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Figure 2. Schematic representation of the components used for SED fitting. As
an example, we use the observed photometry of the z = 5.03 QSO J1204−0021.
(A color version of this figure is available in the online journal.)

The rest frame UV/optical and infrared SEDs of these
10 objects can be fitted well with a combination of these 4
components. The best fitting model combinations are shown
in Figure 3 and Table 6 summarizes some basic properties
determined from the fitting. Using these fits we also determine
the relative contributions of the different components to the total
infrared SED. For this we combine the dust component in the
NIR and the torus model, both of which are likely to be powered
by the AGN. We compare this AGN related emission to the
additional FIR component and show their relative contributions
to the total infrared emission as a function of wavelength in
Figure 4. We see that in the presence of luminous FIR emission
(LFIR ∼ 1013 L⊙), this component dominates the total infrared
SED at rest frame wavelengths above ∼50 µm for all 10 objects.
This means that in such cases of strong FIR/submillimeter
emission, rest frame wavelengths !50 µm isolate the additional
FIR component without the need for full SED fits (at least
in our modeling approach). The possible heating source for
the additional FIR component (AGN versus star formation) is
further discussed in Section 4.4.

We also extend a similar SED fitting approach to objects
with fewer Herschel detections. In cases where two PACS
detections are available (nine sources), these data provide
sufficient constraints for the torus model, while the upper limits
in the SPIRE bands (and in the millimeter where available; see
Table 4) limit the contribution of the additional FIR component
(fixed to a temperature of 47 K). These fits are presented in
Figure 5 and some basic properties derived from the fitted
components are presented in Table 6. From this table we use the
UV/optical luminosity and the AGN-dominated dust luminosity
to show that the ratio of the AGN-dominated dust-to-accretion
disk emission decreases with increasing UV/optical luminosity
(Figure 6). This behavior may reflect the increase of the dust
sublimation radius for more luminous UV/optical continuum
emitters (e.g., Barvainis 1987) which, under the assumption of a
constant scale height, is often explained in terms of a decreasing
dust covering factor with increasing luminosity in the context
of the so-called receding torus model (Lawrence 1991).

The measured FIR fluxes for our 10 FIR-detected objects fall
only moderately above the 3σ confusion noise limit (Table 5).
Thus, the photometric upper limits for the nine FIR non-
detections (i.e., only detected in PACS) yield upper limits on
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Figure 3. SEDs of the 10 quasars detected in at least four Herschel bands. The
plots shows νFν in units of erg s−1 cm−2 over the rest frame wavelength. The
colored lines indicate the results of a multi-component SED fit as described
in Section 4.1. They consist of a power-law (blue dotted), a blackbody of
T ∼ 1200 K (yellow dash-dotted), a torus model (green dashed), and a modified
blackbody of ∼47 K (see Table 6; red long dashed). The black solid line shows
the total fit as the sum of the individual components.
(A color version of this figure is available in the online journal.)

LFIR that do not differ significantly from the detection on an
individual basis (Table 6). Further constraints on the average
FIR properties of the PACS-only sources are provided by a
stacking analysis as presented in Section 4.4.

4.2. The SEDs at λrest < 4 µm

For two-thirds of the sample, the upper limits in the Herschel
observations do not provide strong constraints to MIR or FIR
components to allow full SED fitting. We therefore chose to
limit the fitting to rest frame wavelengths corresponding to the
MIPS 24 µm band (∼3–4 µm rest frame) and shorter where
the majority of the sources is well detected. For these data we
fit a combination of a power-law in the UV/optical and a hot
blackbody in the NIR. To minimize the influence from emission
lines (e.g., Lyα, Hα) and the small blue bump on the fitted
power-law slope, we limit the data points to Spitzer bands at
λobs " 5.8 µm and only using the y-band photometry in the
rest frame UV. In those cases where no y-band photometry is
available (five objects), we use the z-band instead. For selected
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Figure 2. Schematic representation of the components used for SED fitting. As
an example, we use the observed photometry of the z = 5.03 QSO J1204−0021.
(A color version of this figure is available in the online journal.)

The rest frame UV/optical and infrared SEDs of these
10 objects can be fitted well with a combination of these 4
components. The best fitting model combinations are shown
in Figure 3 and Table 6 summarizes some basic properties
determined from the fitting. Using these fits we also determine
the relative contributions of the different components to the total
infrared SED. For this we combine the dust component in the
NIR and the torus model, both of which are likely to be powered
by the AGN. We compare this AGN related emission to the
additional FIR component and show their relative contributions
to the total infrared emission as a function of wavelength in
Figure 4. We see that in the presence of luminous FIR emission
(LFIR ∼ 1013 L⊙), this component dominates the total infrared
SED at rest frame wavelengths above ∼50 µm for all 10 objects.
This means that in such cases of strong FIR/submillimeter
emission, rest frame wavelengths !50 µm isolate the additional
FIR component without the need for full SED fits (at least
in our modeling approach). The possible heating source for
the additional FIR component (AGN versus star formation) is
further discussed in Section 4.4.

We also extend a similar SED fitting approach to objects
with fewer Herschel detections. In cases where two PACS
detections are available (nine sources), these data provide
sufficient constraints for the torus model, while the upper limits
in the SPIRE bands (and in the millimeter where available; see
Table 4) limit the contribution of the additional FIR component
(fixed to a temperature of 47 K). These fits are presented in
Figure 5 and some basic properties derived from the fitted
components are presented in Table 6. From this table we use the
UV/optical luminosity and the AGN-dominated dust luminosity
to show that the ratio of the AGN-dominated dust-to-accretion
disk emission decreases with increasing UV/optical luminosity
(Figure 6). This behavior may reflect the increase of the dust
sublimation radius for more luminous UV/optical continuum
emitters (e.g., Barvainis 1987) which, under the assumption of a
constant scale height, is often explained in terms of a decreasing
dust covering factor with increasing luminosity in the context
of the so-called receding torus model (Lawrence 1991).

The measured FIR fluxes for our 10 FIR-detected objects fall
only moderately above the 3σ confusion noise limit (Table 5).
Thus, the photometric upper limits for the nine FIR non-
detections (i.e., only detected in PACS) yield upper limits on
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Figure 3. SEDs of the 10 quasars detected in at least four Herschel bands. The
plots shows νFν in units of erg s−1 cm−2 over the rest frame wavelength. The
colored lines indicate the results of a multi-component SED fit as described
in Section 4.1. They consist of a power-law (blue dotted), a blackbody of
T ∼ 1200 K (yellow dash-dotted), a torus model (green dashed), and a modified
blackbody of ∼47 K (see Table 6; red long dashed). The black solid line shows
the total fit as the sum of the individual components.
(A color version of this figure is available in the online journal.)

LFIR that do not differ significantly from the detection on an
individual basis (Table 6). Further constraints on the average
FIR properties of the PACS-only sources are provided by a
stacking analysis as presented in Section 4.4.

4.2. The SEDs at λrest < 4 µm

For two-thirds of the sample, the upper limits in the Herschel
observations do not provide strong constraints to MIR or FIR
components to allow full SED fitting. We therefore chose to
limit the fitting to rest frame wavelengths corresponding to the
MIPS 24 µm band (∼3–4 µm rest frame) and shorter where
the majority of the sources is well detected. For these data we
fit a combination of a power-law in the UV/optical and a hot
blackbody in the NIR. To minimize the influence from emission
lines (e.g., Lyα, Hα) and the small blue bump on the fitted
power-law slope, we limit the data points to Spitzer bands at
λobs " 5.8 µm and only using the y-band photometry in the
rest frame UV. In those cases where no y-band photometry is
available (five objects), we use the z-band instead. For selected
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Figure 2. Schematic representation of the components used for SED fitting. As
an example, we use the observed photometry of the z = 5.03 QSO J1204−0021.
(A color version of this figure is available in the online journal.)

The rest frame UV/optical and infrared SEDs of these
10 objects can be fitted well with a combination of these 4
components. The best fitting model combinations are shown
in Figure 3 and Table 6 summarizes some basic properties
determined from the fitting. Using these fits we also determine
the relative contributions of the different components to the total
infrared SED. For this we combine the dust component in the
NIR and the torus model, both of which are likely to be powered
by the AGN. We compare this AGN related emission to the
additional FIR component and show their relative contributions
to the total infrared emission as a function of wavelength in
Figure 4. We see that in the presence of luminous FIR emission
(LFIR ∼ 1013 L⊙), this component dominates the total infrared
SED at rest frame wavelengths above ∼50 µm for all 10 objects.
This means that in such cases of strong FIR/submillimeter
emission, rest frame wavelengths !50 µm isolate the additional
FIR component without the need for full SED fits (at least
in our modeling approach). The possible heating source for
the additional FIR component (AGN versus star formation) is
further discussed in Section 4.4.

We also extend a similar SED fitting approach to objects
with fewer Herschel detections. In cases where two PACS
detections are available (nine sources), these data provide
sufficient constraints for the torus model, while the upper limits
in the SPIRE bands (and in the millimeter where available; see
Table 4) limit the contribution of the additional FIR component
(fixed to a temperature of 47 K). These fits are presented in
Figure 5 and some basic properties derived from the fitted
components are presented in Table 6. From this table we use the
UV/optical luminosity and the AGN-dominated dust luminosity
to show that the ratio of the AGN-dominated dust-to-accretion
disk emission decreases with increasing UV/optical luminosity
(Figure 6). This behavior may reflect the increase of the dust
sublimation radius for more luminous UV/optical continuum
emitters (e.g., Barvainis 1987) which, under the assumption of a
constant scale height, is often explained in terms of a decreasing
dust covering factor with increasing luminosity in the context
of the so-called receding torus model (Lawrence 1991).

The measured FIR fluxes for our 10 FIR-detected objects fall
only moderately above the 3σ confusion noise limit (Table 5).
Thus, the photometric upper limits for the nine FIR non-
detections (i.e., only detected in PACS) yield upper limits on
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Figure 3. SEDs of the 10 quasars detected in at least four Herschel bands. The
plots shows νFν in units of erg s−1 cm−2 over the rest frame wavelength. The
colored lines indicate the results of a multi-component SED fit as described
in Section 4.1. They consist of a power-law (blue dotted), a blackbody of
T ∼ 1200 K (yellow dash-dotted), a torus model (green dashed), and a modified
blackbody of ∼47 K (see Table 6; red long dashed). The black solid line shows
the total fit as the sum of the individual components.
(A color version of this figure is available in the online journal.)

LFIR that do not differ significantly from the detection on an
individual basis (Table 6). Further constraints on the average
FIR properties of the PACS-only sources are provided by a
stacking analysis as presented in Section 4.4.

4.2. The SEDs at λrest < 4 µm

For two-thirds of the sample, the upper limits in the Herschel
observations do not provide strong constraints to MIR or FIR
components to allow full SED fitting. We therefore chose to
limit the fitting to rest frame wavelengths corresponding to the
MIPS 24 µm band (∼3–4 µm rest frame) and shorter where
the majority of the sources is well detected. For these data we
fit a combination of a power-law in the UV/optical and a hot
blackbody in the NIR. To minimize the influence from emission
lines (e.g., Lyα, Hα) and the small blue bump on the fitted
power-law slope, we limit the data points to Spitzer bands at
λobs " 5.8 µm and only using the y-band photometry in the
rest frame UV. In those cases where no y-band photometry is
available (five objects), we use the z-band instead. For selected
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Figure 2. Schematic representation of the components used for SED fitting. As
an example, we use the observed photometry of the z = 5.03 QSO J1204−0021.
(A color version of this figure is available in the online journal.)

The rest frame UV/optical and infrared SEDs of these
10 objects can be fitted well with a combination of these 4
components. The best fitting model combinations are shown
in Figure 3 and Table 6 summarizes some basic properties
determined from the fitting. Using these fits we also determine
the relative contributions of the different components to the total
infrared SED. For this we combine the dust component in the
NIR and the torus model, both of which are likely to be powered
by the AGN. We compare this AGN related emission to the
additional FIR component and show their relative contributions
to the total infrared emission as a function of wavelength in
Figure 4. We see that in the presence of luminous FIR emission
(LFIR ∼ 1013 L⊙), this component dominates the total infrared
SED at rest frame wavelengths above ∼50 µm for all 10 objects.
This means that in such cases of strong FIR/submillimeter
emission, rest frame wavelengths !50 µm isolate the additional
FIR component without the need for full SED fits (at least
in our modeling approach). The possible heating source for
the additional FIR component (AGN versus star formation) is
further discussed in Section 4.4.

We also extend a similar SED fitting approach to objects
with fewer Herschel detections. In cases where two PACS
detections are available (nine sources), these data provide
sufficient constraints for the torus model, while the upper limits
in the SPIRE bands (and in the millimeter where available; see
Table 4) limit the contribution of the additional FIR component
(fixed to a temperature of 47 K). These fits are presented in
Figure 5 and some basic properties derived from the fitted
components are presented in Table 6. From this table we use the
UV/optical luminosity and the AGN-dominated dust luminosity
to show that the ratio of the AGN-dominated dust-to-accretion
disk emission decreases with increasing UV/optical luminosity
(Figure 6). This behavior may reflect the increase of the dust
sublimation radius for more luminous UV/optical continuum
emitters (e.g., Barvainis 1987) which, under the assumption of a
constant scale height, is often explained in terms of a decreasing
dust covering factor with increasing luminosity in the context
of the so-called receding torus model (Lawrence 1991).

The measured FIR fluxes for our 10 FIR-detected objects fall
only moderately above the 3σ confusion noise limit (Table 5).
Thus, the photometric upper limits for the nine FIR non-
detections (i.e., only detected in PACS) yield upper limits on
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Figure 3. SEDs of the 10 quasars detected in at least four Herschel bands. The
plots shows νFν in units of erg s−1 cm−2 over the rest frame wavelength. The
colored lines indicate the results of a multi-component SED fit as described
in Section 4.1. They consist of a power-law (blue dotted), a blackbody of
T ∼ 1200 K (yellow dash-dotted), a torus model (green dashed), and a modified
blackbody of ∼47 K (see Table 6; red long dashed). The black solid line shows
the total fit as the sum of the individual components.
(A color version of this figure is available in the online journal.)

LFIR that do not differ significantly from the detection on an
individual basis (Table 6). Further constraints on the average
FIR properties of the PACS-only sources are provided by a
stacking analysis as presented in Section 4.4.

4.2. The SEDs at λrest < 4 µm

For two-thirds of the sample, the upper limits in the Herschel
observations do not provide strong constraints to MIR or FIR
components to allow full SED fitting. We therefore chose to
limit the fitting to rest frame wavelengths corresponding to the
MIPS 24 µm band (∼3–4 µm rest frame) and shorter where
the majority of the sources is well detected. For these data we
fit a combination of a power-law in the UV/optical and a hot
blackbody in the NIR. To minimize the influence from emission
lines (e.g., Lyα, Hα) and the small blue bump on the fitted
power-law slope, we limit the data points to Spitzer bands at
λobs " 5.8 µm and only using the y-band photometry in the
rest frame UV. In those cases where no y-band photometry is
available (five objects), we use the z-band instead. For selected
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Note that while the dust temperature of Arp 220 is found to be
higher than the temperature assumed for our modified black-
body model, Td(Arp 220)=66 K, the dust opacity is also
higher with τd≈2 at 158 μm (e.g., Rangwala et al. 2011). We
show the three different templates, combined with the rest-
frame UV and optical photometry of the quasars, in Figure 3.
We caution that the range of values of LFIR and LTIR for the
VIKING quasar hosts presented here strongly depends on our
choice of models; see also Section 4.5. Additional FIR
photometry is required to better constrain the shape of the
infrared continuum and thus LFIR and LTIR.

If we assume that the continuum flux density measured
around 158 μm arises from star formation (which seems to be a
valid assumption for FIR-detected quasars at z> 5, see, e.g.,
Leipski et al. 2014; Barnett et al. 2015), then we can use the
local scaling relation between SFR and LTIR from Murphy et al.
(2011) to obtain a measurement of the SFR in the quasar host:
SFRTIR/Me yr−1= 3.88×10−44LTIR/erg s

−1. Alternatively,
we can use the [C II] emission to calculate the SFR by applying
the relation between [C II] luminosity and SFR found by De
Looze et al. (2014) for high-redshift (0.5< z6) galaxies:

SFR[C II]/Me yr−1=3.0×10−9 (L[C II]/Le)1.18, with an
uncertainty of 0.4 dex. Using instead the relation between
SFR and L[C II] derived by de Looze et al. (2011) and Sargsyan
et al. (2014), the SFRs would be a factor ∼2–2.5 lower. The
reason for this difference is that the latter relations are derived
for star-forming galaxies with SFRs below 100Me yr−1 and
FIR luminosities LFIR1012Le, and might not be applicable
for our high-redshift, LFIR 1012Le quasar hosts (see, e.g.,
the discussion in De Looze et al. 2014). Similarly, if we apply
the relation derived by Herrera-Camus et al. (2015) for 46 local
galaxies with LTIR < 1011 Le, then the resulting SFR[C II] are a
factor ∼5–6 lower. They suggest that sources with 1011 Le<
LTIR < 1012 Le have a relation that is a factor 1.9 higher,
which would give roughly similar SFRs as de Looze et al.
(2011) and Sargsyan et al. (2014). Finally, we derived total dust
masses both by using the M82 and Arp220 templates and by
assuming a dust temperature of 47 K and a dust mass opacity
coefficient of 0.77 850 m( )k m l=l

b cm2 g−1 (Dunne
et al. 2000). Since the dust temperatures in these quasar hosts
are assumed to be significantly higher than the temperature of
the CMB at these redshifts, TCMB(z= 6.7)≈ 21 K, we ignore
the effect of the CMB on the ALMA observations in
Sections 3.2–3.4 (but see da Cunha et al. 2013). We will,
however, further address the effects of the CMB in Sec-
tion 4.4.3. The results are also summarized in Table 2.

3.2. J2348–3054

J2348–3054 is the highest redshift quasar of our sample,
with zMg II=6.889 (Venemans et al. 2013; De Rosa et al.
2014). The [C II] emission line is detected with a peak signal-
to-noise ratio S/N∼10 at z[C II]=6.9018±0.0007 (Figure 2).
The emission line has a peak flux density of
fp=3.64±0.52 mJy beam−1 and a FWHM of
405±69 km s−1. The line emission is unresolved within the
0 74×0 54 beam (see also Figure 4). The integrated line flux
derived from the Gaussian fit to the spectrum (Figure 1) is
F[C II]=1.57±0.26 Jy km s−1, which corresponds to a
luminosity of L[C II]=(1.9± 0.3)×109Le, approximately
two times brighter than the z=7.1 quasar J1120+0641
(Venemans et al. 2012).
The FIR continuum, measured from the line-free channels in

the spectrum, is detected with a flux density of
fc=1.92±0.14 mJy. The continuum is also not resolved.
The rest-frame [C II] equivalent width (EW) is 0.43±0.08 μm,
which is a factor ∼2 below the median [C II] EW of starburst
galaxies (which have median EW[C II]= 1.0 μm, Sargsyan et al.
2014). The luminosity of the FIR emission depends on the
model assumed for the dust emission. The modified blackbody
(Td= 47 K and β= 1.6) gives LFIR= (4.5± 0.3)×1012 Le,
while scaling the Arp220 and M82 templates to the observed
continuum flux density results in a FIR luminosity of
(2.5± 0.2)×1012 Le and (2.9± 0.2)×1012 Le respectively.
We therefore estimate that LFIR is in the range
(2.4–4.9)×1012 Le. The total infrared luminosity is calculated
to be (4.0± 0.3)×1012 Le, (6.3± 0.5)×1012 Le, and
(6.4± 0.5)×1012 Le for the Arp220 template, the M82
template, and the modified blackbody, giving a range of
LTIR=(3.8–6.9)×1012 Le. Assuming the total FIR emission
is powered by star formation, this results in a SFR=555–1020
Me yr−1. Applying the relation between L[C II] and SFR gives a
lower SFR of SFR=270 170

410
-
+ Me yr−1. Combined with the

SFR derived from the TIR luminosity, our best estimation of

Figure 1. [C II] spectra of the three z>6.6 quasars observed with ALMA. The
spectra were extracted from the data cubes smoothed with a 1″ Gaussian at the
location of the brightest pixel in the emission line map (Figure 2), which in all
cases coincides with the optical/near-infrared position of the quasars. Only the
two bandpasses encompassing the emission line are shown. The bottom axis
shows the observed frequency in GHz and on the top we plot the velocity with
respect to the redshift of the Mg II line, which is also given in the top right
corner of each spectrum. The solid line represents a Gaussian+continuum fit to
the data. The typical uncertainty per bin is plotted in the upper left corner of
each spectrum.
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Note that while the dust temperature of Arp 220 is found to be
higher than the temperature assumed for our modified black-
body model, Td(Arp 220)=66 K, the dust opacity is also
higher with τd≈2 at 158 μm (e.g., Rangwala et al. 2011). We
show the three different templates, combined with the rest-
frame UV and optical photometry of the quasars, in Figure 3.
We caution that the range of values of LFIR and LTIR for the
VIKING quasar hosts presented here strongly depends on our
choice of models; see also Section 4.5. Additional FIR
photometry is required to better constrain the shape of the
infrared continuum and thus LFIR and LTIR.

If we assume that the continuum flux density measured
around 158 μm arises from star formation (which seems to be a
valid assumption for FIR-detected quasars at z> 5, see, e.g.,
Leipski et al. 2014; Barnett et al. 2015), then we can use the
local scaling relation between SFR and LTIR from Murphy et al.
(2011) to obtain a measurement of the SFR in the quasar host:
SFRTIR/Me yr−1= 3.88×10−44LTIR/erg s

−1. Alternatively,
we can use the [C II] emission to calculate the SFR by applying
the relation between [C II] luminosity and SFR found by De
Looze et al. (2014) for high-redshift (0.5< z6) galaxies:

SFR[C II]/Me yr−1=3.0×10−9 (L[C II]/Le)1.18, with an
uncertainty of 0.4 dex. Using instead the relation between
SFR and L[C II] derived by de Looze et al. (2011) and Sargsyan
et al. (2014), the SFRs would be a factor ∼2–2.5 lower. The
reason for this difference is that the latter relations are derived
for star-forming galaxies with SFRs below 100Me yr−1 and
FIR luminosities LFIR1012Le, and might not be applicable
for our high-redshift, LFIR 1012Le quasar hosts (see, e.g.,
the discussion in De Looze et al. 2014). Similarly, if we apply
the relation derived by Herrera-Camus et al. (2015) for 46 local
galaxies with LTIR < 1011 Le, then the resulting SFR[C II] are a
factor ∼5–6 lower. They suggest that sources with 1011 Le<
LTIR < 1012 Le have a relation that is a factor 1.9 higher,
which would give roughly similar SFRs as de Looze et al.
(2011) and Sargsyan et al. (2014). Finally, we derived total dust
masses both by using the M82 and Arp220 templates and by
assuming a dust temperature of 47 K and a dust mass opacity
coefficient of 0.77 850 m( )k m l=l

b cm2 g−1 (Dunne
et al. 2000). Since the dust temperatures in these quasar hosts
are assumed to be significantly higher than the temperature of
the CMB at these redshifts, TCMB(z= 6.7)≈ 21 K, we ignore
the effect of the CMB on the ALMA observations in
Sections 3.2–3.4 (but see da Cunha et al. 2013). We will,
however, further address the effects of the CMB in Sec-
tion 4.4.3. The results are also summarized in Table 2.

3.2. J2348–3054

J2348–3054 is the highest redshift quasar of our sample,
with zMg II=6.889 (Venemans et al. 2013; De Rosa et al.
2014). The [C II] emission line is detected with a peak signal-
to-noise ratio S/N∼10 at z[C II]=6.9018±0.0007 (Figure 2).
The emission line has a peak flux density of
fp=3.64±0.52 mJy beam−1 and a FWHM of
405±69 km s−1. The line emission is unresolved within the
0 74×0 54 beam (see also Figure 4). The integrated line flux
derived from the Gaussian fit to the spectrum (Figure 1) is
F[C II]=1.57±0.26 Jy km s−1, which corresponds to a
luminosity of L[C II]=(1.9± 0.3)×109Le, approximately
two times brighter than the z=7.1 quasar J1120+0641
(Venemans et al. 2012).
The FIR continuum, measured from the line-free channels in

the spectrum, is detected with a flux density of
fc=1.92±0.14 mJy. The continuum is also not resolved.
The rest-frame [C II] equivalent width (EW) is 0.43±0.08 μm,
which is a factor ∼2 below the median [C II] EW of starburst
galaxies (which have median EW[C II]= 1.0 μm, Sargsyan et al.
2014). The luminosity of the FIR emission depends on the
model assumed for the dust emission. The modified blackbody
(Td= 47 K and β= 1.6) gives LFIR= (4.5± 0.3)×1012 Le,
while scaling the Arp220 and M82 templates to the observed
continuum flux density results in a FIR luminosity of
(2.5± 0.2)×1012 Le and (2.9± 0.2)×1012 Le respectively.
We therefore estimate that LFIR is in the range
(2.4–4.9)×1012 Le. The total infrared luminosity is calculated
to be (4.0± 0.3)×1012 Le, (6.3± 0.5)×1012 Le, and
(6.4± 0.5)×1012 Le for the Arp220 template, the M82
template, and the modified blackbody, giving a range of
LTIR=(3.8–6.9)×1012 Le. Assuming the total FIR emission
is powered by star formation, this results in a SFR=555–1020
Me yr−1. Applying the relation between L[C II] and SFR gives a
lower SFR of SFR=270 170

410
-
+ Me yr−1. Combined with the

SFR derived from the TIR luminosity, our best estimation of

Figure 1. [C II] spectra of the three z>6.6 quasars observed with ALMA. The
spectra were extracted from the data cubes smoothed with a 1″ Gaussian at the
location of the brightest pixel in the emission line map (Figure 2), which in all
cases coincides with the optical/near-infrared position of the quasars. Only the
two bandpasses encompassing the emission line are shown. The bottom axis
shows the observed frequency in GHz and on the top we plot the velocity with
respect to the redshift of the Mg II line, which is also given in the top right
corner of each spectrum. The solid line represents a Gaussian+continuum fit to
the data. The typical uncertainty per bin is plotted in the upper left corner of
each spectrum.
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(2015) and taking into account that galaxies with
LTIR > 1011 Le have a normalization that is a factor ∼2
higher, we derive a SFR surface ΣSFR∼25Me yr−1 kpc−2 and
a total SFR[C II]∼335 Me yr−1, approximately a factor two
lower than our other [C II] SFR estimates.

In the map of the continuum emission (Figure 2) we detect
the quasar with a S/N=62. The detection is at such high
significance that we can even constrain the slope of the
continuum emission of this source (see the discussion in
Section 4.4.3). The continuum emission is also resolved and
the deconvolved size of the source is (0.40 ± 0.02) × (0.29 ±
0.02) arcsec2, or (2.2 ± 0.1) × (1.6 ± 0.1) kpc2. The object
appears thus more extended in the line emission. This could
indicate the presence of an additional component in the [C II]
emission or dust heating by the central active galactic nucleus
(AGN). We will discuss this further in Sections 4.1 and 4.2.

The continuum flux density measured in the spectrum
(Figure 1) is fc=3.29±0.10 mJy, making this one of the
brightest z>5.5 quasars observed around 250 GHz (e.g.,

Wang et al. 2008). The [C II] equivalent width is
EW[C II]=0.55±0.03 μm, a factor ∼2 lower than that of
local starbursts and similar to the EW[C II] measured in
J2348–3054 (Section 3.2). From the measured continuum flux
density we derive LFIR=(4.0–7.5)×1012 Le and LTIR=
(6.3–10.6)×1012 Le (but see the discussion in Section 4.5).
The total infrared luminosity results in an upper limit on the
SFR of SFR=940–1580 Me yr−1. However, as will be
discussed in Sections 4.4.3 and 4.5, the TIR luminosity in this
quasar host might be overestimated. From the continuum slope
we measured a dust temperature of 30 K, resulting in a lower
LTIR and implying a SFRTIR=545 Me yr−1, similar to the
[C II]-derived SFR. Finally, we estimate that the dust mass in
this quasar host is in the range Md=(4.5–24)×108Me.

3.5. Other Sources in the Field

We searched for other sources in the field of the quasars. We
searched the data cubes for emission line sources and the
continuum images for continuum sources.

3.5.1. Continuum Sources in the Field

The continuum images have rms values of 61 μJy beam−1,
67 μJy beam−1, and 42 μJy beam−1 for J2348–3054,
J0109–3047, and J0305–3150, respectively. The largest,
negative noise peaks in the images have a S/N=–4.3. In
the following we assume that sources with a S/N > 4.5 are
real, and not due to noise fluctuations. In the three quasar fields
we discovered three objects with a peak flux density S/
N > 4.5. The coordinates and flux densities are listed in
Table 3. We verified that these objects are not artifacts from the
central quasar left over after cleaning. We have checked the
NASA/IPAC Extragalactic Database (NED)9 and none of the
sources had a counterpart in the database. Also, no associated
near-infrared sources were found in the VIKING images down

Figure 2. Maps of the line emission (left) and continuum (right) of the
VIKING quasars. For the line maps the line emission was averaged over the
FWHM, measured from the spectrum of the central pixel (Figure 1 and
Table 2), and the continuum emission was subtracted. The beam is shown in
the bottom left of each map. The emission was averaged over 450 km s−1,
330 km s−1, and 225 km s−1 in the case of J2348–3054, J0109–3047, and
J0305–3150, respectively. The 1σ rms noise of each map is printed at the
bottom right. The small white cross indicates the optical/near-infrared position
of the quasar. The blue, dashed contours are −3σ and −2σ; the black, solid
contours are +2σ and +3σ; the white solid contours are [5, 7, 10, 13, 17, 21,
26, 31, 37, 43, 50, 57] × σ.

Figure 3. Spectral energy distributions (SEDs) of the three VIKING quasars,
normalized to 1 mJy at 158 μm in the rest frame. The rest-frame UV to near-
infrared data points are taken from Venemans et al. (2013) and from the Wide-
field Infrared Survey Explorer (WISE, Wright et al. 2010). We fitted the quasar
template of Richards et al. (2006) to the short-wavelength (λobs < 30 μm) data
points of each quasar. The three models used in this paper to model the far-
infrared emission are shown by the dotted line (M82 template), dashed line
(Arp 220 template), and dotted–dashed line (modified blackbody).
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(2015) and taking into account that galaxies with
LTIR > 1011 Le have a normalization that is a factor ∼2
higher, we derive a SFR surface ΣSFR∼25Me yr−1 kpc−2 and
a total SFR[C II]∼335 Me yr−1, approximately a factor two
lower than our other [C II] SFR estimates.

In the map of the continuum emission (Figure 2) we detect
the quasar with a S/N=62. The detection is at such high
significance that we can even constrain the slope of the
continuum emission of this source (see the discussion in
Section 4.4.3). The continuum emission is also resolved and
the deconvolved size of the source is (0.40 ± 0.02) × (0.29 ±
0.02) arcsec2, or (2.2 ± 0.1) × (1.6 ± 0.1) kpc2. The object
appears thus more extended in the line emission. This could
indicate the presence of an additional component in the [C II]
emission or dust heating by the central active galactic nucleus
(AGN). We will discuss this further in Sections 4.1 and 4.2.

The continuum flux density measured in the spectrum
(Figure 1) is fc=3.29±0.10 mJy, making this one of the
brightest z>5.5 quasars observed around 250 GHz (e.g.,

Wang et al. 2008). The [C II] equivalent width is
EW[C II]=0.55±0.03 μm, a factor ∼2 lower than that of
local starbursts and similar to the EW[C II] measured in
J2348–3054 (Section 3.2). From the measured continuum flux
density we derive LFIR=(4.0–7.5)×1012 Le and LTIR=
(6.3–10.6)×1012 Le (but see the discussion in Section 4.5).
The total infrared luminosity results in an upper limit on the
SFR of SFR=940–1580 Me yr−1. However, as will be
discussed in Sections 4.4.3 and 4.5, the TIR luminosity in this
quasar host might be overestimated. From the continuum slope
we measured a dust temperature of 30 K, resulting in a lower
LTIR and implying a SFRTIR=545 Me yr−1, similar to the
[C II]-derived SFR. Finally, we estimate that the dust mass in
this quasar host is in the range Md=(4.5–24)×108Me.

3.5. Other Sources in the Field

We searched for other sources in the field of the quasars. We
searched the data cubes for emission line sources and the
continuum images for continuum sources.

3.5.1. Continuum Sources in the Field

The continuum images have rms values of 61 μJy beam−1,
67 μJy beam−1, and 42 μJy beam−1 for J2348–3054,
J0109–3047, and J0305–3150, respectively. The largest,
negative noise peaks in the images have a S/N=–4.3. In
the following we assume that sources with a S/N > 4.5 are
real, and not due to noise fluctuations. In the three quasar fields
we discovered three objects with a peak flux density S/
N > 4.5. The coordinates and flux densities are listed in
Table 3. We verified that these objects are not artifacts from the
central quasar left over after cleaning. We have checked the
NASA/IPAC Extragalactic Database (NED)9 and none of the
sources had a counterpart in the database. Also, no associated
near-infrared sources were found in the VIKING images down

Figure 2. Maps of the line emission (left) and continuum (right) of the
VIKING quasars. For the line maps the line emission was averaged over the
FWHM, measured from the spectrum of the central pixel (Figure 1 and
Table 2), and the continuum emission was subtracted. The beam is shown in
the bottom left of each map. The emission was averaged over 450 km s−1,
330 km s−1, and 225 km s−1 in the case of J2348–3054, J0109–3047, and
J0305–3150, respectively. The 1σ rms noise of each map is printed at the
bottom right. The small white cross indicates the optical/near-infrared position
of the quasar. The blue, dashed contours are −3σ and −2σ; the black, solid
contours are +2σ and +3σ; the white solid contours are [5, 7, 10, 13, 17, 21,
26, 31, 37, 43, 50, 57] × σ.

Figure 3. Spectral energy distributions (SEDs) of the three VIKING quasars,
normalized to 1 mJy at 158 μm in the rest frame. The rest-frame UV to near-
infrared data points are taken from Venemans et al. (2013) and from the Wide-
field Infrared Survey Explorer (WISE, Wright et al. 2010). We fitted the quasar
template of Richards et al. (2006) to the short-wavelength (λobs < 30 μm) data
points of each quasar. The three models used in this paper to model the far-
infrared emission are shown by the dotted line (M82 template), dashed line
(Arp 220 template), and dotted–dashed line (modified blackbody).
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(2015) and taking into account that galaxies with
LTIR > 1011 Le have a normalization that is a factor ∼2
higher, we derive a SFR surface ΣSFR∼25Me yr−1 kpc−2 and
a total SFR[C II]∼335 Me yr−1, approximately a factor two
lower than our other [C II] SFR estimates.

In the map of the continuum emission (Figure 2) we detect
the quasar with a S/N=62. The detection is at such high
significance that we can even constrain the slope of the
continuum emission of this source (see the discussion in
Section 4.4.3). The continuum emission is also resolved and
the deconvolved size of the source is (0.40 ± 0.02) × (0.29 ±
0.02) arcsec2, or (2.2 ± 0.1) × (1.6 ± 0.1) kpc2. The object
appears thus more extended in the line emission. This could
indicate the presence of an additional component in the [C II]
emission or dust heating by the central active galactic nucleus
(AGN). We will discuss this further in Sections 4.1 and 4.2.

The continuum flux density measured in the spectrum
(Figure 1) is fc=3.29±0.10 mJy, making this one of the
brightest z>5.5 quasars observed around 250 GHz (e.g.,

Wang et al. 2008). The [C II] equivalent width is
EW[C II]=0.55±0.03 μm, a factor ∼2 lower than that of
local starbursts and similar to the EW[C II] measured in
J2348–3054 (Section 3.2). From the measured continuum flux
density we derive LFIR=(4.0–7.5)×1012 Le and LTIR=
(6.3–10.6)×1012 Le (but see the discussion in Section 4.5).
The total infrared luminosity results in an upper limit on the
SFR of SFR=940–1580 Me yr−1. However, as will be
discussed in Sections 4.4.3 and 4.5, the TIR luminosity in this
quasar host might be overestimated. From the continuum slope
we measured a dust temperature of 30 K, resulting in a lower
LTIR and implying a SFRTIR=545 Me yr−1, similar to the
[C II]-derived SFR. Finally, we estimate that the dust mass in
this quasar host is in the range Md=(4.5–24)×108Me.

3.5. Other Sources in the Field

We searched for other sources in the field of the quasars. We
searched the data cubes for emission line sources and the
continuum images for continuum sources.

3.5.1. Continuum Sources in the Field

The continuum images have rms values of 61 μJy beam−1,
67 μJy beam−1, and 42 μJy beam−1 for J2348–3054,
J0109–3047, and J0305–3150, respectively. The largest,
negative noise peaks in the images have a S/N=–4.3. In
the following we assume that sources with a S/N > 4.5 are
real, and not due to noise fluctuations. In the three quasar fields
we discovered three objects with a peak flux density S/
N > 4.5. The coordinates and flux densities are listed in
Table 3. We verified that these objects are not artifacts from the
central quasar left over after cleaning. We have checked the
NASA/IPAC Extragalactic Database (NED)9 and none of the
sources had a counterpart in the database. Also, no associated
near-infrared sources were found in the VIKING images down

Figure 2. Maps of the line emission (left) and continuum (right) of the
VIKING quasars. For the line maps the line emission was averaged over the
FWHM, measured from the spectrum of the central pixel (Figure 1 and
Table 2), and the continuum emission was subtracted. The beam is shown in
the bottom left of each map. The emission was averaged over 450 km s−1,
330 km s−1, and 225 km s−1 in the case of J2348–3054, J0109–3047, and
J0305–3150, respectively. The 1σ rms noise of each map is printed at the
bottom right. The small white cross indicates the optical/near-infrared position
of the quasar. The blue, dashed contours are −3σ and −2σ; the black, solid
contours are +2σ and +3σ; the white solid contours are [5, 7, 10, 13, 17, 21,
26, 31, 37, 43, 50, 57] × σ.

Figure 3. Spectral energy distributions (SEDs) of the three VIKING quasars,
normalized to 1 mJy at 158 μm in the rest frame. The rest-frame UV to near-
infrared data points are taken from Venemans et al. (2013) and from the Wide-
field Infrared Survey Explorer (WISE, Wright et al. 2010). We fitted the quasar
template of Richards et al. (2006) to the short-wavelength (λobs < 30 μm) data
points of each quasar. The three models used in this paper to model the far-
infrared emission are shown by the dotted line (M82 template), dashed line
(Arp 220 template), and dotted–dashed line (modified blackbody).
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Note that while the dust temperature of Arp 220 is found to be
higher than the temperature assumed for our modified black-
body model, Td(Arp 220)=66 K, the dust opacity is also
higher with τd≈2 at 158 μm (e.g., Rangwala et al. 2011). We
show the three different templates, combined with the rest-
frame UV and optical photometry of the quasars, in Figure 3.
We caution that the range of values of LFIR and LTIR for the
VIKING quasar hosts presented here strongly depends on our
choice of models; see also Section 4.5. Additional FIR
photometry is required to better constrain the shape of the
infrared continuum and thus LFIR and LTIR.

If we assume that the continuum flux density measured
around 158 μm arises from star formation (which seems to be a
valid assumption for FIR-detected quasars at z> 5, see, e.g.,
Leipski et al. 2014; Barnett et al. 2015), then we can use the
local scaling relation between SFR and LTIR from Murphy et al.
(2011) to obtain a measurement of the SFR in the quasar host:
SFRTIR/Me yr−1= 3.88×10−44LTIR/erg s

−1. Alternatively,
we can use the [C II] emission to calculate the SFR by applying
the relation between [C II] luminosity and SFR found by De
Looze et al. (2014) for high-redshift (0.5< z6) galaxies:

SFR[C II]/Me yr−1=3.0×10−9 (L[C II]/Le)1.18, with an
uncertainty of 0.4 dex. Using instead the relation between
SFR and L[C II] derived by de Looze et al. (2011) and Sargsyan
et al. (2014), the SFRs would be a factor ∼2–2.5 lower. The
reason for this difference is that the latter relations are derived
for star-forming galaxies with SFRs below 100Me yr−1 and
FIR luminosities LFIR1012Le, and might not be applicable
for our high-redshift, LFIR 1012Le quasar hosts (see, e.g.,
the discussion in De Looze et al. 2014). Similarly, if we apply
the relation derived by Herrera-Camus et al. (2015) for 46 local
galaxies with LTIR < 1011 Le, then the resulting SFR[C II] are a
factor ∼5–6 lower. They suggest that sources with 1011 Le<
LTIR < 1012 Le have a relation that is a factor 1.9 higher,
which would give roughly similar SFRs as de Looze et al.
(2011) and Sargsyan et al. (2014). Finally, we derived total dust
masses both by using the M82 and Arp220 templates and by
assuming a dust temperature of 47 K and a dust mass opacity
coefficient of 0.77 850 m( )k m l=l

b cm2 g−1 (Dunne
et al. 2000). Since the dust temperatures in these quasar hosts
are assumed to be significantly higher than the temperature of
the CMB at these redshifts, TCMB(z= 6.7)≈ 21 K, we ignore
the effect of the CMB on the ALMA observations in
Sections 3.2–3.4 (but see da Cunha et al. 2013). We will,
however, further address the effects of the CMB in Sec-
tion 4.4.3. The results are also summarized in Table 2.

3.2. J2348–3054

J2348–3054 is the highest redshift quasar of our sample,
with zMg II=6.889 (Venemans et al. 2013; De Rosa et al.
2014). The [C II] emission line is detected with a peak signal-
to-noise ratio S/N∼10 at z[C II]=6.9018±0.0007 (Figure 2).
The emission line has a peak flux density of
fp=3.64±0.52 mJy beam−1 and a FWHM of
405±69 km s−1. The line emission is unresolved within the
0 74×0 54 beam (see also Figure 4). The integrated line flux
derived from the Gaussian fit to the spectrum (Figure 1) is
F[C II]=1.57±0.26 Jy km s−1, which corresponds to a
luminosity of L[C II]=(1.9± 0.3)×109Le, approximately
two times brighter than the z=7.1 quasar J1120+0641
(Venemans et al. 2012).
The FIR continuum, measured from the line-free channels in

the spectrum, is detected with a flux density of
fc=1.92±0.14 mJy. The continuum is also not resolved.
The rest-frame [C II] equivalent width (EW) is 0.43±0.08 μm,
which is a factor ∼2 below the median [C II] EW of starburst
galaxies (which have median EW[C II]= 1.0 μm, Sargsyan et al.
2014). The luminosity of the FIR emission depends on the
model assumed for the dust emission. The modified blackbody
(Td= 47 K and β= 1.6) gives LFIR= (4.5± 0.3)×1012 Le,
while scaling the Arp220 and M82 templates to the observed
continuum flux density results in a FIR luminosity of
(2.5± 0.2)×1012 Le and (2.9± 0.2)×1012 Le respectively.
We therefore estimate that LFIR is in the range
(2.4–4.9)×1012 Le. The total infrared luminosity is calculated
to be (4.0± 0.3)×1012 Le, (6.3± 0.5)×1012 Le, and
(6.4± 0.5)×1012 Le for the Arp220 template, the M82
template, and the modified blackbody, giving a range of
LTIR=(3.8–6.9)×1012 Le. Assuming the total FIR emission
is powered by star formation, this results in a SFR=555–1020
Me yr−1. Applying the relation between L[C II] and SFR gives a
lower SFR of SFR=270 170

410
-
+ Me yr−1. Combined with the

SFR derived from the TIR luminosity, our best estimation of

Figure 1. [C II] spectra of the three z>6.6 quasars observed with ALMA. The
spectra were extracted from the data cubes smoothed with a 1″ Gaussian at the
location of the brightest pixel in the emission line map (Figure 2), which in all
cases coincides with the optical/near-infrared position of the quasars. Only the
two bandpasses encompassing the emission line are shown. The bottom axis
shows the observed frequency in GHz and on the top we plot the velocity with
respect to the redshift of the Mg II line, which is also given in the top right
corner of each spectrum. The solid line represents a Gaussian+continuum fit to
the data. The typical uncertainty per bin is plotted in the upper left corner of
each spectrum.
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(2015) and taking into account that galaxies with
LTIR > 1011 Le have a normalization that is a factor ∼2
higher, we derive a SFR surface ΣSFR∼25Me yr−1 kpc−2 and
a total SFR[C II]∼335 Me yr−1, approximately a factor two
lower than our other [C II] SFR estimates.

In the map of the continuum emission (Figure 2) we detect
the quasar with a S/N=62. The detection is at such high
significance that we can even constrain the slope of the
continuum emission of this source (see the discussion in
Section 4.4.3). The continuum emission is also resolved and
the deconvolved size of the source is (0.40 ± 0.02) × (0.29 ±
0.02) arcsec2, or (2.2 ± 0.1) × (1.6 ± 0.1) kpc2. The object
appears thus more extended in the line emission. This could
indicate the presence of an additional component in the [C II]
emission or dust heating by the central active galactic nucleus
(AGN). We will discuss this further in Sections 4.1 and 4.2.

The continuum flux density measured in the spectrum
(Figure 1) is fc=3.29±0.10 mJy, making this one of the
brightest z>5.5 quasars observed around 250 GHz (e.g.,

Wang et al. 2008). The [C II] equivalent width is
EW[C II]=0.55±0.03 μm, a factor ∼2 lower than that of
local starbursts and similar to the EW[C II] measured in
J2348–3054 (Section 3.2). From the measured continuum flux
density we derive LFIR=(4.0–7.5)×1012 Le and LTIR=
(6.3–10.6)×1012 Le (but see the discussion in Section 4.5).
The total infrared luminosity results in an upper limit on the
SFR of SFR=940–1580 Me yr−1. However, as will be
discussed in Sections 4.4.3 and 4.5, the TIR luminosity in this
quasar host might be overestimated. From the continuum slope
we measured a dust temperature of 30 K, resulting in a lower
LTIR and implying a SFRTIR=545 Me yr−1, similar to the
[C II]-derived SFR. Finally, we estimate that the dust mass in
this quasar host is in the range Md=(4.5–24)×108Me.

3.5. Other Sources in the Field

We searched for other sources in the field of the quasars. We
searched the data cubes for emission line sources and the
continuum images for continuum sources.

3.5.1. Continuum Sources in the Field

The continuum images have rms values of 61 μJy beam−1,
67 μJy beam−1, and 42 μJy beam−1 for J2348–3054,
J0109–3047, and J0305–3150, respectively. The largest,
negative noise peaks in the images have a S/N=–4.3. In
the following we assume that sources with a S/N > 4.5 are
real, and not due to noise fluctuations. In the three quasar fields
we discovered three objects with a peak flux density S/
N > 4.5. The coordinates and flux densities are listed in
Table 3. We verified that these objects are not artifacts from the
central quasar left over after cleaning. We have checked the
NASA/IPAC Extragalactic Database (NED)9 and none of the
sources had a counterpart in the database. Also, no associated
near-infrared sources were found in the VIKING images down

Figure 2. Maps of the line emission (left) and continuum (right) of the
VIKING quasars. For the line maps the line emission was averaged over the
FWHM, measured from the spectrum of the central pixel (Figure 1 and
Table 2), and the continuum emission was subtracted. The beam is shown in
the bottom left of each map. The emission was averaged over 450 km s−1,
330 km s−1, and 225 km s−1 in the case of J2348–3054, J0109–3047, and
J0305–3150, respectively. The 1σ rms noise of each map is printed at the
bottom right. The small white cross indicates the optical/near-infrared position
of the quasar. The blue, dashed contours are −3σ and −2σ; the black, solid
contours are +2σ and +3σ; the white solid contours are [5, 7, 10, 13, 17, 21,
26, 31, 37, 43, 50, 57] × σ.

Figure 3. Spectral energy distributions (SEDs) of the three VIKING quasars,
normalized to 1 mJy at 158 μm in the rest frame. The rest-frame UV to near-
infrared data points are taken from Venemans et al. (2013) and from the Wide-
field Infrared Survey Explorer (WISE, Wright et al. 2010). We fitted the quasar
template of Richards et al. (2006) to the short-wavelength (λobs < 30 μm) data
points of each quasar. The three models used in this paper to model the far-
infrared emission are shown by the dotted line (M82 template), dashed line
(Arp 220 template), and dotted–dashed line (modified blackbody).
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Figure 3: Line ratios as function of density and radiation field. The [CII]/CO(7-6) ratio (plots at the top) is a proxy for the
amount of density / energy available per particle: for lower densities the ratio will be higher. The gradient in the ratio is
stronger in the case of an X-ray dominated region (XDR). For very high radiation fields, the gas cloud will not form much
molecules, which will make the ratio extremely high in that part of parameter space. The [CII]/CI ratio (bottom plots)
is a proxy for the radiation field in case of a photon dominated region (PDR). The thin CI layer in the PDR is more or
less emitting equal intensities, while [CII] is becoming stronger with increasing radiation field strength. In the case of an
X-ray dominated region (XDR) the interpretation is less clear. The [CII]/CI line ratio shows a dependence that is similar
to the [CII]/CO(7-6) ratio, the amount of energy available per particle. The combination of these two ratios will allow us
to estimate the typical density and radiation field (see Meijerink & Spaans 2005; Meijerink et al. 2007 for more details).
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4.4.1. Dynamical Modeling

From Figure 4 it is clear that the red and blue sides of the
emission line in J0305–3150 are displaced from each other.
This is an indication that ordered motion is present in this
quasar host, and it is possible that the gas is located in a
rotating disk. In contrast to the other two quasar hosts, the [C II]
line in J0305–3150 has been detected at high enough S/N (S/
N > 25) to permit modeling of the gas emission.

Empirical tilted-ring models were created to match the data
using the Tilted Ring Fitting Code (TiRiFiC, Józsa et al. 2007).
These models include a single disk component of constant
scale height. Our data clearly rule out models with a constant
surface brightness and a constant rotation velocity (here set to
150 km s−1, see Figure 10). A decreasing surface brightness
distribution allowed for an improved fit to the data, followed by
the addition of a linearly increasing rotation curve (starting at
0 km s−1 and peaking at 150 km s−1 at 0 1 (which corresponds
to 0.55 kpc at z= 6.6415) before remaining constant for larger
radii), which improved the fit substantially. Although the
resolution is poor, from these models it is clear that we can rule
out a flat rotation curve and that the rotation curve is increasing
instead. However, from the final two panels of Figure 10, it is
seen that the inclination cannot be well constrained at our
current resolution. If the gas in this quasar host galaxy is
distributed in a disk, we only observe the rising part of the
rotation curve. In other words, with the current data we cannot
independently determine the inclination angle and the peak
velocity and thus, ultimately, the dynamical mass. We will
estimate a dynamical mass from the observed line width for this
and the other two quasar hosts in Section 4.6.

4.4.2. Additional Emission Components

The high S/N of the [C II] line in J0305–3150 enables us to
search for emission that deviates from the Gaussian fit. From
the spectrum in Figure 1 we identified highly significant (∼7σ)
excess emission on the red side (low-frequency side) of the
Gaussian emission line. The map of this excess emission is
shown in Figure 4 as green contours. The flux density of this
excess emission above the Gaussian fit is 1.69±0.23 mJy.
The location of this emission is significantly offset from the
central line emission by 0 41±0 04 (2.3± 0.2 kpc). Simi-
larly blueshifted emission is not seen on the other side of the
[C II] line. The origin of this second component is unclear: it
could be an outflow, inflowing gas, or a close companion to the
quasar. Higher S/N and/or higher spatial resolution will help
to distinguish these different cases.

4.4.3. Continuum Slope

The frequency setup of the ALMA observations allows us to
measure the dust continuum in the quasar host around two
frequencies that are roughly 15 GHz apart. For a source at
z=6.6, this is ∼115 GHz in the rest frame. Over this large
frequency range the dust continuum is not constant. In
Figure 11 we plot the spectrum of J0305–3150 in all four
bandpasses. The higher frequency data cube was smoothed
with a 1″ Gaussian and the extracted spectrum (between 248.1
and 251.5 GHz) is identical to the spectrum shown in Figure 1.
Because the source is resolved (Table 2) and the resolution of
the data changes over the frequency range probed by the
observations, we smoothed the lower frequency data to match
the resolution of the (smoothed) higher frequency data. The
average continuum level in the observed frequency range
232.5–236.7 GHz is 2.91±0.07 mJy. If we exclude a region
∼1.0 GHz wide (5 × the FWHM of the [C II] line) around the
[C II] line, we measure an average continuum level of
3.29±0.10 mJy around 250 GHz. The continuum flux density
around 250 GHz is 0.38±0.12 mJy higher than around
234 GHz, a difference of 3.1σ. Assuming that this difference
is caused by the shape of the dust continuum emission, we can
put constraints the temperature of the dust. Fitting a modified
blackbody with a fixed β=1.6 to the continuum spectrum
shown in Figure 11 results in a best-fitting temperature of
T 37d 7

11= -
+ K. We estimated the uncertainty in the temperature

by randomly adding noise to the spectrum and remeasuring the
best-fitting dust temperature 10,000 times. The 1σ uncertainties
in the temperature were defined as the range covered by 68% of
the values around the median. Since we are in the Rayleigh–
Jeans tail of the modified blackbody, the uncertainties are
asymmetric and non-Gaussian. The 95% range (2σ) of the best-
fitting dust temperature is 25–74 K. Since the dust temperature
we derive from fitting the continuum is only 16 K above the
CMB temperature at this redshift, TCMB(z= 6.61)=20.8 K,
we consider the effects of the CMB on the observed dust
emission in the next section.

4.5. Effects of the CMB

The effects of the CMB on millimeter observations of high-
redshift galaxies are extensively discussed in da Cunha et al.
(2013). To summarize, when the CMB temperature is close to
the temperature of the dust in a high-redshift galaxy, there are
two competing processes that impact the observed millimeter
luminosity of the galaxy. First, the CMB supplies an additional
source that heats the dust. The higher dust temperature can be
calculated with the following formula from da Cunha et al.

Figure 10. Major-axis position–velocity diagrams of the data, compared with simple theoretical models convolved to our instrumental resolution. The models are: a
model with both constant surface brightness and rotational velocity with radius, a model with a constant rotational velocity of 150 km s−1 with decreasing surface
brightness, a model with decreasing surface brightness and rising rotation curve (from 0 to 150 km s−1 at 0 1, which corresponds to 0.55 kpc at z = 6.6145), and a
model with decreasing surface brightness, rising rotation curve (from 0 to 180 km s−1 at 0 1), and an inclination of 90°. All other model inclinations are 60°. Note that
a rising rotation curve is clearly necessary to provide a match to the data, but at the current resolution there is a degeneracy between inclinations, and thus the intrinsic
rotation speed.
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Summary	
  

•  Many	
  new	
  quasars	
  at	
  𝓏	
  >	
  6.5,	
  visible	
  from	
  

ALMA	
  	
  

•  Quasar	
  hosts	
  compact,	
  intense	
  starbursts	
  	
  

•  Line	
  ra,os	
  indicate	
  FIR	
  emission	
  due	
  to	
  SF	
  	
  

•  Black	
  holes	
  are	
  “overmassive”	
  	
  

➞	
  Sub-­‐kpc	
  ALMA	
  imaging	
  in	
  queue	
  


