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 The Epoch of Reionisation 

Time after Big Bang → 

 

Recombination                                                        Now 
     
    ↓ 

Epoch of Reionisation: 
first luminous sources 

  ↓   ↓ 
CMB	  
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Distant quasars: probes of the early universe 

•   Quasars at redshifts z ≳ 6 can be used to: 

-  determine the state of the intergalactic medium 
-  measure space density of massive black holes 

-  study the formation of massive host galaxies 
-  locate galaxy overdensities in the early universe 



4 16/03/2015 Quasars in the Epoch of Reionisation 

The search for distant quasars 

•  Problem: high redshift quasars are very rare 
•  Need multi-colour surveys over large area 
 

→ SDSS very successful, discovered many 
     luminous quasars up to z = 6.4 
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Fan, Carilli & 
Keating 2006

19	  quasars	  at	  
5.7	  <	  z	  <	  6.4	  from	  
the	  SDSS	  survey	  

z = 5.7

z=6.4

9800 Å
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The search for distant quasars 

•  Problem: high redshift quasars are very rare 
•  Need multi-colour surveys over large area 
 

→ SDSS very successful, discovered many 
     luminous quasars up to z = 6.4 

•  To find quasars at higher redshifts, wide field  
   NIR surveys are needed 
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Quasar searches in near IR surveys 

•   UKIDSS LAS: 4000 deg2, JAB~20.5 

•   VISTA/VIKING: 1500 deg2, JAB~21.5-22.0 

•   Pan-STARRS: 3π, yAB~20.5-21.0 

•   Dark Energy Survey, Euclid, LSST, … 
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Quasar searches in near IR surveys 

68 z~6 quasars 
SDSS / CFHQS / Stripe82 

Fan+ 2001-2006 
Willott+ 2006-2010 
Jiang+ 2008, 2009 
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Quasar searches in near IR surveys 
138 z>5.5 quasars 
SDSS / CFHQS / Stripe82 
UKIDSS / VIKING / PS1 

Mortlock+ 2011 
Morganson+ 2012 
BV+ 2013,2015a 
Bañados, BV+ 2014,2015ab 
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Quasar searches in near IR surveys 

Mortlock+ 2011 
BV+ 2013 
BV+ 2015 ←i-dropout limit 
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Quasar searches in near IR surveys 

11 quasars confirmed at z≳6.5 

Redshift 

A
bs

ol
ut

e 
U

V
 m

ag
ni

tu
de

 



14 16/03/2015 Quasars in the Epoch of Reionisation 

UKIDSS: a luminous quasar at z = 7.1 

Bright source: M1450 = -26.6 (KAB = 19.6!) 
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Mortlock, Warren, BV+ 2011 
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NIR spectroscopy of z > 6.5 quasars 

Characterising the central region 
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Observed	  wavelength	  

Black hole 
mass: 

1.5x109 M⊙ 

1.0x109 M⊙ 

2.1x109 M⊙ 

De Rosa, BV+ 2014 
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Enrichment of broad line region 
The Astrophysical Journal, 790:145 (14pp), 2014 August 1 De Rosa et al.

Figure 11. Fe ii/Mg ii line ratio as a function of redshift for z > 4. Black filled
circles: z > 6.5 sample; for J0109–3047 we are reporting the 3σ confidence
level. Dark gray empty squares: 4.0 < z < 6.4 sample, De Rosa et al. (2011).
Light gray empty squares: Fe ii/Mg ii ratios obtained for the z > 6.5 sample
using the same continuum model as De Rosa et al. (2011). There is no evidence
for evolution of the estimated Fe ii/Mg ii line ratio as a function of cosmic age
for 4.0 < z < 7.1 in the quasar sample.

Fe ii/Mg ii ratio is not only sensitive to the corresponding Fe
and Mg abundances, but also to the hydrogen density, to the
properties of the radiation field and to the gas micro-turbulence
(Baldwin et al. 2004; Verner et al. 2003, 2004; Bruhweiler &
Verner 2008). Therefore, following De Rosa et al. (2011), we
can conclude that the lack of evolution in the Fe ii/Mg ii can be
interpreted as an early enrichment of the quasar host only under
the assumption that, in the analyzed sources, the physical con-
ditions that determine the Fe ii emission are sufficiently similar.
Under such assumption, the quasar hosts must have undergone a
major episode of Fe enrichment before the cosmic age at which
they have been observed (∼0.8 Gyr). On the other hand, if Fe
and Mg are produced respectively via SNe Ia and core collapse
supernovae, one would expect Fe to be substantially produced at
least 1 Gyr after the initial burst of star formation (e.g., Hamann
& Ferland 1993). However, the expected enrichment time and
our observations are not in disagreement if we consider that
the actual picture is probably more complex. Fe could in fact
be generated by Pop III stars: extremely metal poor stars with
typical masses M ! 100 M⊙ that might be able to produce large
amounts of Fe by z " 10 (Heger & Woosley 2002). At the same
time, stellar nuclear yields are still rather uncertain, and there
are various scenarios in which significant metal production can
occur at early enough times to obtain a fully enriched BLR at
z ∼ 7 (Matteucci & Recchi 2001; Venkatesan et al. 2004).

5. SUMMARY

We have analyzed of optical and NIR spectra of the only
four z > 6.5 quasars known to date: J1120+0641, discovered in
the UKIDSS-LAS survey, and J2348–3054, J0109–3047, and
J0305–3150, recently discovered in the VISTA-VIKING sur-
vey. We presented new deep VLT/X-Shooter observations for
J1120+0641. Together with the new data, we analyzed all the

observations of the z > 6.5 sources collected by our group using
the VLT/X-Shooter spectrograph and the Magellan/FIRE spec-
trograph. The collected spectra provide essentially simultaneous
coverage of the 10000–24000 Å wavelength range. The quality
of this data set is likely the best achievable with the currently
available facilities.

We used the spectra to estimate the masses of the BHs that
are powering these z > 6.5 quasars and to study their emission-
line properties. The spectra were modeled using a combination
of a power-law continuum, a Balmer continuum, an Fe ii
+Fe iii template, and a series of emission lines. We developed
a maximum likelihood procedure for the spectral modeling,
which allows a reliable estimate of how the uncertainties in the
continuum modeling propagate into the estimates of the physical
quantities of interest. The z > 6.5 quasars are observationally
indistinguishable from their counterparts at lower redshifts.

We estimated the MBH from the Mg ii and C iv emission lines
using empirical mass-scaling relations. The MBH obtained from
the two estimators agree within 1σ . The quasars in our sample
host BHs with masses of ∼109 M⊙ that are accreting close
to the Eddington luminosity (⟨log(LBol/LEdd)⟩ = −0.4 ± 0.2),
in agreement with the average Eddington ratio obtained for a
4.0 < z < 6.5 sample. If the measured average Eddington ratio
is representative of the typical quasar accretion rate in the early
universe, highly massive BH seeds (M0 ! 104 M⊙) need to be
in place at very early times (z ! 20–30) in order to be able to
observe BHs with MBH ∼ 109 M⊙ at z = 6.5–7.1. At the same
time, quasar accretion episodes characterized by such high rates
must be short in time and limited in number. If the BHs powering
our sources had been accreting at an Eddington ratio of ∼0.4
for one additional characteristic accretion time (t ∼ 0.45 Gyr),
they would have reached masses of ∼1011 M⊙, which is one
order of magnitude larger than the most massive BH observed
in the local universe.

We estimated the Si iv/C iv and C iii]/C iv flux ratios and
compared them with the results obtained from luminosity
matched sub-samples at z ∼ 6 and 2 " z " 4.5. We find
no evidence of evolution of these line ratios with cosmic time.

We calculated fluxes for the Mg ii and Fe ii lines and compared
the measured Fe ii/Mg ii ratio with the results obtained for a
sample of 4.0 < z < 6.4 quasars. Since the Fe ii/Mg ii line
ratio measurements are significantly dependent on the adopted
modeling procedure, we performed a consistent analysis of
the two samples. We do not detect any redshift evolution of
the Fe ii/Mg ii ratio for 4.0 < z < 7.1. If we assume that
the Fe ii/Mg ii line ratio is a reliable proxy of the Fe/Mg
abundance ratio, this indicates that the z > 6.5 quasar hosts
must have undergone a major episode of Fe enrichment in the
first ∼0.8 Gyr after the Big Bang.

We thank the referee for useful comments that allowed us
to improve the quality of the paper. G.D.R. and B.M.P. are
grateful to the National Science Foundation for support of this
work through grant AST-1008882 to The Ohio State University.
B.P.V. acknowledges funding through the ERC grant “Cosmic
Dawn”
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NIR spectroscopy of z > 6.5 quasars 

Characteristics of the central region: 

•  No evolution in metal line ratios 

•  Black hole masses ~(0.5-3.7)x109 M⊙ 
•  Eddington ratio: 13% - 100% 

     → requires >104 M⊙ black hole seeds or 
          prolonged Eddington accretion at z > 7 

Mortlock+ 2011; De Rosa, BV+ 2014; BV+ 2015a 
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Quasar ionisation regions 

Quasar near zone: 

•  HII region around quasar 
•   Size of near zone:  
    R ∝ (1+z)-1 fHI

-1/3 (tQ x L)1/3 (e.g. Fan+ 2006) 

     - fHI neutral H fraction 
     - tQ quasar age 
     - L quasar luminosity 
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Quasar ionisation regions 

Redshift 
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BV+ 2015a 
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Quasar ionisation regions 

Redshift 
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    More work needed 

BV+ 2015a 
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factor 6.5↓ 
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mm observations of quasar host 

•  Due to bright central source, need to go to far-
infrared to detect host galaxy 

•  ALMA Cycle 1 observations of 3 z>6.6 quasars 
•  Snapshot: 10-15 minutes on-source 
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ALMA imaging of 6.6<z<6.9 quasars 
[CII] cooling line & 
FIR dust continuum 
detected: 
- L[CII] = 2-4 x109 L⊙ 
- LFIR = 1-13x1012 L⊙ 

→ SFR~100-1000  
     M⊙/yr 
 

BV+ 2015b 
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Map of [CII] emission of z=6.6 host 

Continuum-
subtracted map: 
25sigma detection

Emission marginally 
resolved in 0.6˝ beam 
Size: 3.4x2.2 kpc
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2hr PdBI on MUV=-27.2 quasar at z=6.5 

Brightest [CII] 
emitter at z>6.4 
 
Tentative detection 
of H2O 
 
Ideal to study ISM 
with ALMA 

[CII]

H20(?)

Bañados+ 2015c 
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Summary of mm observations 

•  ALMA/PdBI observations of 5 z > 6.5 quasars: 

    -  [CII] luminosities of (1.2-5.2) x 109 L⊙  

    -  FIR luminosities ~(1-13) x 1012 L⊙ 

           → SFRs: 60-1200 M⊙ yr-1 

    -  Sizes of line emitting region ~2-3 kpc 

    -  Signs of more components (outflow?) 
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Summary & outlook 

•  Quasars ideal targets to study the early universe 
•  Supermassive (>109 M⊙) hosted by 2-3 kpc 

dusty galaxies forming stars at >100 M⊙/yr 

•  Measure IGM properties in deep quasar spectra 
•  Study the ISM and constrain dust temperature 
   (ALMA CO detections in hand for z>6.6 hosts)  
•  Galaxy environment: so far no (clear) signs of 

overdensities (e.g. Bañados, BV+ 2013) 
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M-sigma relation 
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Black: local sample 
Blue: z~6 
Red, green: z>6.5 
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FIR line redshift vs MgII 

MgII blueshifted by 
500 km/s (average) 
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Quasar ionisation regions 

Proper distance [Mpc] 

Normalised spectra of  
three PS1 z>6.5 quasars 
  

BV+ 2015a 
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