidedly
non-Gaussian. Results from the fitting are given in Table 1 (see
Wagg et al. 2012 for more details on the SMG and quasar
spectra).

Inspection of the [C ii] channel images shows emission from
the vicinity of Ly!-1, between the quasar and the SMG, in a few
channels just above 0 km s#1. Figure 1(b) shows the integrated
emission in the velocity range 0 km s#1 to 100 km s#1, with
the Ly! image of Hu et al. (1996) in color. This apparent [C ii]
emission is seen along the direction of the extended Ly! tail
from the quasar toward the SMG (Hu et al. 1997), peaking

close (within 0.!!3) to galaxy Ly!-1. A spectrum at this peak
position near Ly!-1 is shown in Figure 3(c). The [C ii] emission
from Ly!-1 is narrow, with an FWHM $56 km s#1, centered at
z = 4.6950. Note that it is difficult to conclude based on these
relatively low spatial resolution data whether this emission is
truly extended between the quasar and Ly!-1, or simply blended
by the limited spatial resolution. The [C ii] emission around the
quasar also appears extended in the direction of Ly!-2 in the
channels around +250 km s#1 to +300 km s#1.

The two highest velocity channels in Figure 2 show [C ii]
emission from galaxy Ly!-2. Figure 3(d) shows the spectrum
of this galaxy. Since the redshift of this galaxy was essentially
unknown prior to the observations, the spectral coverage trun-
cates some unknown fraction of the line at high velocity (low
frequency). Hence, we do not know the full velocity extent nor
total luminosity of the [C ii] emission for Ly!-2, and the redshift
is strictly a lower limit.

Figure 4 shows the iso-velocity image (moment 1 = intensity-
weighted mean velocity) of the [C ii] emission made using a
3.5" blanking level. There is a clear east–west velocity gradient
across the SMG. This can be seen in the channel images
(Figure 2), where the peak of the line emission moves by about
1.!!7 east to west from low to high velocities. The tail of emission
to the north of the quasar toward Ly!-1 is also seen, as well
as the extended emission to the southwest of the quasar toward
Ly!2.

Figure 5 shows a position–velocity (PV ) plot along the major
axis (east–west) of the SMG. The E–W velocity gradient is clear,
as well as a twist in the line of nodes at the extrema in velocity.
Such a twist could signal a warped disk in atomic gas.

4. ANALYSIS

Wagg et al. (2012) present a detailed analysis of the main [C ii]
line and dust continuum emission from the quasar and SMG in

3

SFR$~$20$M!yr+1$ SFR$~$3000$M!yr+1$

SFR$~$3000$M!yr+1$ SFR$~$70$M!yr+1$

Yet, these Lyα emitters are in a peculiar 
environment (overdense + QSO) 



CONCLUSIONS 
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•  High S/N ALMA observations of a rotating [CII] disc shows velocity modelling is 
possible at z=4.7. 

•  Multi-band studies of galaxies can provide further insight into the physical 
processes of galaxy evolution, especially when studying galaxies with lower-
SFR (more representative of galaxy population). 

•  For example, we see different Lyα & [CII] profiles at z=4.7 tracing different 
regions of the ISM. 


