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cosmic history



cosmic history

Last major phase change of our universe

Reionization



galaxies and black holes grow through 
gas accretion…

time

z=100
z=10

z=1

hydrodyn. simulations of structure formation

e.g. Springel et al.

theoretical framework



?epoch of galaxy 
assembly

Volume density of star formation in galaxies as f(cosmic time)

Madau & Dickinson 2014
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z>6 = ‘the first Gyr of the Universe’



the earliest galaxies

Oesch et al. 2017

these galaxy candidates are very faint!
…often impossible to confirm spectroscopically  

Bouwens et al.



quasars to the rescue!
- powered by accreting black holes
- brightest sources in universe
- UV/optical spectrum: 
  • power-law cont. by accretion disk +
          broad emission lines
- line width+continuum≈black hole mass
 

no host galaxy
visible in this
spectrum!



quasars: seen out to z~6 already a decade ago

…using SDSS:

supermassive black holes 
(>109 Msun) already exist within 
1 Gyr after Big Bang

challenging for black hole 
formation models    

Fan et al. 2006



quasars: spectral energy distribution



quasars: spectral energy distribution

• UV/optical:            
accretion disk
• Mid-infrared:                   

hot dust and torus
• Far-infrared:                

cool dust / host galaxy



quasars: a phase of a (host) galaxy

nearby quasars reveal hosts



quasars: a phase of a (host) galaxy

Kormendy & Ho 2013

Bulge mass (MSUN)

local black hole – bulge 
mass relation

nearby quasars reveal hosts
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we expect massive black holes to 
live in the most massive galaxies…

bulge luminosity/mass



quasars: tracing overdensities
…consequently we expect massive quasar hosts
                                                        to live in galaxy overdensities… 



quasars: probes of intergalactic medium

Credits: B. Keel, N. Wright



Credits: B. Keel, N. Wright
Fan et al. 2006

quasars: probes of intergalactic medium



Gunn Peterson effect
problem: complete absorption if universe is only 10-4 neutral

—> not a good measure of neutrality of IGM

Credits: B. Keel, N. Wright
Fan et al. 2006

quasars: probes of intergalactic medium



…sensitive to neutral IGM: fHI > 0.1
resolution: damping wing of the IGM…

based on Miralda-Escude 1998

challenge: unknown intrinsic spectrum

quasars: probes of intergalactic medium



outline of this talk

• Characterize massive quasar 
host galaxies at z>6

• Environment of the first 
supermassive black holes at z>6

• State of the intergalactic medium 
at z>6



but first… we need to find the quasars

but first!



• the challenge: 
• Quasars at z>6 are very rare
• < 1 Gpc-3 at z=6, i.e., < 1 per 100 deg2

• requirement: large area multi-color surveys

• Pan-STARRS1 database ~4 billion sources

finding the needle in the haystack
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quasar selection



quasar selection



quasar selection



quasar selection



brown

dwarfs

quasar selection



the search for distant quasars



SDSS

Stripe 82
CFHQS
UKIDSS

Fan+ 2000-2006
Jiang+ 2008-2009
Willott+ 2007-2010
Mortlock+ 2011

the search for distant quasars



SDSS

Stripe 82
CFHQS
UKIDSS

PanSTARRS
VIKING
DES, HSC

the search for distant quasars



Bañados+ 2014, 2016, 2016, 2017
Venemans+ 2015
Mazzucchelli+ 2017b
Jiang+ 2015, 2016
Reed+ 2015, 2017
Matsuoka+2016, 2017
…

…more than tripled in the 
last 3 years!

the search for distant quasars



200 z>5.6 quasars black hole masses: few 108 to few 109 Msun

note: many sources visible from the south

the Pan-STARRS1 z~6 quasar sample



Bañados+ 2016

the Pan-STARRS1 z~6 quasar sample



• Characterize massive quasar 
host galaxies at z>6

• Environment of the first 
supermassive black holes at z>6

• State of the intergalactic medium 
at z>6

outline of this talk



black hole masses: few 109 Msun 
—> stellar bulges of ~1012 Msun  ?
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…hosts not detected
in continuum or Ly-α

  HST attempts to detect z>6 host galaxies  

Quasar PSF star residual

…JWST!



The host galaxies dominate at rest-frame FIR

• Dust continuum
o Star-formation tracer
o ISM mass

• [CII] 158 um line
o Principal ISM coolant
o Brightest FIR line
o Star-formation tracer

• CO lines
o ISM tracer
o cold gas supply for SF
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quasar host galaxies



Walter+ 2003, 2004, 2009, Riechers+ 2009

J1148+5251 (z=6.42) 100s of hours:

Size: 5 kpc (CO), 2 kpc ([CII]/dust)
MH2 = 2 x 1010 MSUN
Mdyn < 1011 MSUN               
SFRSD=1000 Msun/yr/kpc2

(sub-)millimeter observations



[CII]

H2O

z=6.6 quasar (Banados et al. 2015)
only 3.5 hours with NOEMA!

(sub-)millimeter observations



z=7.08 quasar (Venemans+ 2017)

width: 400 km/s 0.24 x 0.22” 
(1.3 x 1.2 kpc)

• very compact emission
• no evidence for rotation

[CII]

H2O

z=6.6 quasar (Banados et al. 2015)
only 3.5 hours with NOEMA!

(sub-)millimeter observations



Decarli+ 2017b

• 27 quasars at 6 < z < 7
• 8 min on-source
• >100% [CII] + continuum detection!

ALMA [CII]/FIR survey

4 Decarli et al.

Figure 2. ALMA postage stamps showing the continuum-subtracted [C ii] line maps of each of the 27 sources in our sample,
integrated over a width of ±1.4⇥�line, in order to maximize the line S/N. Each panel is 1000⇥1000 wide. North is up, East to the
left. Only quasars with a [C ii] detection are shown. The solid black / dashed blue contours mark the ±2, 4, 6,. . .� isophotes.
The synthesized beam of the observations is shown in the bottom-left corner of each panel. Extended names are reported in
Table 2.

[C ii] survey in z > 6 quasars 5

Figure 3. ALMA spectra of [C ii] and underlying continuum of the quasars in our sample (black histograms), plotted with a
30 km s�1 velocity binning. The best fit Gaussian line+flat continuum models are shown as solid red lines. The fit values for
continuum and line are summarized in Table 5. We also show with dotted lines the best fits in those cases where no significant
line emission is detected.



  

ISM in quasar hosts at z>6
44 observed in [CII] 158 µm + underlying dust
(35 from MPIA)

Quasars at z>6

Decarli et al. (almost subm!)

ALMA [CII]/FIR survey

Decarli+ 2017b



No evidence for outflows in 
stacked (and individual) 
[CII] spectra.

Stack of ~30 [CII] spectra of z>6 quasars

ALMA [CII]/FIR survey

Decarli+ 2017b



Venemans+ 2018 in prep

complete sample 
of z>6 quasars

FIR luminosity (host)

…do not appear to 
depend on…

UV luminosity (black 
hole accretion)FI
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UV luminosity (BLR)

ALMA [CII]/FIR survey



at z=6, 1” = 6kpc  
—> sub-kpc resolution can be easily achieved with ALMA!

note: billion solar mass black hole: 
           ALMA can zoom in to the sphere of influence (few 100 pc)

The ALMA revolution: resolution 



PJ036+03 at z=6.54 at ~1kpc res.

spatially resolved quasar host kinematics

consistent with regular disk rotation
Venemans+ in prep



~1kpc resolution imaging 
reveals

multiply merging system

spatially resolved quasar host kinematics

PJ308-21 at z=6.25 at ~1kpc res.



ALMA [CII]
HST NIR (w/o quasar)

SFR in extended features 
(from [CII], FIR, and rest-frame UV): 10 Msun yr-1

SFR in central region: >> 100 Msun yr-1 

spatially resolved quasar host kinematics

PJ308-21 at z=6.25 at ~1kpc res.

Decarli+ in prep



Local black hole–bulge mass relation

Kormendy & Ho 2013

black hole - bulge mass relation at z>6



black hole - bulge mass relation at z>6

Local black hole–bulge mass relation

Kormendy & Ho 2013



black hole - bulge mass relation at z>6

Kormendy & Ho 2013



Venemans+ 2016

z > 6.5 quasar hosts
(Venemans et al. 2016)

+ z~6 quasar host galaxies 
from literature

Black holes too massive?

black hole - bulge mass relation at z>6



Willot et al. 2017

black hole - bulge mass relation at z>6

Venemans+ 2016

z > 6.5 quasar hosts
(Venemans et al. 2016)

+ z~6 quasar host galaxies 
from literature



torus

accretion 
disk

30—50 K
BB

                                                                                       [C II]                cont

=

Venemans et al. 2017

multi-line ISM diagnostics at z=6.9
J2348–3054 at z=6.9



torus

accretion 
disk

30—50 K
BB

 CO(6-5)           CO(7-6)         [C I](2-1)                          [C II]                cont

Line ratio [C II]/[C I] ≈ 20

=

Venemans et al. 2017

multi-line ISM diagnostics at z=6.9
J2348–3054 at z=6.9



[CII]/[CI] ratio:  G ~ 1000 G0 
[CII]/CO(7-6) ratio: ngas ~ 2 105 cm-3 

global properties not dominated by X-rays

Venemans et al. 2017

XDR PDR

no solution
solution

multi-line ISM diagnostics at z>6.5



outline of this talk

• Characterize massive quasar 
host galaxies at z>6

• Environment of the first 
supermassive black holes at z>6

• State of the intergalactic medium 
at z>6



observations still inconclusive …

Searches for Lyman Alpha Emitters around z>6 quasars:

—> no evidence for galaxy overdensities
Mazzucchelli+ 2017a
Bañados+ 2013

overdensities around high-z quasars

Ota et al. 2017, in prep.



Decarli+ 2017a, Nature

overdensities around high-z quasars

FIR-bright companions!

these companions are
not seen in deep Spitzer
/ HST images

contours: [CII]
color: dust continuum



Mdyn = 1 – 30 1010 Msun

projected separations:
           8 – 60 kpc
velocity offsets:
          40 – 580 km/s

Decarli+ 2017a, Nature

overdensities around high-z quasars
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Decarli+ 2017a, Nature

overdensities around high-z quasars



4 companions in 27 fields
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overdensities around high-z quasars

Decarli+ 2017a, Nature



4 companions in 27 fields

Background ~ 2 x 10-4 cMpc-3

(based on 1 source in HUDF, 
Aravena+ 2016)
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overdensities around high-z quasars

Decarli+ 2017a, Nature



factor > 100 higher than the 
field!

Projected separation (cMpc)C
um

. N
um

be
r o

f c
om

pa
ni

on
s 

pe
r f

ie
ld

overdensities around high-z quasars

Decarli+ 2017a, Nature

4 companions in 27 fields

Background ~ 2 x 10-4 cMpc-3

(based on 1 source in HUDF, 
Aravena+ 2016)



outline of this talk

• Characterize massive quasar 
host galaxies at z>6

• Environment of the first 
supermassive black holes at z>6

• State of the intergalactic medium 
at z>6



Credits: NRAO
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from Miralda-Escude 1998

Reminder: Damping wing sensitive to neutral gas fraction

IGM damping wing

challenge: unknown intrinsic spectrum



no clear consensus on IGM 
absorption nature
       e.g., Bosman & Becker 2015

z=7.1 quasar J1120 shows damping wing signature :

Wavelength (micron)
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first IGM damping wing signature at z=7.1

Mortlock+ 2011, Greig et al. 2017

fHI=0.4+/-0.2 at z=7.1

tuniv=770 Myr



z=6.4 (tuniv=880 Myr) is 110 Myr after z=7.1 (15% of cosmic time)

IGM damping wing already at z=6.4?

Bañados+ 2017 subm.



A metal–poor damped Ly↵ system at redshift 6.4 3
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Figure 1. FIRE spectrum of the quasar P183+05 (solid black line) and its 1� noise vector (solid gray line). Foreground
absorbers and strong sky subtraction residuals are masked (pale gray). The spectrum shape resembles a Ly↵ damping wing.
The vertical dashed lines show the expected position of the Ly↵ emission line at the systemic redshift of the quasar z = 6.4386
measured from the [C II] emission with ALMA (Decarli et al. 2017). The thick solid red line is the mean composite spectrum of
lower redshift quasars with similar spectral properties while the thin red lines are used as intrinsic continuum model as described
in Section 3.2. Top: The blue lines show that the observed damping wing can be modeled as caused by the IGM following
the formalism of Miralda-Escudé (1998). The example here assumes a constant IGM neutral fraction between the quasar’s
proximity zone (0.67 physical Mpc) and z = 6, while being completely ionized at z < 6. A neutral fraction xHi & 0.5 is required
to reproduce the spectral profile (see inset with the xHi probability density distribution). We do not show models with strong
Ly↵ for which the best fit gives unphysical neutral fractions of xHi > 1. We emphasize that this is an illustrative case and
not our favored scenario. Bottom: The blue lines show the e↵ect of a damped Ly↵ system (DLA) at z = 6.40392 (determined
from metal absorption features, see Section 3). The absorption can be explained if the DLA has a column density of hydrogen
of NHI = 1020.73±0.08 cm�2 (see inset with the logNHI probability density function). From the optical spectrum alone is not
possible to distinguish between the IGM or DLA scenarios. However, the metal absorption lines at z = 6.40392 detected in the
near-infrared spectrum (Figure 2), makes the DLA the most likely explanation for the Ly↵ damping wing in P183+05.

in velocity with respect to the background quasar classi-
fies this system as a proximate DLA (or PDLA). PDLAs
are arbitrarily defined as DLAs with a velocity di↵erence
smaller than 3000 km s�1 from the background quasar

(e.g., Prochaska et al. 2008). This definition arises be-
cause of the typical uncertainties in ultraviolet emission
line redshifts and is meant to exclude DLAs from sta-
tistical samples that could have been associated with
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Figure 1. FIRE spectrum of the quasar P183+05 (solid black line) and its 1� noise vector (solid gray line). Foreground
absorbers and strong sky subtraction residuals are masked (pale gray). The spectrum shape resembles a Ly↵ damping wing.
The vertical dashed lines show the expected position of the Ly↵ emission line at the systemic redshift of the quasar z = 6.4386
measured from the [C II] emission with ALMA (Decarli et al. 2017). The thick solid red line is the mean composite spectrum of
lower redshift quasars with similar spectral properties while the thin red lines are used as intrinsic continuum model as described
in Section 3.2. Top: The blue lines show that the observed damping wing can be modeled as caused by the IGM following
the formalism of Miralda-Escudé (1998). The example here assumes a constant IGM neutral fraction between the quasar’s
proximity zone (0.67 physical Mpc) and z = 6, while being completely ionized at z < 6. A neutral fraction xHi & 0.5 is required
to reproduce the spectral profile (see inset with the xHi probability density distribution). We do not show models with strong
Ly↵ for which the best fit gives unphysical neutral fractions of xHi > 1. We emphasize that this is an illustrative case and
not our favored scenario. Bottom: The blue lines show the e↵ect of a damped Ly↵ system (DLA) at z = 6.40392 (determined
from metal absorption features, see Section 3). The absorption can be explained if the DLA has a column density of hydrogen
of NHI = 1020.73±0.08 cm�2 (see inset with the logNHI probability density function). From the optical spectrum alone is not
possible to distinguish between the IGM or DLA scenarios. However, the metal absorption lines at z = 6.40392 detected in the
near-infrared spectrum (Figure 2), makes the DLA the most likely explanation for the Ly↵ damping wing in P183+05.

in velocity with respect to the background quasar classi-
fies this system as a proximate DLA (or PDLA). PDLAs
are arbitrarily defined as DLAs with a velocity di↵erence
smaller than 3000 km s�1 from the background quasar

(e.g., Prochaska et al. 2008). This definition arises be-
cause of the typical uncertainties in ultraviolet emission
line redshifts and is meant to exclude DLAs from sta-
tistical samples that could have been associated with

IGM damping wing already at z=6.4?

Bañados+ 2017 subm.

can be modeled with IGM
damping wing…

OR

absorber at redshift close 
to quasar

z=6.4 (tuniv=880 Myr) is 110 Myr after z=7.1 (15% of cosmic time)



Bañados+ 2017 subm.
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Figure 1. FIRE spectrum of the quasar P183+05 (solid black line) and its 1� noise vector (solid gray line). Foreground
absorbers and strong sky subtraction residuals are masked (pale gray). The spectrum shape resembles a Ly↵ damping wing.
The vertical dashed lines show the expected position of the Ly↵ emission line at the systemic redshift of the quasar z = 6.4386
measured from the [C II] emission with ALMA (Decarli et al. 2017). The thick solid red line is the mean composite spectrum of
lower redshift quasars with similar spectral properties while the thin red lines are used as intrinsic continuum model as described
in Section 3.2. Top: The blue lines show that the observed damping wing can be modeled as caused by the IGM following
the formalism of Miralda-Escudé (1998). The example here assumes a constant IGM neutral fraction between the quasar’s
proximity zone (0.67 physical Mpc) and z = 6, while being completely ionized at z < 6. A neutral fraction xHi & 0.5 is required
to reproduce the spectral profile (see inset with the xHi probability density distribution). We do not show models with strong
Ly↵ for which the best fit gives unphysical neutral fractions of xHi > 1. We emphasize that this is an illustrative case and
not our favored scenario. Bottom: The blue lines show the e↵ect of a damped Ly↵ system (DLA) at z = 6.40392 (determined
from metal absorption features, see Section 3). The absorption can be explained if the DLA has a column density of hydrogen
of NHI = 1020.73±0.08 cm�2 (see inset with the logNHI probability density function). From the optical spectrum alone is not
possible to distinguish between the IGM or DLA scenarios. However, the metal absorption lines at z = 6.40392 detected in the
near-infrared spectrum (Figure 2), makes the DLA the most likely explanation for the Ly↵ damping wing in P183+05.

in velocity with respect to the background quasar classi-
fies this system as a proximate DLA (or PDLA). PDLAs
are arbitrarily defined as DLAs with a velocity di↵erence
smaller than 3000 km s�1 from the background quasar

(e.g., Prochaska et al. 2008). This definition arises be-
cause of the typical uncertainties in ultraviolet emission
line redshifts and is meant to exclude DLAs from sta-
tistical samples that could have been associated with

can be modeled with IGM
damping wing…

OR

absorber (DLA) at 
redshift close to quasar

IGM damping wing already at z=6.4?

z=6.4 (tuniv=880 Myr) is 110 Myr after z=7.1 (15% of cosmic time)



A metal–poor damped Ly↵ system at redshift 6.4 5
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Figure 2. Continuum-normalized spectral regions where we identify metal transitions associated with an absorber at z =
6.40392 (vertical dashed lines). Each panel shows a di↵erent metal transition and the blue shaded areas show the regions used
to measure their column densities (see Table 2). The lines with the blue shading are all detected at more than 4.5� significance.
The horizontal dotted line marks the continuum level, and the gray lines represent the 1� uncertainties. The dotted blue line
in the panel of the C II �1334 line correspond to the expected position of the C II⇤ line, which is not detected in this data (see
text for implications). The Si II �1526 and Si II �1260 transitions are likely contaminated as their strengths overpredict the
strength observed in the marginal (⇠2�) detection of Si II �1304 (see text).

1500 km s�1 from the Mg II-derived redshift. This
yields 3851 quasars.

2. We then measure the median signal-to-noise ra-
tio (S/N) at the continuum level of the C IV re-
gion for each spectrum. We only retain objects
with a median S/N> 5 in the wavelength range
1450 � 1500 Å. After this step, we are left with
2145 quasars.

3. We model the C IV line wavelength region for each
quasar as a power-law plus a Gaussian. We esti-
mate the C IV EWs and their velocity o↵sets with
respect to the Mg II redshift, which is thought to
be a reliable systemic redshift estimator (Richards
et al. 2002).

4. We require the quasars to have EWs consistent
with the one measured in P183+05 (EW= 11.8 ±

0.7 Å) at the 3-� level. Given that some z > 6
quasars have shown to have significant blueshifts
between Mg II and [C II] lines (Venemans et al.
2016), we select SDSS quasars with a C IV

blueshift (measured from the Mg II line) consistent
within 1000 km s�1 of the P183+05 C IV blueshift
(5057 ± 93 km s�1; measured from the [C II] line).
After applying these criteria, we are left with 61
P183+05 ‘analogs’.

5. We fitted the continua of these analogs by a slow-
varying spline to remove strong absorption sys-
tems and noisy regions. We then normalized each
spectrum at 1290 Å and averaged them. This
mean composite spectrum is shown in red in Fig-
ure 3. It matches remarkably well the general fea-
tures in the observed spectrum of P183+05.

absorber present at 
z=6.40392, very close 
to quasar!

very uncommon that we
see the the host galaxy 
in absorption.

caution needed when interpreting
IGM Damping Wing features

IGM damping wing already at z=6.4?

Bañados+ 2017 subm.



We need more quasars at z>7…



Bañados+ 2017, Nature, subm.

Age of universe: 690 Myr; ~10% younger than at z=7.1
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Figure 3. Continuum emission and Lya damping wing modeling in the spectrum of J1342+0928 (in units of
erg s�1 cm�2 Å�1). Top: The quasar spectrum is the same shown in Figure. 1. The continuum model in red is constructed by
averaging the SDSS DR12 quasars26 not flagged as broad-absorption line quasars in the redshift interval 2.1 < zMg II < 2.4, and
with a median S/N> 5 in the C IV region. The subsample was further refined considering only SDSS quasars with a C IV
blueshift with respect to Mg II within 1,000kms�1 of that observed in J1342+0928 (6,090±275kms�1) and with rest-frame
C IV equivalent widths consistent at the 3s -level with the C IV equivalent width of J1342+0928 (EW = 11.3±0.8Å). This
yielded 46 ‘analog’ quasars. Their continua were individually fit by a slow-varying spline to remove strong absorption systems,
noisy regions, and interpolate between high transmission peaks blueward of Lya . We then normalized each spectrum at 1290Å
and averaged them. This mean SDSS composite spectrum is shown in red, and reproduces fairly well the spectral features of
J1342+0928, including the C III] profile, which was not used to select the SDSS ‘analogs’. Assuming the systemic redshift
derived from [C II], the proximity zone of J1342+0928, which is defined27, 28 as the physical radius at which the transmission
drops to 10%, is 1.3 Mpc. Bottom: Zoom-in to the Lya region showing a strong absorption profile that can be modeled as a
Lya damping wing caused by a significantly neutral IGM. The black and gray curves are the FIRE spectrum and 1s error
binned by a factor of two. The pale gray lines show regions masked out due to intervening absorption systems. The thick red
line is the mean SDSS matched composite spectrum (see top panel) while the thin red lines are used as intrinsic emission
models (100 out of 3000 shown). To take into account the error in the prediction for any given quasar, these models consist of
bootstrapped mean composite spectra plus a relative error vector (SDSS quasar - mean)/mean randomly chosen among the 46
possible error vectors. The blue lines represent the expected IGM damping wing modeled following the prescription of
Miralda-Escudé (1998)18 assuming a fully ionized proximity zone (region between the vertical dashed lines), a constant neutral
fraction xHI between the end of the quasar’s proximity zone and z = 7.0, and a fully ionized IGM at z < 7. The exact choice of
the transition redshift does not significantly affect the results. The inset shows the distribution of xHI, with a preferred value of
xHI = 0.55+0.22

�0.17. The central 95% of the probability distribution covers the range xHI = 0.26�0.93. In the Methods section we
present one additional method to model the quasar’s intrinsic emission and two additional models of the IGM damping wing.
These methods agree with the main result of this analysis: a significantly neutral IGM is required to reproduce the damping
wing profile in the spectrum of J1342+0928.
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damping wing signature…
…and no evidence for absorber

new record-redshift quasar at z=7.54

MBH=8 108 Msun
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Bañados et al. 2017

Planck XLVII 2016
CMB + kSZ
+ z ⇠ 6 quasars

0.5 0.6 0.7 0.8 0.9
Time (Gyr)

Figure 4. Constraints on the history of reionization in terms of hydrogen neutral fraction vs. cosmic time from the Big Bang
in gigayears (redshift on the top axis). The contours show the 1s and 2s constraints from the optical depth to the Cosmic
Microwave Background (CMB), the kinetic Sunyaev-Zeldovich (kSZ) effect, and z ⇠ 6 quasars compiled by the Planck
collaboration24 (see their Figure 17 and references therein). The data points represent the 1s constraints from the damping
wing analyses of J1120+0641 at z = 7.0919 (xHI = 0.40+0.21

�0.19) and J1342+0928 at z = 7.54. The red error bar represents the
analysis presented in Figure 3, while the black and white measurements are the most conservative constraints (i.e., lower
neutral fraction) from the two additional models (B and C) of the Lya damping wing of J1342+0928 presented in the
Methods section (see Extended Data Table 2). All our analyses consistently find a large fraction of neutral hydrogen
surrounding J1342+0928. The uncertainties in the IGM damping wing analyses do not include cosmic variance, i.e., we are
constraining one line-of-sight per quasar. In order to better comprehend the global history of reionization would require
additional measurements at similar redshifts along more lines of sight. We note that the quasar IGM damping wing constraints
shown in this figure have used a range of methods to perform the analysis and thus have different systematics.
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(one sightline) constraint on the IGM at z=7.5 

new record-redshift quasar at z=7.54

Bañados+ 2017, Nature, subm.



constraints on early black hole growth

new record-redshift quasar at z=7.54

Bañados+ 2017, Nature, subm.

Eddington accretion:
need >1000 Msun BH

at z=40
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Figure 1. NOEMA spectrum of the redshifted [C II] emission line
and the underlying continuum in J1342+092, extracted from the
peak pixel in the datacube. The binsize is 40 MHz, which corre-
sponds to ∼54 km s−1. The dotted lines indicate +σ and −σ, with
σ being the noise in each bin. The red, solid line is a flat contin-
uum plus Gaussian fit to the spectrum (the fit values are reported in
Table 1).

and from scaling the Arp220 and M82 templates (Silva et al.

1998). We stress that due to the unknown shape of the dust

continuum, the FIR and TIR luminosities remain highly un-

certain, while the SFR and dust mass we derive crucially de-

pend on the applicability of local correlations to this high

redshift source.

Scaling the NOEMA continuum detection of S223.5GHz =
415 ± 73µJy to the three dust SED models results in lumi-

nosities of LFIR = (0.5− 1.4)× 1012 L⊙ and LTIR = (0.8−
2.0) × 1012 L⊙. The derived dust mass is Md = (0.6 −
4.3)× 108 M⊙. Applying the local scaling relation between

LTIR and SFR from Murphy et al. (2011) and assuming

the infrared luminosity is dominated by star-formation (e.g.,

Leipski et al. 2014) results in a SFR of 120 − 300M⊙ yr−1.

This is significantly lower than the SFR derived for some

of the quasar hosts at z ∼ 6 (e.g., Walter et al. 2009),

but very similar to the SFR in J1120+0641 at z = 7.1
(Venemans et al. 2017).

3.2. Tentative Radio Continuum Emission

We now look into the origin of the potential VLA con-

tinuum detection. The first possibility is that the source is

spurious. The S/N is only 2.6 and as shown in Figure 2, sev-

eral positive noise peaks are visible close to the location of

the quasar. It is therefore plausible that the 41 GHz detec-

tion will disappear when adding more data. On the other

hand, if the source is real, then the question is whether it is

due to dust emission, free–free emission, or non-thermal pro-

cesses, e.g., synchrotron radiation. The typical quasar dust

SED, the MBB with Td = 47K and β = 1.6 predicts flux

densities of 90, 28, and 1.5µJy at 135.5, 95, and 41.0 GHz,

respectively (Figure 3). The limits in the NOEMA 2 mm and

3 mm bands are consistent with these expected flux densi-

ties, but the flux density measured in the VLA image is sig-

nificantly (∼10×) higher than expected from the dust emis-

sion. A much shallower emissivity index (β ≪ 1.5) and/or

a lower dust temperature, that would result in a higher flux

density at 41 GHz, can be ruled out by the non-detections

at 135.5 and 95 GHz (Figure 3). Based on the derived SFR

in the host galaxy (SFR= 85 − 545M⊙ yr−1, Table 1),

the strength of free–free emission at 41.0 GHz is negligible

(Sff ≪ 1µJy, e.g., Yun & Carilli 2002). Alternatively, the

flux density could be due to synchrotron radiation. We can

estimate the radio-loudness of the quasar using the radio-to-

optical flux density ratio R = S5GHz,rest/S
4400 Å,rest

with

S5GHz,rest and S
4400 Å,rest

the flux densities at rest-frame

5 GHz and 4400 Å, respectively (Kellermann et al. 1989).

Assuming a radio continuum can be described by a power-

law (fν ∝ να) with α = −0.75 (e.g., Bañados et al. 2015),

we derive S5GHz,rest = 363µJy. Following Bañados et al.

(2015) we derive S
4400 Å,rest

= 29µJy from the WISE W1

magnitude (W1 = 20.17). We obtain R = 12.4, making

J1342+0928 a radio-loud quasar (where radio-loud is de-

fined as R > 10). Note that this is still consistent with

the non-detection in the FIRST survey, with a 3 σ upper

limit of S1.4GHz < 432µJy, as the expected flux density for

J1342+0928 is S1.4GHz ≈ 190µJy (Figure 3). Deeper imag-

ing at radio frequencies will provide a definitive answer.

3.3. [C II] luminosity

We detect the [C II] emission line in J1342+0928 in the

continuum-subtracted [C II] map (Figure 2) with a S/N∼10.

The spectrum, extracted from the peak pixel in the datacube,

is shown in Figure 1. From a Gaussian fit to the line, we

derive a redshift of z[CII] = 7.5413 ± 0.0007, a line flux

of F[CII] = 1.25 ± 0.17 Jy km s−1, and a dispersion of

σ[CII] = 163± 24 km s−1 (FWHM[CII] = 383± 56 km s−1),

see Table 1. This corresponds to a [C II] luminosity in this

quasar of L[CII] = (1.6 ± 0.2) × 109 L⊙, which is roughly

∼15% brighter than J1120+0641 at z = 7.1 (Venemans et al.

2017), and a factor 3–5 fainter than the most [C II] lumi-

nous quasar at z ∼ 6 (e.g., Maiolino et al. 2005; Wang et al.

2013).

The redshift derived from the [C II] line is higher than

that derived from the UV emission lines of the quasar. The

C IV and Mg II lines are blueshifted by 6580±270 km s−1

and 500±140 km s−1 with respect to the [C II] line. The

Mg II shift is close to the mean blueshift of the Mg II line

of 480 km s−1 found in a sample of z ∼ 6 − 7 quasars (e.g.,

Venemans et al. 2016). This could indicate the presence of

an outflow (e.g., Mazzucchelli et al. 2017).

We measure a rest-frame [C II] equivalent width of

EW[CII] = 1.73 ± 0.43µm, which is consistent with

the mean EW[CII] of local starburst galaxies (which have

⟨EW[CII]⟩ = 1.27 ± 0.53µm, see e.g., Dı́az-Santos et al.

2013; Sargsyan et al. 2014) and higher than those of

luminous (M1450 < −27) quasars at z ∼ 6 (e.g.,
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Figure 2. Maps of the [C II] emission (left), the continuum emission at 223.5 GHz (middle), and the continuum at 41.0 GHz of J1342+0928.
The [C II] map was created by averaging the continuum-subtracted datacube over 455 km s−1 (2.8 × σ[CII]). The cross indicates the near-
infrared position of the quasar. The beam is overplotted in the bottom left corner of each map. The contours show the emission at levels
−3σ and −2σ (dotted lines) and +2σ, +3σ, +5σ, +7σ, and +9σ (solid lines), where the σ denotes the noise in the image (247µJy beam−1,
73µJy beam−1, and 5.7µJy beam−1, respectively). The nearby mm continuum source (Section 2.1) can be seen towards the North–East in the
middle panel.

Figure 3. Far-infrared and radio spectral energy distribution of
J1342+0928. The data points from left to right represent the
NOEMA 1 mm, 2 mm, and 3 mm observations, the tentative VLA
41.0 GHz detection and the FIRST upper limit. Overplotted are
three different dust SEDs scaled to the 1 mm detection and two
power-laws describing radio synchrotron radiation. The dust model
with canonical values (Td = 47K and β = 1.6) agrees well with
the upper limits on the continuum emission at 2 mm and 3 mm, but
predicts a much lower continuum flux density at 41.0 GHz. A shal-
lower β (β = 1.0) or a lower dust temperature (Td = 24K, slightly
above the CMB temperature at z = 7.54), illustrated by the dashed
and dotted lines, also predict a 41.0 GHz flux density below that of
the tentative VLA source. The upper limit in FIRST does not pro-
vide strong constraints on the slope of the radio emission.

Wang et al. 2013). The [C II]-to-FIR luminosity ratio is

L[CII]/LFIR = (0.6 − 2.6) × 10−3 (Figure 4), again con-

sistent within the large uncertainties with the L[CII]/LFIR

ratio of local star-forming galaxies which have a median

L[CII]/LFIR = 2.5× 10−3 (e.g., Dı́az-Santos et al. 2013).

We can estimate the SFR from the [C II] emission using

the SFR-L[CII] relations for high-redshift (z > 0.5) galaxies

of De Looze et al. (2014):

SFR[CII]/M⊙ yr−1 = 3.0× 10−9(L[CII]/L⊙)
1.18, (1)

with a systematic uncertainty of a factor ∼2.5. With

L[CII] = (1.6 ± 0.2) × 109 L⊙ we derive SFR[CII] =
85 − 545M⊙ yr−1, which is similar to the SFR based on

the TIR luminosity (Section 3.1).

The [C II] emission is not resolved in the 2.′′5×1.′′5 beam

(Figure 2). We fitted a 2D Gaussian to the [C II] map using

the CASA task “imfit” and we derive a 1σ upper limit on

the size of 1.′′7×1.′′2 (FWHM). A similar limit on the source

diameter of D < 1.′′0 is found when fitting a 1D Gaussian

to the uv data. This translates to an upper limit on the size

of the [C II]-emitting region of 8.4×5.9 kpc2 or a diameter

of D ! 7 kpc. Approved observations with ALMA at higher

spatial resolution will put tighter constraints on the size of

the host galaxy.

From the strength of the [C II] emission line, we can de-

rive the mass of singly-ionized Carbon. In analogy to the

formula to compute the mass of neutral Carbon provided in

Weiß et al. (2005) and assuming optically thin [C II] emis-

sion, the mass of singly-ionized Carbon can be calculated

using:

this z=7.5 quasar is bright in [CII] and dust emission

…interesting questions regarding metal production 
in the very early universe

new record-redshift quasar at z=7.54

Venemans et al. 2017

currently spatially unresolved, FWHM = 380 km/s
Mdust = 1-4 108 Msun, M[CII] ~ 5 106 Msun



quasars in the first Gyr of the universe: 
    unique probes of physical properties of massive hosts, 
    their environments, and the intergalactic medium.

puzzling findings… out to z=7.5 (tuniv=690 Myr)
     - rapid early supermassive black hole growth 
     - significant chemical enrichment already at that time

bright future: EUCLID/WFIRST, LSST, JWST

concluding thoughts



THE END


