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•  Bright	sources:	measure	properties	of	the	IGM	

•  Constrain	supermassive	black	hole	formation	models	

•  Properties	of	the	host	galaxies	
				-	coevolution?	
				-	AGN	feedback?	
	
•  The	environment	of	quasars	
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Why	study	AGN	at	high	redshift?	

Springel+	2005	
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The	search	for	the	most	distant	quasars	

Extremely	rare	objects:		

•  <	1	quasar	per	Gpc3	at	𝓏=6,	or	<	1	per	100	deg2	
•  Requirement:	very	large	area,	multi-colour	surveys	

•  Challenge:	find	the	quasars	among	the	billions	of	sources		
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Progress	in	distant	quasar	searches	

~300	𝓏>5.5	quasars!	
SDSS	/	CFHQS	/	HSC	/	DES	
PS1	/	VIKING	/	UKIDSS	

Mortlock+	11	
Morganson+	12	
BV+	07,13,15ab	
Bañados,	BV+	14,	
15ab,16,18	
Mazzucchelli+	17	

Fan+	00-06	
Willott+	06-10	
Jiang+	08-09,15	
Wu+	15	
Matsuoka+	16,17	
Reed+	17	
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Constraints	on	early	black	hole	growth	
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Wu+	15:	1.2x1010	M⊙	@	𝓏=6.3		
Mortlock+	11:	2x109	M⊙	@	𝓏=7.1		
Bañados+	18:	8x108	M⊙	@	𝓏=7.5		
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Constraints	on	early	black	hole	growth	
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Constraints	on	early	black	hole	growth	
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Stellar	remnants		
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The	host	galaxies	of	distant	quasars	

Spectral	energy	distribution	
•	UV/optical:	accretion	disk	
•	mid-infrared:		
			hot	dust	and	torus	
•	far-infrared:	cold	dust	
			➞	host	galaxy	

The Astrophysical Journal, 785:154 (22pp), 2014 April 20 Leipski et al.
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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

10

1200	K	
BB	

torus	

accretion	
disk	 30—50	K	

mod.	BB	

The	galaxy	hosting	the	accreting	black	hole:	
➞	detectable	in	the	far-infrared		
					(cold	dust	and	atomic/molecular	emission	lines)	

Leipski+	14	
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ALMA	Cycle	3:	quasar	host	survey	
•  Blind	detection	experiment,	targeting	all	bright	𝓏	>	6	
quasars	visible	from	ALMA	

•  8	min	on	source	
•  Data	for	27/36	targets	
•  Combined	with	literature	
		
		
	

The first Gigayear of the Universe: A census of dust and gas in z>6 quasars

Sample selection

We define our flux-limited, unbiased ALMA quasar sample as follows:
- All known quasars with an absolute magnitude at λrest = 1450Å brighter than -25.25, leading, to 

first order, to an accretion-rate-limited sample of z>6 quasars,
- declinations <+15 degrees, suitable for high-elevation ALMA (filler) observations,
- redshifts z>5.94, to allow [CII] measurements in ALMA band 6 (little weather constraints, filler). 

Coincidentally, this is also the redshift range for which precise black hole masses can be derived 
from MgII spectroscopy in the near infrared.

We select the quasars from all available quasar 
surveys (Carnall  et  al.  2015,   Fan et  al.  2006, 
Jiang et al., 2008, 2015, Reed et al. 2015, Willott 
et al. 2007, 2010), but stress that the majority of 
quasars have recently been discovered by us with 
Pan-STARRS1  (Bañados  et  al.  2014,  2015  in 
prep., Venemans et al. 2015, 2015 in prep). This 
results  in  a  sample  of  43  quasars,  using  our 
sample definition, out of which 8 were already 
observed in dust and [CII] emission (all by our 
group [violet  points  in  Fig.  1]:  Bañados  et  al. 
2015, Venemans et al. 2012, 2015b, Wang et al. 
2013,  Wang  et  al.  2015  in  prep.).  The  large 
variety in their properties (e.g. Fig. 2 and 3) is 
one of the main motivations for this study. The 
proposed sample  is  thus  35 quasars,  shown as 
the red histogram in Figs. 1 and 2.
All  targets  have  supporting  extensive  multi-
wavelength observations collected by our group, 
providing  measurements  of  bolometric 
luminosity  and SMBH accretion rate  (from the 
broad-band SEDs),  SMBH mass  (from near-IR 
spectroscopy), chemical abundance in the quasar 
vicinity (from optical/NIR spectroscopy), and hot 
dust  properties  (via  Spitzer  photometry). 
Together  with  the  requested  ALMA data,  this 
dataset will provide a unique database to study the most massive galaxies known in the 1st Gyr of 
the Universe. We stress that a sample of this size (35 new quasars, and 8 from our previous work), 
will allow us to divide the sample, in, e.g., three luminosity bins (with ~15 sources each), to derive 
statistics at ~25% accuracy.   The ALMA data alone will address the following issues:

Continuum observations: We will measure the dust FIR luminosity and investigate the range of star 
formation rates of our accretion-limited sample of z~6 quasars (assuming that a significant fraction 
of the FIR emission is powered by star formation, Leipski et al. 2014). Previous MAMBO 250GHz 
3-sigma detection limits reached ~0.8−2mJy (and equivalently for SCUBA), and were thus only 
able to detect the FIR-brightest ~30% (Fig. 2). Stacking of the non-detections yields an average flux 
density of 0.5mJy (Wang et al. 2008, see star in Fig. 2), which still corresponds to a strong starburst 
with 150 Msun yr−1. With our setup we expect to detect all quasars of our sample in the continuum, 
or to place stringent limits on the star formation rate in quasar host galaxies down to a level of 30 

Page !  of !2 4

Fig. 1: Redshift and UV luminosity distribution of our 
quasar sample. The red points/histograms show the 35 
quasars requested here. They span a wide range in 
luminosities (and thus black hole accretion rates). Our 
UV luminosity limit (excluding the faintest known 
quasars) and redshift limits (assuring [CII] can be 
observed in band 6) are shown as dashed lines.
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ALMA	Cycle	3:	quasar	host	survey	

•  80%	detection	rate	in	[CII]	
•  100%	in	continuum	

Decarli+	18	
BV+	18	
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Dust	emission	in	high	redshift	quasar	hosts	

11	 12	
log	LFIR	

13	

Decarli+	18	
BV+	18	

A	very	large	
fraction	of	𝓏>6	
quasar	hosts	
detected	in	the	FIR	
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Dust	emission	vs.	quasar	luminosity	

9

Figure 5. Left: FIR luminosity (computed assuming Tdust = 47 K and β = 1.6) of z > 5.7 quasars as function of the absolute magnitude MUV

at a wavelength 1450 Å in the rest-frame. Objects undetected are plotted with 3σ upper limits (downwards arrows). In the upper left corner the
typical error bar is plotted. The dashed line is the relation between SFR and Lbol for quasars at 2 < z < 3 (Harris et al. 2016). A zoom-in to
the dotted region is shown on the right. Right: Same as the left plot, but this time for our quasar luminosity-limited (M1450 < −25.25) sample
of z ! 6 quasars. Within the small UV luminosity range probed by our survey, no correlation is evident between the brightness of the quasar
and the luminosity of the dust emission in the host galaxy, with a large scatter in FIR luminosity for a given quasar brightness.

These results are consistent with studies of quasars at lower

redshifts. For example, Harris et al. (2016) investigated the

SFR in luminous quasars at 2 < z < 3 and found that be-

yond a bolometric luminosity of Lbol!1013 L⊙ (correspond-

ing roughly to M1450 ∼ −25.5) the SFR is independent of

the brightness of the quasar (dashed line in Figure 5). Sim-

ilarly, Pitchford et al. (2016) found that the typical SFR re-

mains constant for optically luminous quasars and does not

vary with black hole mass or accretion rate.

5. SUMMARY

In this paper we present ALMA snapshot observations

(8 min on-source) of 27 quasars at z ! 6 selected from a

UV luminosity limited quasar sample. All quasars were de-

tected in the dust continuum at an observed wavelength of

∼1 mm, although the faintest quasars have only marginal

detections (S/N≈ 3). Below we summarize our findings.

The very high detection rate of our quasars (100% in the

continuum and 85% in [C II], Decarli et al. 2018) in very

short, 8 min, integration times will allow more detailed stud-

ies (e.g., multi-band SED, high spatial resolution observa-

tions) of these quasar host galaxies in the future.

• The quasar host galaxies in our survey span a wide

range in observed mm continuum flux densities. The

faintest quasar hosts have Sobs,1mm = 0.12mJy,

which is among the faintest z ∼ 6 quasar hosts ob-

served. The brightest quasar host in our survey, with

Sobs,1mm = 5.9mJy, is the second most luminous

quasar host after J2310+1855 at z = 6.0 (Wang et al.

2013). The median flux density of quasar host galaxies

in our survey is Sobs,1mm = 0.9mJy, very similar to

the first bolometer results.

• As a result of the low spatial resolution of our observa-

tions (beam sizes around 1′′, or ∼5.7 kpc), 63% of the

quasar hosts detected at S/N> 10 remain unresolved.

The remaining quasar host are marginally resolved and

have deconvolved sizes of 3.3–6.9 kpc.

• The FIR luminosities, implied by the continuum mea-

surements, are between LFIR = 3 × 1011 L⊙ and

LFIR = 1 × 1013 L⊙, assuming a dust temperature

of 47 K and an emissivity index of β = 1.6. A high

fraction of 70% of quasars in our survey are hosted

by ULIRGs. For a complete sample of quasar with

M1450 < −25.25 the fraction of ULIRGs is 78%.

• If the dust is heated by star formation, the SFR im-

plied by the infrared emission is 50–2700M⊙ yr−1.

The derived dust masses in the quasar host galaxies

are Mdust = 2× 107 − 1× 109 M⊙, implying signif-

icant amounts of dust and metals have been produced

in these galaxies within 1 Gyr after the Big Bang.

• Although the quasar hosts are marginally resolved

at best, we can use the (upper limits on) the sizes

to estimate star-formation rate densities (SFRD).

From the derived SFRs, we calculate SFRD= 10 −
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Figure 5. Left: FIR luminosity (computed assuming Tdust = 47 K and β = 1.6) of z > 5.7 quasars as function of the absolute magnitude MUV

at a wavelength 1450 Å in the rest-frame. Objects undetected are plotted with 3σ upper limits (downwards arrows). In the upper left corner the
typical error bar is plotted. The dashed line is the relation between SFR and Lbol for quasars at 2 < z < 3 (Harris et al. 2016). A zoom-in to
the dotted region is shown on the right. Right: Same as the left plot, but this time for our quasar luminosity-limited (M1450 < −25.25) sample
of z ! 6 quasars. Within the small UV luminosity range probed by our survey, no correlation is evident between the brightness of the quasar
and the luminosity of the dust emission in the host galaxy, with a large scatter in FIR luminosity for a given quasar brightness.

These results are consistent with studies of quasars at lower

redshifts. For example, Harris et al. (2016) investigated the

SFR in luminous quasars at 2 < z < 3 and found that be-

yond a bolometric luminosity of Lbol!1013 L⊙ (correspond-

ing roughly to M1450 ∼ −25.5) the SFR is independent of

the brightness of the quasar (dashed line in Figure 5). Sim-

ilarly, Pitchford et al. (2016) found that the typical SFR re-

mains constant for optically luminous quasars and does not

vary with black hole mass or accretion rate.

5. SUMMARY

In this paper we present ALMA snapshot observations

(8 min on-source) of 27 quasars at z ! 6 selected from a

UV luminosity limited quasar sample. All quasars were de-

tected in the dust continuum at an observed wavelength of

∼1 mm, although the faintest quasars have only marginal

detections (S/N≈ 3). Below we summarize our findings.

The very high detection rate of our quasars (100% in the

continuum and 85% in [C II], Decarli et al. 2018) in very

short, 8 min, integration times will allow more detailed stud-

ies (e.g., multi-band SED, high spatial resolution observa-

tions) of these quasar host galaxies in the future.

• The quasar host galaxies in our survey span a wide

range in observed mm continuum flux densities. The

faintest quasar hosts have Sobs,1mm = 0.12mJy,

which is among the faintest z ∼ 6 quasar hosts ob-

served. The brightest quasar host in our survey, with

Sobs,1mm = 5.9mJy, is the second most luminous

quasar host after J2310+1855 at z = 6.0 (Wang et al.

2013). The median flux density of quasar host galaxies

in our survey is Sobs,1mm = 0.9mJy, very similar to

the first bolometer results.

• As a result of the low spatial resolution of our observa-

tions (beam sizes around 1′′, or ∼5.7 kpc), 63% of the

quasar hosts detected at S/N> 10 remain unresolved.

The remaining quasar host are marginally resolved and

have deconvolved sizes of 3.3–6.9 kpc.

• The FIR luminosities, implied by the continuum mea-

surements, are between LFIR = 3 × 1011 L⊙ and

LFIR = 1 × 1013 L⊙, assuming a dust temperature

of 47 K and an emissivity index of β = 1.6. A high

fraction of 70% of quasars in our survey are hosted

by ULIRGs. For a complete sample of quasar with

M1450 < −25.25 the fraction of ULIRGs is 78%.

• If the dust is heated by star formation, the SFR im-

plied by the infrared emission is 50–2700M⊙ yr−1.

The derived dust masses in the quasar host galaxies

are Mdust = 2× 107 − 1× 109 M⊙, implying signif-

icant amounts of dust and metals have been produced

in these galaxies within 1 Gyr after the Big Bang.

• Although the quasar hosts are marginally resolved

at best, we can use the (upper limits on) the sizes

to estimate star-formation rate densities (SFRD).

From the derived SFRs, we calculate SFRD= 10 −
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Figure 5. Left: FIR luminosity (computed assuming Tdust = 47 K and β = 1.6) of z > 5.7 quasars as function of the absolute magnitude MUV

at a wavelength 1450 Å in the rest-frame. Objects undetected are plotted with 3σ upper limits (downwards arrows). In the upper left corner the
typical error bar is plotted. The dashed line is the relation between SFR and Lbol for quasars at 2 < z < 3 (Harris et al. 2016). A zoom-in to
the dotted region is shown on the right. Right: Same as the left plot, but this time for our quasar luminosity-limited (M1450 < −25.25) sample
of z ! 6 quasars. Within the small UV luminosity range probed by our survey, no correlation is evident between the brightness of the quasar
and the luminosity of the dust emission in the host galaxy, with a large scatter in FIR luminosity for a given quasar brightness.

These results are consistent with studies of quasars at lower

redshifts. For example, Harris et al. (2016) investigated the

SFR in luminous quasars at 2 < z < 3 and found that be-

yond a bolometric luminosity of Lbol!1013 L⊙ (correspond-

ing roughly to M1450 ∼ −25.5) the SFR is independent of

the brightness of the quasar (dashed line in Figure 5). Sim-

ilarly, Pitchford et al. (2016) found that the typical SFR re-

mains constant for optically luminous quasars and does not

vary with black hole mass or accretion rate.

5. SUMMARY

In this paper we present ALMA snapshot observations

(8 min on-source) of 27 quasars at z ! 6 selected from a

UV luminosity limited quasar sample. All quasars were de-

tected in the dust continuum at an observed wavelength of

∼1 mm, although the faintest quasars have only marginal

detections (S/N≈ 3). Below we summarize our findings.

The very high detection rate of our quasars (100% in the

continuum and 85% in [C II], Decarli et al. 2018) in very

short, 8 min, integration times will allow more detailed stud-

ies (e.g., multi-band SED, high spatial resolution observa-

tions) of these quasar host galaxies in the future.

• The quasar host galaxies in our survey span a wide

range in observed mm continuum flux densities. The

faintest quasar hosts have Sobs,1mm = 0.12mJy,

which is among the faintest z ∼ 6 quasar hosts ob-

served. The brightest quasar host in our survey, with

Sobs,1mm = 5.9mJy, is the second most luminous

quasar host after J2310+1855 at z = 6.0 (Wang et al.

2013). The median flux density of quasar host galaxies

in our survey is Sobs,1mm = 0.9mJy, very similar to

the first bolometer results.

• As a result of the low spatial resolution of our observa-

tions (beam sizes around 1′′, or ∼5.7 kpc), 63% of the

quasar hosts detected at S/N> 10 remain unresolved.

The remaining quasar host are marginally resolved and

have deconvolved sizes of 3.3–6.9 kpc.

• The FIR luminosities, implied by the continuum mea-

surements, are between LFIR = 3 × 1011 L⊙ and

LFIR = 1 × 1013 L⊙, assuming a dust temperature

of 47 K and an emissivity index of β = 1.6. A high

fraction of 70% of quasars in our survey are hosted

by ULIRGs. For a complete sample of quasar with

M1450 < −25.25 the fraction of ULIRGs is 78%.

• If the dust is heated by star formation, the SFR im-

plied by the infrared emission is 50–2700M⊙ yr−1.

The derived dust masses in the quasar host galaxies

are Mdust = 2× 107 − 1× 109 M⊙, implying signif-

icant amounts of dust and metals have been produced

in these galaxies within 1 Gyr after the Big Bang.

• Although the quasar hosts are marginally resolved

at best, we can use the (upper limits on) the sizes

to estimate star-formation rate densities (SFRD).

From the derived SFRs, we calculate SFRD= 10 −

13	

12	

Quasar	absolute	magnitude	

11	

-24															-26														-28		
BV+	18	

•	Large	spread	in	FIR			
			luminosity	at	a	fixed		
			quasar	brightness	

																		and	

•	Large	spread	in	quasar		
			brightness	at	fixed	FIR		
			luminosity	



02/08/2018	 Durham-Dartmouth	Extragalactic	Workshop	"Are	AGN	special?"			⎯			Bram	Venemans	

Dust	emission	vs.	quasar	luminosity	

9

Figure 5. Left: FIR luminosity (computed assuming Tdust = 47 K and β = 1.6) of z > 5.7 quasars as function of the absolute magnitude MUV

at a wavelength 1450 Å in the rest-frame. Objects undetected are plotted with 3σ upper limits (downwards arrows). In the upper left corner the
typical error bar is plotted. The dashed line is the relation between SFR and Lbol for quasars at 2 < z < 3 (Harris et al. 2016). A zoom-in to
the dotted region is shown on the right. Right: Same as the left plot, but this time for our quasar luminosity-limited (M1450 < −25.25) sample
of z ! 6 quasars. Within the small UV luminosity range probed by our survey, no correlation is evident between the brightness of the quasar
and the luminosity of the dust emission in the host galaxy, with a large scatter in FIR luminosity for a given quasar brightness.

These results are consistent with studies of quasars at lower

redshifts. For example, Harris et al. (2016) investigated the

SFR in luminous quasars at 2 < z < 3 and found that be-

yond a bolometric luminosity of Lbol!1013 L⊙ (correspond-

ing roughly to M1450 ∼ −25.5) the SFR is independent of

the brightness of the quasar (dashed line in Figure 5). Sim-

ilarly, Pitchford et al. (2016) found that the typical SFR re-

mains constant for optically luminous quasars and does not

vary with black hole mass or accretion rate.

5. SUMMARY

In this paper we present ALMA snapshot observations

(8 min on-source) of 27 quasars at z ! 6 selected from a

UV luminosity limited quasar sample. All quasars were de-

tected in the dust continuum at an observed wavelength of

∼1 mm, although the faintest quasars have only marginal

detections (S/N≈ 3). Below we summarize our findings.

The very high detection rate of our quasars (100% in the

continuum and 85% in [C II], Decarli et al. 2018) in very

short, 8 min, integration times will allow more detailed stud-

ies (e.g., multi-band SED, high spatial resolution observa-

tions) of these quasar host galaxies in the future.

• The quasar host galaxies in our survey span a wide

range in observed mm continuum flux densities. The

faintest quasar hosts have Sobs,1mm = 0.12mJy,

which is among the faintest z ∼ 6 quasar hosts ob-

served. The brightest quasar host in our survey, with

Sobs,1mm = 5.9mJy, is the second most luminous

quasar host after J2310+1855 at z = 6.0 (Wang et al.

2013). The median flux density of quasar host galaxies

in our survey is Sobs,1mm = 0.9mJy, very similar to

the first bolometer results.

• As a result of the low spatial resolution of our observa-

tions (beam sizes around 1′′, or ∼5.7 kpc), 63% of the

quasar hosts detected at S/N> 10 remain unresolved.

The remaining quasar host are marginally resolved and

have deconvolved sizes of 3.3–6.9 kpc.

• The FIR luminosities, implied by the continuum mea-

surements, are between LFIR = 3 × 1011 L⊙ and

LFIR = 1 × 1013 L⊙, assuming a dust temperature

of 47 K and an emissivity index of β = 1.6. A high

fraction of 70% of quasars in our survey are hosted

by ULIRGs. For a complete sample of quasar with

M1450 < −25.25 the fraction of ULIRGs is 78%.

• If the dust is heated by star formation, the SFR im-

plied by the infrared emission is 50–2700M⊙ yr−1.

The derived dust masses in the quasar host galaxies

are Mdust = 2× 107 − 1× 109 M⊙, implying signif-

icant amounts of dust and metals have been produced

in these galaxies within 1 Gyr after the Big Bang.

• Although the quasar hosts are marginally resolved

at best, we can use the (upper limits on) the sizes

to estimate star-formation rate densities (SFRD).

From the derived SFRs, we calculate SFRD= 10 −
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•  Very	different	timescales:	
						-	AGN	variability	
																										(e.g.	Hickox+	14)	
	
•  AGN	feedback	quenching	

star	formation	
						-	AGN	removes	ISM	
										(e.g.	Lapi+	14;	Manuso+	16)	
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AGN	feedback	at	high	redshift?	

it in the stacked spectra. However, this is not the case,
suggesting that J1148+5251 is unique compared to the bulk of
the >z 6 quasar population. No significant deviation from the
Gaussian profile is detected in any of the individual spectra
either (see Figure 3), with the caveat that some of the spectra
only have a relatively modest S/N for this kind of analysis.

5.7. [C II] Dependence on Quasar UV Luminosity

In Figure 14 we find a mild dependence of the [C II]
luminosity in our sample on the quasar UV luminosity,
expressed in terms of the absolute magnitude at 1450Å rest
frame, M1450. However, this conclusion is mostly driven by the
contribution of the Willott et al. (2013, 2015) sample, which

Figure 13. Stacked spectra at 1900 GHz of the [C II]-detected quasars in our sample. We plot the stacked spectra as black histograms, their uncertainties (computed
based on the noise of individual spectra) as green histograms, and the standard deviation (computed based on the variance between individual spectra) as orange dotted
histograms. Top left: weighted-average stack of the individual spectra, shifted to rest frame based on the [C II] redshift. Other lines that fall in the frequency range are
marked. The bottom panels show the number of spectra used in the stack as a function of frequency. Top right: zoom-in on the stacked spectrum of the quasar host
galaxies in our sample, highlighting the expected frequencies of a number of other lines for which we have coverage. No detection is found for any of these lines.
Bottom left: weighted-average stack of individual [C II] spectra, highlighting the [C II] line. The best-fit Gaussian model of the stacked line is shown as a thick red line.
For comparison, the [C II] line profile of J1148+5251 as modeled in Cicone et al. (2015), showing a prominent outflow feature, is shown with a dashed blue line. The
fit of J1148+5251 is normalized to match the peak flux density of the stacked [C II] line in our sample. The bottom panel shows the residual from the fit, normalized
by the noise per pixel. The stacked spectrum does not reveal any significant deviation from a Gaussian profile. Bottom right: same as on the bottom-left panel, but this
time stacking the spectra scaled by the width of each line. Also in this case, no significant deviation from Gaussianity is reported.
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No	evidence	for	high	
velocity	outflows	in	
stacked	[CII]	spectrum...	
	
	
But	see	Bischetti’s	talk	

Decarli+	18	



ALMA	Cycle	3:	[C	II]	emitting	companions	
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Several	quasars	show	companions	
10-100	kpc	from	quasar,	same	𝓏		
LIRG	–	ULIRG	luminosities	
➞	highly	overdense	regions	

Decarli+17	
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Q+C 1 Q+C 2

Q+C 3 Q+C 4

Decarli+	17	
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Companions:	very	dusty	starburst	galaxies	

Mazzucchelli+	18	

Poster	3L	



Companion	galaxies	near	distant	quasars	

Aravena+	2016	

Upper	limit	on	number	of			
[C	II]	emitters	at	𝓏~7	in	HUDF	
																																						⬇︎		

02/08/2018	 Durham-Dartmouth	Extragalactic	Workshop	"Are	AGN	special?"			⎯			Bram	Venemans	



Companion	galaxies	near	distant	quasars	

factor	>100	
higher	than	field	
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Properties	of	the	distant	quasar	hosts	

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< z6) 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 LFIR1012Le, 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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Dynamical	mass	of	the	host	galaxies	

-	measure	line	width	and	size	

-	assume	[CII]	rotating	disk	

							➞	derive	dynamical	mass	

	-	masses	of	1010	–	1011	M⊙	

	

See,	e.g.,	Wang+	13,	16;	Willott+	
13,	15,	17;	BV+	16;	Izumi+	18	
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Local	black	hole–bulge	mass	relation	
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𝓏	>	6	quasar	hosts	
(Walter+	09;	Willott+	
13,15,17;	Wang+	13,16;	
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Big	BHs	grow	first?	
Lower	mass	black	holes	
already	on	local	relation?	
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𝓏	>	6	quasar	hosts	
(Walter+	09;	Willott+	
13,15,17;	Wang+	13,16;	
BV+	16,17a;	Izumi+	18)	
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Estimating	the	stellar	mass	

-	Many	assumption	to	compute	dynamical	mass	
	
-	Stellar	mass	depends	also	on	gas	mass	fraction		
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Estimating	the	stellar	mass	

data using the CLEAN task in CASA with robust weighting
(robust=0.5). The synthesized beam size of the final [C II]
image is 0 28×0 22, corresponding to 1.61 kpc×1.27 kpc
at the quasar redshift. The 1σ noise is 0.22 mJy beam−1 per
62.5 MHz for the line, and 0.03 mJy beam−1 for the continuum.

2.2. Results

The [C II] line emission and the dust continuum from the
combined data are both spatially resolved. We list the
observational results in Table 1. The velocity-integrated map
of the [C II] line emission is presented in the left panel of
Figure 1. We fitted the [C II] line emission with a 2D Gaussian,
which yielded a deconvolved source size that is slightly larger
than that of the marginally resolved [C II] source size from our
ALMA Cycle 0 observations (Wang et al. 2013).

We integrated the intensity from the [C II] line image data
cube including the pixels that were determined in the line-
emitting region above 2σ in the [C II] velocity-integrated map.
The resulting line spectrum is shown as a black histogram in
the right panel of Figure 1, with the best-fit Gaussian profile
superposed. The Gaussian fit line width is a little larger than,
but consistent with, our previous Cycle 0 observations (Wang
et al. 2013). The [C II] redshift agrees with the result in Wang
et al. (2013). The [C II] line flux calculated from the Gaussian
fit is consistent with our previous ALMA observations at a 0 7
resolution (Wang et al. 2013) within the calibration uncertainty
(∼15%). We also got a consistent value by calculating the total
flux within the 2σ region in the [C II] intensity map. It is clear
that the line profile is flat at the peak in the velocity range from
−118 km s−1 to 93 km s−1 (channel centers). A similar [C II]
line profile was also found in a z=4.6 quasar (Kimball et al.
2015). Such a profile suggests that the [C II] line emission
originates from a rotating gas disk (see Section 3 for a full
analysis).

Figure 2 shows the mean gas velocity map with a clear velocity
gradient. It was made using the AIPS18 XGAUS task with a
2σ flux cut at each position by a Gaussian spectral fit. We also
show the [C II] line channel maps in Figure 3. They suggest a
clear [C II] line emission shift (∼0 4) from 234 to −259 km s−1,
which is consistent with the velocity map.

We present the dust continuum map in the center panel of
Figure 1. A 2D Gaussian fit shows a source size that is a little

bigger than, but consistent with the result in the Cycle 0
detection (Wang et al. 2013). The total dust continuum
emission is comparable to that of the emission detected in the
previous 0 7 resolution observations (Wang et al. 2013),
considering the ∼15% calibration uncertainty. We plotted the
continuum and [C II] contours (white and black lines) over the
dust continuum map. The peak of the dust continuum emission
is approximately consistent with that of the [C II] line emission.
However, the [C II] line emission looks more irregular than the
dust continuum even in high S/N regions (e.g., >4σ). This
may indicate different distributions between the [C II]-emitting
gas and the dust component in the central few kiloparsec
region.

3. Discussion

3.1. Gas, Dust, and Star Formation Distribution

Wang et al. (2011) presented a gas mass of 1.5×1010Me
by PdBI CO (6−5) observations. Adopting the maximal radius
of 3.2 kpc derived in our dynamical fit (Section 3.2) and
assuming the same size for the [C II] and CO(2−1) emission,
we can derive a gas mass surface density of 466
(∼102.67)Me pc−2. This is within the typical range of other
star-forming systems at low and high redshifts, e.g., z=1
−3.5 submillimeter galaxies (SMGs; 10 102.30 4.00– Me pc−2;
Bouché et al. 2007), z=1−2.3 Bzk-selected galaxies
(10 101.83 3.42– Me pc−2; Daddi et al. 2010; Tacconi et al.
2010), and z=0 starbursts (10 102.25 4.76– Me pc−2; Kennicutt
1998b).

Figure 1. Left: [C II] velocity-integrated map. The white cross is the infrared position presented by Mortlock et al. (2009). The bottom left ellipse shows the size of the
restoring beam of 0 28×0 22. The contour levels are [−2, 2, 4, 6, 8, 10, 12, 14]×0.05 Jy beam−1 km s−1. Center: dust continuum map. The black cross is the
infrared position from Mortlock et al. (2009). The bottom left ellipse shows the restoring beam size of 0 30×0 22. The white contours are [−2, 2, 4, 8, 16,
32]×30 μJy beam−1. The over-plotted black contours are the same as those in the left panel. Right: [C II] line spectrum (black histogram) over-plotted with the best-
fit Gaussian (red line). The LSRK velocity scale is relative to the [C II] redshift from our ALMA Cycle 0 observations (Wang et al. 2013).

Figure 2. Mean gas velocity map based on the Gaussian fit.

18 http://www.aips.nrao.edu/
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(2.6 ± 0.3) f 10SF
3´ ´ Me yr−1. With the largest gas disk

radius of 3.2 kpc proposed in Section 3.2, we calculate an
average SFR surface density of (81 ± 9) fSF´ Me yr−1 kpc−2.
The values of the SFR and SFR surface density could be lower
by a factor of 1.7 if we assume a Chabrier IMF (Chabrier 2003).
Our source has a very high SFR surface density that can be
comparable to the highest values found in samples of SMGs
with a similar gas mass surface density (Bouché et al. 2007;
Bothwell et al. 2010; Hodge et al. 2015), if we assume that all
the dust continuum is produced by star formation.

3.2. Gas Dynamics in the Quasar Host Galaxy

3.2.1. GIPSY Modeling of Gas Dynamics

Both the flat-peak line profile in the right panel of Figure 1
and the velocity gradient in Figure 2 are consistent with a
rotating gas disk. There are also tentative non-rotating
structures, e.g., the tail structures in the fifth to seventh
channel images in Figure 3. Deeper imaging of these low
surface brightness components will determine if there are
indeed non-rotating/tidal-like structures in this system and
address if there is evidence of a recent galaxy merger.

In our work, we simply assume that the gas has a pure
circular rotation in a gas disk and fit the velocity field with a
tilted ring model (Rogstad et al. 1974). The tilted ring model
decomposes a galaxy into many thin rings, and the dynamic
property of each ring at different radii can be described by
seven parameters.

1. (x y,0 0): the sky coordinates of the rotation center of the
galaxy.

2. Vsys: the velocity of the center of the galaxy with respect
to the Sun.

3. V Rc( ): the circular velocity at distance R from the center.
4. Rf ( ): the position angle of the major axis on the receding

half of the galaxy, taken counterclockwise from the north
direction on the sky.

5. i(R): the inclination angle between the normal to the plane
of the galaxy and the line-of-sight.

6. Rq ( ): the azimuthal angle related to i R R x y, , ,0 0f( ) ( ) ( ).
The line-of-sight velocity V x y,los( ) that we observed is a

projected value. It is related to the above parameters:

V x y V V R i, sin cos 1los sys c q= +( ) ( ) ( )

x x y y

R
cos

sin cos
20 0q

f f
=

- - + -( ) ( ) ( )

R x x y y . 32
0

2
0

2= - + -( ) ( ) ( )

We use the ROTCUR task in the Groningen Image
Processing System (GIPSY19; van der Hulst et al. 1992) to
apply the tilted ring model to the observed velocity field to
calculate the kinematic parameters. We assume that all of the
rings share the same (x y,0 0), Vsys, f, and i. We solve for Vc(R)
in five concentric rings, each with a width of 0 1 and a central
radius from 0 15 to 0 55. We determine the initial values of i,
f, and (x y,0 0) based on the 2D Gaussian fit to the [C II]
intensity map (left panel of Figure 1), and set the initial value of
Vsys from the Gaussian fit to the [C II] spectrum (right panel of
Figure 1). We solve for the five parameters as follows. Because
f and i are correlated, we first simultaneously determine them
by fixing the initial values of (x y,0 0) and Vsys. The final values
of f and i are calculated as the weighted mean of each Rf ( ) and
i(R), and the uncertainties are taken as the weighted standard
deviations ( sdvs ) of the fitting parameters (we take 1/σ as the
weighting). Note that only rings with fitting parameter values
above 3σ are considered as a successful fit, and are used in the
f and i calculation. In particular, only two rings are successful
for i calculation. The successful i(R) solutions of the two rings
are 38± 10° and 32± 6°. Since (x y,0 0) and Vsys are coupled,
we then determine the two parameters simultaneously by fixing
f and i as the values derived from the previous step. We
calculate their final values and uncertainties with the same
method above. The quoted errors of these parameters are only
fitting-type errors, which do not account for the covariance
between these parameters. Similar dynamical analysis with
ROTCUR can be seen in G. Jones et al. (in preparation).
The final fitting values and weighted standard deviations of

Vsys, f, and i are −15± 3 km s−1, 237± 4°, and 34± 4°,
respectively. There are two other input values to be declared in
ROTCUR: free angle and weighting. Following the recom-
mendation by Lucero et al. (2015), we adopt a UNIFORM
weighting and an exclusion angle of 0° to use for all of the data
with the same weighting.

3.2.2. Rotation Curve

We obtain the rotation curve by adopting the final values of
(x y,0 0), Vsys, f, and i with ROTCUR. We estimate the error
bars of the rotational velocities as follows. First we run
ROTCUR adopting our standard values of (x y,0 0), Vsys, and f,
but change i by 1 sdvs- . Then we determine the error bars
by subtracting these two rotation curves from the one with the
best-fit i. In addition, we also add the fitting errors to the final

Figure 4. GIPSY modeling result. Panels from left to right: GIPSY modeled velocity map, residual map, and rotation curve. In the left and middle panels, the plotted
restored beam size is 0 28×0 22, the same size as the observed [C II] map. There is a hole in the center of the modeled velocity map, because we do not have
enough data in the central region to model the dynamical motion.

19 https://www.astro.rug.nl/~gipsy/
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e.g.	Walter+	04,09;	Shao+	17	

-	Many	assumption	to	compute	dynamical	mass	
	
-	Stellar	mass	depends	also	on	gas	mass	fraction		

Higher	resolution	imaging:	
	

-	Rotating	disk	assumption	valid	
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Summary	

•  Host	galaxies	of	the	most	distant	quasars	show	a	
wide	range	of	properties	

•  A	fraction	of	(but	not	all)	quasars	show	nearby	
companions	/	merger	signatures	

•  Most	massive	black	holes	are	above	local	M-σ	
relation,	but	estimating	stellar	masses	are	difficult	


