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Ⓒ Xiaohui Fan

To the farthest reaches of the Universe
✶ z = 0.158 (1963)

✶ z = 7.54 (2018)

Banados+18
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✶ z = 7.54 (Banados+18)

✶ z = 7.085 (Mortlock+11)
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To the farthest reaches of the Universe



Formation of SMBHs

 ✶ What were the seeds?

 ✶ When were they born?

 ✶ How did they grow?

The most distant quasars - why do we care?

Banados+18

M(t) = M0 e[λ(1-ε)/ε](t/0.45 Gyr)
Maximum MBH 

Richards+06 Venemans+13

Number density L/MBH/REdd functions
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Cosmic Reionization

 ✶ When and where?

 ✶ How did it proceed?

 ✶ Ionizing sources?

The most distant quasars - why do we care?
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The biggest “thing” in the universe (George Becker)

zLya ~ 5.52 zLya ~ 5.88



The most distant quasars - why do we care?
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galaxies?



Host galaxy evolution

✶ Star formation history

✶ Quasar feedback?

✶ Chemical enrichment

De Rosa+14Wang+10Venemans+16

Stars and gas in the hosts Scaling relations Chemical evolution

The most distant quasars - why do we care?
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In order to perform these tests, 
you must FIND quasars first.
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Cumulative number of z > 6 quasar discovery

Pan-STARRS1, 
DES, HSC, …

Without  
HSC

HSC
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SHELLQs 
Subaru High-z Exploration of Low-Luminosity Quasars



HSC-SSP survey

g r i z y
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Subaru Hyper Suprime-Cam SSP survey

Hyper Suprime-Cam (HSC) 
✶ 116 2K x 4K Hamamatsu FD CCDs

   (104 CCDs for science exposures)

✶ Circular FoV of 1°.5 diameter

✶ Miyazaki et al. (2018)

The HSC SSP (Subaru Strategic Program) survey 
✶ 300 Subaru nights over 5 years, started in early 2014.

   Wide: rAB < 26.1 mag over 1400 deg2

   Deep: rAB < 27.1 mag over 27 deg2

   UDeep: rAB < 27.7 mag over 3.5 deg2

✶ Filters: (g, r, i, z, y) in Wide, + NBs in Deep & UDeep
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How do we find high-z quasars? 
(there are ~1 billion objects in the latest HSC catalog)



Bayesian probabilistic selection
Quasar probability: PQ = WQ/(WQ+WD)

  WQ (m, det) = ∫ ∫ ρQ (mint, z) Pr (det | mint, z) Pr (m | mint, z) dmint dz

  WD (m, det) = ∫ ∫ ρD (mint, tsp) Pr (det | mint, tsp) Pr (m | mint, tsp) dmint dtsp

observed magnitudes 
in HSC + NIR bands

source detection

g r i z y

→ Spectroscopic follow-up of all the photometric candidates with PQ > 0.1

Yoshiki Matsuoka (Ehime University)

IPMU APEC seminar (Kashiwa, Japan; Oct 4, 2018) 



Brief summary of the SHELLQs progress
✶ HSC-SSP survey: the previous, S17A data release contains ~650 deg2 of the Wide 
fields, with more than a single exposures in the i, z, and y bands.

✶ Candidate selection: ~300 candidates with (zAB < 24.5 or yAB < 24.0) & PQ > 0.1.

✶ Spectroscopic follow-up is underway, with Subaru, Gemini, and GTC. In particular, 
we were allocated 60 Subaru nights in total, including two “intensive program”s.


✶ We have identified 163 candidates so far, which include 80 high-z quasars, 25 high-z 
galaxies, 6 [O III] emitters at z~0.8, and 53 brown dwarfs.

✶ A series of publications:

  - Paper I (Matsuoka+16): initial discovery of 9 quasars

  - Paper II (Matsuoka+18): more discovery of 24 quasars

  - Paper III (Izumi+18): ALMA follow-up

  - Paper IV (Matsuoka+18): more discovery of 31 quasars

  - Paper V (Matsuoka+18, submitted): quasar luminosity function at z = 6
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Examples of the discovery images and spectra
J1429-0104 (z = 6.8)

J1205-0000 (z = 6.75)

J0921+0007 (z = 6.56)

J1545+4232 (z = 6.50)

J1004+0239 (z = 6.41)
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Highlight (1/5): 
Sample statistics
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Highlight (2/5) : the 3rd z > 7 quasar

✶ Subaru/FOCAS spectroscopy on April 24, 2018

✶ HSC photometry (g, r, i, z, y)

✶ Gemini/GNIRS spectroscopy on June 25 - July 29, 2018
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Highlight (3/5): Luminosity function at z = 6
✶ 110 complete sample of quasars from 
SDSS, CFHQS, and SHELLQs

✶ SHELLQs survey completeness
… estimated by adding artificial sources 

 to the HSC images, and recovering them.
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Highlight (3/5): Luminosity function at z = 6

  ✶ Bright-end slope  
    β = −2.78 ± 0.35 
   ✓ Consistent with the  
       past (SDSS, CFHQS)   
       measurements.

  ✶ Faint-end slope  
    α = −1.36 ± 0.41 
    ✓ Determined for the  
         first time.  
    ✓ Rather flat.

  ✶ Break magnitude 
    M1450* = −25.1 ± 1.0 
   ✓ The existence confirmed   
      for the first time.    
  ✶ Characteristic density 
    Φ* = 9.1+10.8-6.2 (Gpc-3 mag-1)
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✶ LF evolution over 4 ≤ z ≤ 6

→ Similar overall shape

→ Strong decline in the number densities
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Highlight (3/5): Luminosity function at z = 6
✶ Comparison with other measurements

→ Galaxies outnumber at M1450 > −23 mag

→ contradicts with the previous claim of 
“numerous faint AGNs dominating cosmic 
reionization”
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Highlight (3/5): Luminosity function at z = 6

→ Theoretical models…

Ishiyama+15

✶ So, how do we interpret this?



✶ Evolution of the HⅡ volume-filling factor 

→ In order to keep the IGM fully ionized:

(Madau+99, Bolton & Haehnelt07)
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Highlight (4/5): Contribution to reionization

✶ Total quasar emissivity of ionizing photons

where
- total emissivity


 at 1450 A

- Number of ionizing 

photons per L1450

luminosity function EUV SED
(Lusso+15)



→ Quasars alone cannot reionize the 
Universe. They contribute <10 % of the 
photons necessary to keep the IGM fully 
ionized.
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Critical rate to keep  
the IGM fully ionized

→ Integrating the luminosity function over 
-18 < M1450 < -30 mag gives the ionizing 
photon density:

   nion = 1048.9±0.2 (s-1 Mpc-3) 

→ <10 % of the density necessary to 

keep the IGM fully ionized

.

Highlight (4/5): Contribution to reionization



← composite spectrum  
           of 12 similar objects

7500                                             8500                                              9500             (Angstrom)    

✶ We classify these objects

   as “possible quasars”,

   given their bright Lyα 

   and NV mini-BAL (?) in 

   the composite spectrum.

Highlight (5/5): different classes of objects
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7500                                               8500                                                9500             (Angstrom)    
← composite spectrum  

           of 14 high-z galaxies
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Highlight (5/5): different classes of objects



7500                                               8500                                                9500             (Angstrom)    

7500                                               8500                                                9500             (Angstrom)    
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✶ Luminosity function = BH mass function x Eddington ratio function

Multi-wavelength follow-up (1/2): near-IR
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Bongiorno+16

→ BH mass measurements with Mg II λ2800 line in near-IR (Onoue+, in prep)

    … 9 objects observed so far with Subaru/MOIRCS, VLT/X-Shooter, Gemini/GNIRS



✶ 7 quasars observed in Cycles 4 & 5 (Band 6)

Multi-wavelength follow-up (2/2): ALMA
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Izumi+18; Izumi+ in prep
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To the farthest reaches of the Universe (future prospects)

?

30 nights with Subaru/FOCAS

through 2021A



Ⓒ Xiaohui Fan

✶ WFIRST
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To the farthest reaches of the Universe (future prospects)
✶ TAO



Thank you for your attention.

Yoshiki Matsuoka (Ehime University)

IPMU APEC seminar (Kashiwa, Japan; Oct 4, 2018) 


