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Outline	

•  The	search	of	the	most	distant	quasars	(z>5.5)	

•  Quasars	as	probes	of	the	intergalac9c	medium	

•  Quasar	host	galaxies	
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The	search	for	distant	quasars	

•  The	challenge:		
•  Quasars	at	z>5.5	are	very	rare	
•  Not	found	in	deep	HST	blank	fields	

•  Requirement:	
•  Large	area	mul9-color	surveys	

	



The	search	for	distant	quasars	
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Variety	of	spectral	proper9es	
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Bañados+	subm.	
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Bañados+	subm.	

Weak-line	quasars:	
	
•  14%	at	z=6	
•  1-6%	at	z=2-4	
	
Diamond-Stanic+	2009	
Bañados+	2014,	2016	subm.	
	



Radio-loud	frac9on		
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Bañados+	2015a	

Radio-loud	frac9on		



Does	it	evolve	with	redshim?	
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?
Bañados+	2015a	



No	evolu9on	up	to	z=6	
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The	most	distant	quasar	

Mortlock	+	2011	
	
	
	

Quasar	at	z=7.1	(Age	of	Universe:	0.75	Gyr)	
Black	hole	mass:	2	x	109	M¤ 

M1450	=	-26.6		JAB	=	20.4	
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The	most	luminous	and	massive	quasar	

quasar is roughly 4 times greater than that of the luminous z5 6.42
quasar1 SDSS J114815251, and 7 times greater than that of the most
distant known quasar6 ULAS J112010641 (z5 7.085); it is the most
luminous quasar known at z. 6 (see Extended Data Fig. 3).
The rest-frame equivalent width of the Lya1NV emission lines as

measured from the LBT spectrum is roughly 10 Å, suggesting that
J010012802 is probably a weak-line quasar (WLQ)22. The fraction of
WLQs is higher among the z< 6 quasars compared to those at lower
redshift8, and ahighdetection rate of strongmillimetre dust continuum
in z< 6WLQs points to active star formation in these objects23. Given
its extreme luminosity, J010012802 will be helpful in the study of the
evolutionary stage of WLQs by future (sub)millimetre observations,
though the origin of theweak ultraviolet emission line feature ofWLQs
is still uncertain.
The LBT spectrum of J010012802 (Fig. 1) exhibits a deep Gunn–

Peterson absorption trough15 blueward of the Lya emission. The trans-
mission spectrum (assuming an intrinsic power-law continuum24 of
Fl / l21.5, where Fl is the flux density at wavelength l) is shown in
Fig. 2.CompleteGunn–Petersonabsorption canalsobe seen in theLya,
Lyb and Lyc transitions. Statistically significant transmission peaks are
detected at z5 5.99 in both the Lya andLyb troughs, and an additional
transmissionpeak is detected at z5 5.84 in theLyb trough.The2s lower
limit on the Lya Gunn–Peterson optical depth (ta) at z5 6.00–6.15 is
ta. 5.5 and the 2s lower limit for Lyb is tb. 6, corresponding to an
equivalent ta. 13.5, following the conversion in literature16. The char-
acteristics of the intergalactic medium (IGM) transmission along the
line of sight of J010012802, including the deep Lya and Lyb troughs,
and the narrow, unresolved transmission peaks, are similar to those
observed in SDSS J114815251, andare consistentwith the rapid increase

in the IGMneutral fraction at z. 5.5 observed in a large sample of SDSS
quasars16. The size evolution of the quasar proximity zone, which is
highly ionized by quasar ultraviolet photons, can also be used to con-
strain the IGMneutral fraction.The size of theproximity zone is defined
by the point where the transmitted flux first drops by a significant
amount to below 10% (ignoring small absorption leaks) of the quasar
extrapolated continuum emission after the spectrum is smoothed to a
resolution of 20 Å (ref. 16).As shown inFig. 2, J010012802 has amuch
largerproperproximity zone (7.96 0.8Mpc; 1Mpc is about 3.26million
light years) than that of other SDSSquasars16,25 at z. 6.1; its largeprox-
imity zone size is expected from the higher level of photo-ionization
dominated by quasar radiation.
We obtained the near-infrared J,H,K-band spectra with Gemini and

Magellan telescopes on 6 August and 7 October 2014, respectively (see
Methods for details). Figure 3 shows the combined optical/near-infrared
spectrum of J010012802 and the results of fitting the Mg II emis-
sion line. The Mg II full-width at half-maximum (FWHM) is 5,1306
150km s21, and the continuum luminosity at the rest-framewavelength
of 3,000 Å is (3.156 0.47)3 1047 erg s21. After applying a virial black-
holemass estimator based on theMg II line26, we estimate its black-hole
mass to be (1.246 0.19)3 1010M[. Theuncertaintyofblack-holemass
does not include the systematic uncertainty of virial black-hole mass
estimation, which could be up to a factor of three27. Assuming that this
quasar is accreting at the Eddington accretion rate and the bolometric
luminosity is close to the Eddington luminosity (LEdd5 1.33 1038

(M/M[)), similar to other z. 6 quasars11, leads to a black-hole mass of
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Figure 2 | Transmission in absorption troughs and the proximity zone for
J010012802. a, b, Transmission in Lya and Lyb absorption troughs
(respectively a, red; b, blue) were calculated by dividing the spectrum by a
power-law continuum24, Fl / l21.5. The shaded band in both panels shows
1s standard deviation. The Lya and Lyb absorption redshifts are given by
l/lLya(Lyb)2 1,where lLya5 1,216 Å andlLyb5 1,026 Å. The optical spectrum
exhibits a deep Gunn–Peterson trough and a significant transmission peak at
z5 5.99. c, Transmission in the proximity zone. The proper proximity zone
for J010012802 (in black) extends to 7.96 0.8Mpc, a much larger value than
those of other z. 6.1 quasars, including 4.96 0.6Mpc for J114815251 (in
green), consistent with its higher ultraviolet luminosity. The transmission in
cwas calculated by dividing themeasured spectrumby a power-law continuum
Fl / l21.5 plus two Gaussian fittings of Lya and NV lines. The horizontal
dotted line and the twodashed lines denote transmission values of 0, 0.1 and 1.0
respectively, while the vertical dashed line denotes the proper proximity zone
size of 0.

2,700 2,800 2,900 3,000

0.35

0.4

Mg II
Fe II
PL

Rest-frame wavelength (Å)

Rest-frame wavelength (Å)

Mg II

C IV

Lyα

Observed wavelength (Å)

1,000 1,500 2,000 2,500 3,000

1.5

1

0.5

0

Fl
ux

 (1
0–1

6  
er

g 
s–1

 c
m

–2
 Å

–1
)

104 1.5 × 104 2 × 104

Figure 3 | The combined optical/near-infrared spectrum of J010012802
and the fitting of the Mg II line. Main panel, the black line shows the LBT
optical spectrum and the red line shows the combined Magellan and Gemini
near-infrared J,H,K-band spectra (from left to right, respectively). The gaps
between J and H and between H and K bands are ignored due to the low sky
transparency there. The magenta line shows the noise spectrum. The main
emission lines Lya, C IV and Mg II are labelled. The details of the absorption
lines are described in Extended Data Fig. 4. Inset, fits of the Mg II line (with
FWHM of 5,1306 150 km s21) and surrounding Fe II emissions. The green,
cyan and blue solid lines show the power law (PL), Fe II andMg II components.
The black dashed line shows the sum of these components in comparison with
the observed spectrum, denoted by the red line. The black-hole mass is
estimated to be (1.246 0.19)3 1010 M[.
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z=6.3	(Age	of	Universe:	0.88	Gyr)	
Black	hole	mass:	12	x	109	M¤ 

M1450	=	-29.1	
JAB	=	17.6	

Wu+	2015	
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Constraints	on	black	hole	growth	
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But	see	also	Volonteri+	2015,	La9f+	2016,	Li+	2007,	Inayoshi+	2016	…		



Eduardo	Bañados																																																																																												ebanados@carnegiescience.edu	

Quasars	as	probes	of	the	IGM	
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Quasars	as	probes	of	the	IGM	
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End	of	reioniza9on	at	z~6	
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See	also	Becker+	2015	and	McGreer+	2015	

Gunn-Peterson	
effect	saturates	at	
low	neutral	frac9on	

xHI <10
−4



Quasar	ioniza9on	regions	
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But	see	also:	
Anna-Chris9na	Eilers’talk	
Bolton	&	Haehnelt	2007	
Kea9ng+	2015	

Venemans,	Bañados+	2015	

Near	zone	size:	R	~	xHI-1/3					(Fan+	2006,	Carilli+	2010)	

Redshim	



IGM	damping	wing	
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IGM	absorp9on	profile	
No. 1, 1998 REIONIZATION OF IGM AND DAMPING WING OF GUNN-PETERSON TROUGH 17

FIG. 1.ÈAbsorption proÐle of the damping wing of the Gunn-Peterson
trough, predicted using the equation given in the Appendix. The fraction of
transmitted Ñux is shown as a function of the wavelength interval *j from
the Lya wavelength of the source, The solid line assumes theja(1 ] z

s

).
parameters and (where the IGM is assumedz

s

\ 9, q
0
\ 4.3 ] 105, z

n

\ 7
to have a constant neutral density at and be fully ionized atz

n

\ z\ z
s

,
The dotted line is the case where an absorption system withz\ z

n

). N
H I

\

2 ] 1020 cm~2 is present at which could be due to a galaxy wherez
s

\ 9,
the source is located. The dashed line shows the damping wing proÐle
without any additional absorption system, but with the parameters
changed to (although *j is still deÐned as the wavelength inter-z

s

\ 9.009
val from the Lya line at z\ 9), and provides the best Ðt toq

0
\ 4.9 ] 105,

the dotted line, assuming there is no absorption system at the source
redshift. This illustrates the difficulty in measuring in the presence of anq

0absorption system.

exact expression in the Appendix for practical applications.
We also plot in the result of adding an absorbingFigure 1
system with column density cm~2 at theN

H I
\ 2 ] 1020

source redshift z\ 9 (dotted line) to the IGM optical depth.
Finally, the dashed line shows again the IGM optical depth
without any additional absorbing system, but with the
parameters z\ 9.009, which provide theq

0
\ 4.9 ] 105,

best Ðt to the dotted line. It is clear from this example that
even with an accuracy of 1% in the determination of the
shape of the damping wing, there is still a large error in the
determination of if an absorber of unknown columnq

0density is present at the redshift of the source. However, one
may be able to determine the source redshift independently
(e.g., from associated metal-line absorption), in which case
the ambiguity between the hydrogen column density of an
associated absorber and should be much reduced.q

0

3. FLUX TRANSMISSION ON THE BLUE SIDE OF THE

GUNN-PETERSON TROUGH

Moving down in redshift from the source, a line of sight
will characteristically traverse several cosmological H II

regions and neutral patches over the redshift interval corre-
sponding to the epoch when the IGM was being reionized.
The process of reionization can be very complicated ; the
sources of ionizing photons may have a wide range of lumi-
nosities and may be short-lived, so some ionized regions
will start recombining if their source fades, becoming par-
tially neutral until they are ionized again by another source.

The sources could be highly clustered, so the ionized
regions may start being very small due to faint, individual
sources, and later grow to a much larger scale and be
ionized by clusters of sources, while large neutral patches
may still remain in the IGM. And, of course, the H II regions
expand into a highly inhomogeneous IGM which is gravita-
tionally collapsing into new large-scale structures. The case
of a source of constant luminosity surrounded by a homo-
geneous medium can be solved analytically &(Shapiro
Giroux 1987).

An ionized region intercepted by the line of sight over a
total length may cause a ““ gap ÏÏ in the Gunn-L

i

4 V
i

/H(z)
Peterson trough if the damping wings of two neutral
patches on each side do not completely overlap. Taking the
parameters used in we see that if we require that atFigure 1,
least a fraction e~1\ 0.36 of the Ñux be transmitted in the
middle of the gap, then the length of the intersected ionized
region must be at least (because at a separationV

i

/c[ 10~2
V /c\ 5 ] 10~3 from the edge of a neutral zone, the optical
depth of the damping wing in is q\ 0.5). SinceFig. 1 q

0
P

(1 ] z)3@2, this minimum size scales with redshift as
in the approximation of equa-V

i

/c[ 10~2[(1 ] z)/10]3@2
tion or a proper length h~1 Mpc [these scales are(2), L

i

[ 1
also proportional to but we are setting this)

b

h(1 [ Y ),
quantity to 0.03 in this section].

In order to observe any transmitted Ñux on the blue side
of the Gunn-Peterson trough on a source at redshift z

s

,
some H II region of this size has to be present on the line of
sight at a redshift since at1 ] z

i

[ 1 ] zb 4 (1 ] z
s

)/1.18,
lower redshifts the Lyb Gunn-Peterson trough blocks the
Ñux anyway. If the last neutral patch in the line of sight is
located at then Ñux may be observable between thez

n

[ zb,blue Lya damping wing due to this last neutral patch and
the Lyb damping wing of the neutral IGM close to the
source, and some additional small gaps may be observable
due to large H II regions at If then only thesez[ z

n

. z
n

\ zb,gaps due to isolated H II regions may be observable.
The existence of ionized regions with a proper size larger

than 1 h~1 Mpc for a substantial period of time before
reionization was over depends, of course, on the type of
sources causing the ionization. Large H II regions would be
expected if the radiation was dominated by very luminous
sources ; the luminosity required to reach a proper size 1
h~1 Mpc at z\ 10 is similar to that of the most luminous
quasars known. Reionization by early galaxies has been
considered more likely in the usual hierarchical models for
structure formation et al. & Loeb(Tegmark 1994 ; Haiman

In this case, large H II regions might still exist1997 ; MR98).
if the sources were highly clustered, probably in the sites of
formation of future galaxy clusters. Early galaxies might in
fact be clustered on large scales due to a high biasing factor,
which is expected if galaxies form in density peaks and when
the power spectrum has a slope close to n \ [3, as is gener-
ally predicted to be the case on small scales et al.(Bardeen

On the other hand, if reionization is caused by low-1986).
luminosity sources which are not highly clustered on a
proper scale of 1 h~1 Mpc, then by the time the ionized
regions have overlapped to this scale there should be very
few neutral patches remaining in the IGM, (except for the
neutral regions that are dense and self-shielded, i.e., regions
which are neutral because of their high recombination rate,
rather than the lack of sources in their vicinity).

Whether any Ñux is actually seen on the blue side of the
damping wing of the last neutral patch in a line of sight, or

Miralda-Escude	1998	

Wavelength	
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First	IGM	damping	wing	at	z~7?	
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30 D. J. Mortlock

Fig. 10 Estimated transmission towards the z = 7.08 quasar ULAS J1120+0641 obtained by di-
viding the observed spectrum by a model for its intrinsic emission based on lower redshift quasar
spectra [29]. The resultant systematic uncertainty is shown at the bottom in red, along with the ob-
servational noise in black. Shown in blue are theoretical IGM damping wing profiles for the default
cosmological parameters in Section 2 with constant neutral fractions of xHI = 0.1, xHI = 0.5 and
xHI = 1.0 (from top to bottom) between zstart = 7.035 and zend = 6.0. A DLA profile is shown in
green for an H I cloud of column density SHI = 4⇥1024 m�2 at zabs = 7.025. (These curves differ
slightly from those shown in [29] due to the use of the Lorentzian line profile and the inclusion of
a helium fraction of Y = 0.24.)

residual H I should also show the same transmission pattern blueward of the Ly b
line can provide an important check [113]. Applying this approach to three bright
6.2 < z < 6.5 SDSS quasars implied that xHI ' 1 at z ' 6 along two of these lines-
of-sight [87]; a subsequent improved analysis [69] updated these constraints to be
xHI

>⇠ 0.1.
The most unambiguous detection of damped absorption would be if it could be

confirmed redward of of the quasar’s systemic Ly a wavelength, as it is only the
damping wing absorption from cosmological H I patches (and/or a possible a DLA)
that need be taken into account – the (uncertain) distribution of residual H I would
not have a significant effect and could be ignored. The main difficulty is that an
estimate of the fractional transmission – and particularly its wavelength dependence
– requires an accurate model of the unabsorbed spectral energy distribution of the

z=7.1	quasar	(Mortlock+	2011)	

See	also:	
Bradley	Greig’s	talk	
Simcoe+	2012	
Schroeder+	2013	
Greig+	2016	
	
	

No	consensus	on	IGM	
absorp9on	nature:	
e.g.,	Bosman	&	Becker	2015	
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Figure 10. Constraints on the EoR history, including all of the above-mentioned observational priors: (i) the dark fraction (McGreer et al. 2015), (ii) CMB
optical depth (Planck Collaboration XLVII 2016); (iii) Ly↵ fraction evolution (Mesinger et al. 2015); (iv) LAE clustering (Ouchi et al. 2010; Sobacchi &
Mesinger 2015); (v) damping wing in ULAS J1120+0641 (Greig et al., in prep); (vi) patchy kSZ (George et al. 2015). In order to aid the visual representation
of the respective constraints we present the 2� contours for the CMB optical depth and the patchy kSZ signal as the boundaries of the 1� limits are masked
by the constraints from the combined EoR history (c.f. Figs. 4 and 9). For all other observations we present the 1� limits and constraints.

throughout reionisation rules out large values of ⇣ (i.e. fesc), as
reionisation would otherwise occur too early to be consistent with
the Planck observations.

In Fig. 12, we illustrate how such an empirically-motivated
prior on Tmin

vir can impact our constraints on ⇣ (or fesc). The red
curve corresponds to the 1D marginalised PDF from our Gold Sam-
ple (as in Fig. 5), showing that ⇣ is essentially unconstrained due
to its degeneracy with Tmin

vir . On the other hand, the blue curve in-
cludes the more stringent, step-function prior of Tmin

vir  105 K.
The constraints on the ionising efficiencies are improved consider-
ably with the addition of the Tmin

vir  105 K prior: fesc = 0.14+0.26
�0.09

(or ⇣ = 28+52
�18).

A word of caution about this approach is in order. As dis-
cussed above, our three-parameter model serves to provide a set
of functions, x̄HI(z), to describe the reionisation history. As long
as the space of x̄HI(z) functions is “reasonably” exhaustive, it can
be directly compared with EoR observations with the resulting con-
straints being fairly robust (i.e. not strongly dependent on the phys-
ical interpretation of the EoR parameters themselves). In contrast,

of Tmin
vir , for a given M

min
UV , obtained with abundance matching under the

fiducial assumption of a constant duty cycle; or (ii) an ionising photon es-
cape fraction which increases towards fainter galaxies (e.g. Paardekooper
et al. 2015), compensating for their less-efficient star formation. In any case,
the calculation shown here is only approximate, and should be taken as a
proof-of-concept for future studies when better observations of the faint end
of the LF at higher redshifts, as well as insights into the scaling of fesc with
halo mass, are available.

Figure 11. Parameter constraints corresponding to Fig. 10. As in Fig. 4, the
dashed blue curve in the bottom right panel shows the marginalised 1D PDF
for Tmin

vir , but narrowing the adopted range for a flat prior on the ionising
efficiency to 0 < ⇣ < 100 (arguably a more plausible range).

constraints on the EoR parameters themselves are much more un-
certain, relying on both: (i) the accuracy of the EoR parametri-
sation; and (ii) the numerous assumptions necessary to connect
the faint galaxy population driving reionisation to the rare bright
objects we actually observe. The results presented in this section
should therefore be interpreted as a proof-of-concept.

c� 0000 RAS, MNRAS 000, 000–000

Greig	&	Mesinger	2016	
Greig+	2016	

But	see	also	
Bosman	&	Becker	2015	

z=7.1	QSO	
Damping	wing	
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column density required to produce the damping wing redward of the systemic Ly! line via Voigt profile 
model fitting, finding a best-fit value of log(NHI)=20.60 cm-2.  For any one continuum model, the formal 
fit error for log(NHI) was of order 0.02-0.03 dex, but the true error is much more likely to be dominated 
by systematic uncertainty in the continuum.  By experimenting with different choices of continuum and 
absorber redshift, we estimated the range of allowable NHI as 20.45-21.0, at a best-fit absorption redshift 
of z=7.041+0.003-0.008 (95% confidence).

We estimated upper limits to the metal line column densities both by curve-of-growth analysis and by 
direct Voigt profile fitting (Table 1, see also online Supplemental Information).  For systems with log(NHI) 
> 20.3, the transitions in Table 1 represent the predominant ionization states for their respective 
elements19,20.  The one exception to this is C IV, which is secondary to C II but we include as an ionization 
constraint (discussed below).  We therefore follow the usual practice for DLA systems and do not apply 
ionization corrections when estimating abundances19,20.  

Our strongest abundance limit is derived from Si II, which yields a 1" (2") upper bound of 1/20,000 
(1/10,000) the solar metallicity.  With such unusual abundances one must consider the possible effects of 
ionization, particularly given the proximity of the brightest known object in the z = 7 universe.  However, 
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Figure 2: Continuum-normalized spectral regions where key heavy element transitions would fall at 
z=7.041 if the absorber were typical of a low redshift  DLA.  1" error contours are shaded grey, and 
the extraction aperture is indicated with horizontal bars.  A Voigt  profile with b = 10 km/s and N set 
by our column density upper limit  is shown in red for each panel.  Velocity offsets are relative to the 
rest  frame of the HI absorber. Right Panel: Composite stack of all heavy element transitions, 
generated using an inverse-variance weighted mean and solar relative abundances.  Each transition 
is scaled to the cross section and relative abundance of O I.   Overlaid curves show the predicted 
profiles for varying metallicity levels.  The stack shows no statistically significant  absorption, 
though there is a fluctuation at the 1" level, corresponding to an effective [O/H] < -4.

z=7.1	quasar,	Simcoe+	2012	
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•  Really	hard	(impossible?)	in	the	UV/Op9cal	
			(e.g.,	Decarli+	2012,	Mechtley+	2012,	Emanuele	Farina‘s	talk)	
	
•  Possible	in	the	sub-mm/radio		
			(e.g.,	see	talks	by	Ran	Wang,	Bram	Venemans,	and	Roberto	Decarli)	
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Fig. 1.—CO (3–2) map of J1148!5251 of the combined B- and C-array
data sets (covering the total bandwidth, 37.5 MHz or 240 km s ). Contours"1

are shown at "2, "1.4, 1.4, 2, 2.8, and (1 j p 43 mJy beam ). The"14# j
beam size ( ) is shown in the bottom left corner; the plus sign0!.35# 0!.30
indicates the SDSS position (and positional accuracy) of J1148!5251.

of carbon monoxide (CO), the most common tracer of molec-
ular gas, in J1148!5251 (Walter et al. 2003; Bertoldi et al.
2003b). This discovery demonstrated that abundant, dense, and
warm molecular gas (the requisite fuel for star formation) is
already present at these large look-back times (a redshift of

corresponds to an age of the universe of 870 Myrz p 6.4
in a cosmology with km s"1 Mpc , ,"1H p 71 Q p 0.730 L

, which we adopt in the following).Q p 0.27m

Here we present follow-up high-resolution observations of
the molecular gas distribution of J1148!5251 obtained with
the NRAO VLA. These observations resolve, for the first time,
the host galaxy of this luminous quasar on kiloparsec scales
(1 kpc p 0!.18 at ) and enable us to constrain itsz p 6.42
molecular gas properties and the dynamical mass.

2. OBSERVATIONS

Using the VLA in D configuration, Walter et al. (2003) de-
tected the CO (3–2) line ( GHz) in J1148!5251,n p 345.796rest
which is shifted to 46.61 GHz (6.43 mm) at . Thez p 6.419
emission was unresolved in the D-array observations at 1!.5
resolution, but the line strength of 0.6 mJy indicated that
follow-up VLA observations at higher spatial and spectral res-
olution were possible. In addition, surface brightness arguments
yielded a minimum size of , a resolution that"0.50!.2 [T (50 K)]B

can be reached with the VLA B-array. We therefore performed
follow-up observations of J1148!5251 at the VLA in the B-
array (60 hr) and C-array (24 hr) from 2004 January to April
(total time on source: ∼60 hr). Observations were performed
in fast-switching mode using the nearby source 11534!49311
for secondary amplitude and phase calibration; the phase sta-
bility in all runs was excellent (∼10! phase rms on 10 km
baselines).
Two 25 MHz intermediate frequencies (centered at 46.603250

and 46.622050 GHz, respectively) with seven channels each
(channel width: 3.1250 MHz) were observed simultaneously,
leading to a total coverage of 37.5MHz (or 240 km s , excluding"1

the overlap and edge channel). This velocity range encompasses
most of the CO line width measured by the VLA and the PdBI
(FWHM p 280 km s ) but does not include the line wings"1

and the continuum (in earlier observations we derived a 2 j
upper limit of the continuum at 46 GHz of 0.1 mJy; Walter et
al. 2003). Given the limited signal-to-noise ratio in individual
channels, three individual channels were binned to one channel,
resulting in a total of four independent channels (widthp 9.375
MHz, or 60 km s )."1

For our analysis we created two data sets. The first data set
is based on the new C- and B-array data with a UV taper of
1 Ml, resulting in a beam size of and an rms0!.35# 0!.30
noise of 86 mJy beam in a 9.375 MHz channel. The rms noise"1

in the map covering the entire bandpass (37.5 MHz) is 43 mJy
beam . To boost the resolution in the central region, the B-"1

array data only were mapped using “natural” weighting; this
results in a beam of and an rms noise of 45 mJy0!.17# 0!.13
beam . The original D-array data were not included in this"1

analysis as they were not observed in spectral line mode.

3. RESULTS

3.1. Global Distribution of Molecular Gas

In Figure 1 we present the CO (3–2) emission in
J1148!5251 over the total measured bandwidth (37.5 MHz,
240 km s ) at ( kpc) resolution. The"1 0!.35# 0!.30 1.9# 1.7
emission is clearly extended, and Gaussian fitting in the map

plane gives a deconvolved major axis (FWHM) of 0!.65"
(∼3.6 kpc), a marginally resolved minor axis of0!.12 0!.25"
(∼1.4 kpc), and a position angle of (measured0!.12 15! " 10!

east from north). Molecular gas can be seen out to distances
of 0!.42 from the center (∼2.5 kpc; numbers are deconvolved
for the beam size). The source is possibly extended toward the
north (see also Fig. 2, first channel map), but more sensitive
observations are needed to confirm this extension. If we assume
that the main molecular gas concentration forms an inclined
disk, this gives an inclination of ∼65! (where 0! corresponds
to face-on), which implies that any inclination correction to the
measured rotational velocities is minimal. The fitted peak to
the central distribution is 0.21 mJy beam"1, and the integral
intensity is 0.55 mJy. This corresponds to an H2 mass of

.4 A 1 mJy continuum point source10M(H ) ∼ 1.6# 10 M2 ,

40! northeast of the QSO is unresolved, emphasizing that phase
decoherence is not the reason that the emission of J1148!5251
appears extended. Given our beam size of , the0!.35# 0!.30
peak brightness of 0.21 mJy beam"1 corresponds to a surface
brightness of 1.1 K or a beam-smoothed brightness temperature
of K at .1.1# (1! z) p 8.3 z p 6.42

3.2. Dynamics of the Molecular Gas

Assuming that the molecular gas is gravitationally bound
and forms an inclined disk with a radius of 2.5 kpc (see the
previous section) and that the gas seen in the PdBI spectrum
emerges from the same region (full width at zero intensity: 560
km s or km s ; Bertoldi et al. 2003b), we derive"1 "1v ∼ 280rot
an approximate dynamical mass for J1148!5251 of ∼4.5#

(or ∼ if we correct for an inclination10 1010 M 5.5# 10 M, ,

of ∼65!) with an error on the order of 50%. Within the large
uncertainties, this number is compatible with the derived mo-
lecular gas mass and the mass of the central black hole but
does not leave much room for additional matter (e.g., a massive
stellar bulge; see discussion below).

4 Here and in the following we assume constant brightness in the CO (3–
2) and CO (1–0) transitions and a conversion factor to convert CO luminosities
to H2 masses of (K km s pc ; see Walter et al. (2003)."1 2 "1a ∼ 0.8 M ),
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Figure 2. The dust continuum map (left), [C ii] line velocity-integrated map (middle), and line velocity maps (right) of the five new [C ii] detections. We calculate the line
intensity-weighted velocity map using pixels detected at !4σ in each case. The black crosses show the position of the optical quasar from the discovery paper (X. Fan
et al. 2013, in preparation; Mortlock et al. 2009; Jiang et al. 2008, 2009; Fan et al. 2000). The sizes of the synthesized beams are plotted in the bottom-left of each panel.
J2310+1855—the continuum contours are [−2, 2, 4, 8, 32, 64] × 0.1 mJy beam−1, and the line contours are [−2, 2, 4, 8, 16, 32] × 0.15 Jy beam−1 km s−1. The velocity
contours are [−1, 0, 1, 2, 3] × 40 km s−1. The 1σ rms noise is 0.06 mJy beam−1 for the continuum map and 0.14 Jy km s−1 beam−1 for the line map. J1319+0950—the
contours are [−2, 2, 4, 8, 16, 32] × 0.1 mJy beam−1 for the continuum, [−2, 2, 4, 6, 8, 10, 12] × 0.18 Jy beam−1 km s−1 for the line, and [−2, −1, 0, 1, 2, 3] × 75 km s−1

for the velocity map. The 1σ rms noise values are 0.08 mJy beam−1 and 0.18 Jy km s−1 beam−1 for the continuum and line maps, respectively. J2054−0005—the
continuum contours are [−2, 2, 4, 8, 16, 32, 64] × 0.04 mJy beam−1, the line contours are [−2, 2, 2.83, 4, 5.66, 8, 11.31, 16, 22.63] × 0.10 Jy beam−1 km s−1, and
the contours in the velocity map are [0, 1, 2] × 40 km s−1. The 1σ rms noise is 0.04 mJy beam−1 for the continuum map and 0.08 Jy km s−1 beam−1 for the line map.
J0129−0035—the contours are [−2, 2, 4, 8, 16, 32] × 0.1 mJy beam−1 for the continuum, [−2, 2, 4, 8, 16, 32] × 0.075 Jy beam−1 km s−1 for the line, and [−3, −2,
−1, 0] × 20 km s−1 for the velocity map. The 1σ rms noise is 0.05 mJy beam−1 for the continuum map and 0.08 Jy km s−1 beam−1 for the line map. J1044−0125—the
contours are [−2, 2, 4, 8, 16] × 0.08 mJy beam−1 for the continuum and [−2, 2, 4, 6, 8] × 0.14 Jy beam−1 km s−1 for the line. The 1σ rms noise is 0.09 mJy beam−1

for the continuum map and 0.14 Jy km s−1 beam−1 for the line map. The zero velocity in the velocity maps corresponds to the CO redshifts listed in Table 1.
(A color version of this figure is available in the online journal.)

4

CO	at	z=6.4	 [CII]	at	z=6.0	

Walter+	2004	 Wang+	2013	
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•  [CII]	158um	fine	structure	line:	
•  Principal	ISM	coolant	
•  Traces	regions	of	ac9ve	star	forma9on	
•  One	of	the	brightest	lines	in	star-forming	galaxies	
•  z	>	5	à	redshim	to	mm	bands	

H2O	
[CII]	

7

Figure 2: Spatially integrated [CII] spectrum of the z=6.42 quasar J1148+5251. The
[CII] line is detected at high significance (bandwidth covered: 1 GHz, or 1100 km s−1)
and is present on top of a 4.5±0.62 mJy continuum (consistent with an earlier estimate1

of 5.0±0.6 mJy). Gaussian fitting to the line gives a [CII] peak flux of 12.7±1.05 mJy, a
full width at half maximum (FWHM) velocity of 287±28 km s−1 and a central velocity
of 3±12 km s−1 relative to the CO redshift4 of z=6.419 (νobs=256.17 GHz). This leads
to a [CII] flux of 3.9±0.3 Jy km s−1 (consistent with earlier, unresolved observations5 of
4.1±0.5 Jy km s−1), which corresponds to a [CII] luminosity27 of L′

[CII]=1.90±0.16×1010

Kkms−1 pc−2 or L[CII]=4.18±0.35×109 L⊙ (adopting a luminosity distance of DL=64
Gpc16), yielding L[CII]/LFIR=1.9×10−4. This ratio is by an order of magnitude smaller
than what is found in local starforming galaxies (a finding consistent with local ultra-
luminous infrared galaxies, ULIRGs5,28,29). The line–free channels of the [CII] obser-
vations are used to construct a continuum image of J1148+5251 at 158 microns (rest
wavelength) as shown in Fig. 1 (left).

J1148+5251	at	z=6.42	 P036+03	at	z=6.54		

Walter+	2009		 Bañados+	2015b	
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•  Quasars	are	ideal	targets	to	study	the	early	universe	
•  Sample	of	~200	quasars	and	increasing	
•  Mul9wavelength	characteriza9on	on-going																												

ALMA,	VLA,	HST,	Spitzer,	Muse,	Op9cal/NIR	spectroscopy	

Summary	

•  Push	the	redshim	barrier	(Euclid,	WFIRST,	LSST,	…)	
•  QSO	host	galaxies	and	environments	with	ALMA	
•  Rest-frame	op9cal	proper9es	with	JWST	(BH	masses)	
•  Radio-loud	quasars	for	21cm	forest	with	SKA	

Outlook	


