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Schematic View of Growth History of Super Massive BHs
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In order to qualitatively understand the growth history, for each SMBHs (or each q y g y, (
population of SMBHs) we want to know

1. Accretion rate = Bolometric luminosity
2 BH Mass2. BH Mass
3. Growth timescale = Accretion rate / BH Mass = Eddington ratio
4. Duty cycle = “QSO life time” Length of “QSO phase” in the life of galaxies



Background / Outline

0.     Duty-cycle of QSOs in the early phase of their growth : before the 
peak of QSO activity QSOs can be accreting at Eddington-limitedpeak of QSO activity, QSOs can be accreting at Eddington-limited 
manner with high-duty cycle ?

1.     Examining clustering properties of QSOs at z~4 ?
Can it be done only with the HSC-SSP dataset alone ?

2.     By QSO-QSO clustering ?
Can we examine the auto-correlation of QSOs of HSC-SSP dataset ?Can we examine the auto correlation of QSOs of HSC SSP dataset ?

3. By QSO-galaxy clustering ?
Can we examine the cross-correlation between QSOs and galaxies ?

4 Beyond the clustering analysis ?4.     Beyond the clustering analysis ?



QSO-QSO auto-correlation strength and duty-cycle

• QSO-QSO auto-correlation function 
(lower dotted line for CDM with WMAP

Q Q g y y

(lower dotted line for CDM with WMAP 
cosmology)

• Bias = QSO clustering / CDM clustering

• Mean mass of dark matter halo of QSOs 
derived from the bias factor

• Dividing the number density of QSOs by 
the number density of the dark matter 
halos, duty-cycle of "QSO-phase" can be a os, duty cyc e o QSO p ase ca be
constraint.

Croom et al. 2005



QSO-QSO auto-correlation strength and duty-cycleQ Q g y y

Croom et al. 2005

• Upper limit for QSO lifetime is etimated with the time required for a dark pp q
matter halo with 3.0x10^12 Msolar (mean) to 6.2x10^12 Msolar (above 
2sigma).



Results from QSO-QSO clustering at high-zQ Q g g

LBGs from Hildebrandt et al. 2009

Stronger clustering of radio loud QSOs• Stronger clustering of radio-loud QSOs
• The most luminous QSOs show stronger 

clustering.

Shen et al. 2009, ApJ, 697, 1656



Locating “QSO-phase” in the evolutionally path of galaxiesg Q p y p g
“QSOs”, “blue starforming

galaxies”, and “red 
quiescent galaxies” arequiescent galaxies  are  
linked evolutionally 
through the measured 
clustering strength at 
each redshift.

“Blue starforming galaxies” 
with weak clustering are 
expected to evolve into 
“QSO” with stonger
clustering and furtherclustering, and further 
evolve into “red quiescent 
galaxies” with the 
strongest clustering.

The time-lag between the 
three phases are 

i dexamined.

Hopkins et al. 2007



QSO auto-correlation in HSC survey only
• AGN-AGN auto-correlation function examined with the mock catalog from the semi-analytic model of 

Enoki et al. 
Quantitative examinations look difficult with imaging only AGN survey, especially at wide separation.

Q y y

Quantitative examinations look difficult with imaging only AGN survey, especially at wide separation. 
Science target for PSF survey.

If we can divide z=3-4 QSO sample 
into 2 bins with zphot

If we have zspec

Bright QSOs only
Number density similar to the density at LBG contamination limit

Including fainter QSOs
Number density higher than LBG contamination limit



QSO-galaxy cross-correlation, instead ?Q g y ,

• Why AGN-AGN auto-correlation is difficult ?
‒ The number of the pairs is not large enough to overcome the 

background/foreground contamination.

• Instead, AGN-galaxy cross-correlation function
• At z~1 DEEP2 zspec: Coil et al. 2007
• At z~1 AEGIS zspec: Coil et al. 2009

• At z=0.1-1.0 only with imaging dataset: Komiya-san, Shirasaki-san’s poster



AGN-galaxy correlation at z~3g y

• At z~3 LBG ‒ AGN: Adelberger & Steidel, 2005, ApJ, 630, 50



1st yr paper with 5-color 100 sq.deg dataset at "wide" depth y p p q g p

• “Locating luminous QSOs among luminous LBGs at z~4”

50 QSOs from SDSS sample with the same criteria with SMBH mass‒ ~50 QSOs from SDSS sample with the same criteria with SMBH mass
• Based on 3<z<5 QSOs brighter than i<20.5 = 1.37 /sq.deg (Richards 

et al. 2006, 131, 2766).
QSO h B d l h d d‒ 400 QSOs with B-dropout selection method in 100 sq.deg, we may 

divide the sample with radio-loudness.

‒ 1,000 (10,000) LBGs down to i=23 (24) in 100 sq.deg

‒ 10deg corresponds to comoving 1200Mpc sufficiently big to trace the10deg corresponds to comoving 1200Mpc sufficiently big to trace the 
large scale distribution



Samples : AGNsp

• HSC wide survey :
‒ 1,000 sq.degree、5-bands
‒ g(26.5), r(26.1), i(25.9), z(25.1), y(24.4) 5-sigma
‒ g(27.5),r(27.1), i(26.9), z(26.1), y(25.4) 2-sigmag(27.5),r(27.1), i(26.9), z(26.1), y(25.4) 2 sigma

• AGNs
I i d t l d t + h l AGN/QSO l ti‒ Imaging data only = g-dropout + morphology AGN/QSO selection

‒ >4,000 QSOs at z=3.6-4.4 above r-mag<23.0 (LBG contamination limit) 
from Imanishi-san’s summary

‒ 1 deg. corresponds to comoving 120Mpc@z=3 - 136Mpc@z=4  
‒ 30 deg. corresponds to comoving 3600Mpc@z=3 ‒ 4080Mpc@z=4



B-drop (g-drop) QSO selectionp (g p) Q

3 0-3 3 3.9-4.23.0-3.3

• Color distributions of SDSS spec-z QSOs as a 
function of redshift. 

• The completeness function of QSOs (solid line) if

3.3-3.6 4.2-4.5

• The completeness function of QSOs (solid line) if 
we use the selection criteria shown with the 
dotted lines.

• Dashed line is the completeness function if we p
apply further reddening with E(B-V)=0.3

• See Ikeda-san’s talk.3.6-3.9 4.5-4.8



Samples: Galaxiesp

• Imaging data only = g-dropout selection of galaxies
‒ >10 LBGs/sq.deg, >10,000 LBGs (luminous end) at z~4 above i-mag<23.0q g g
‒ >100 LBGs/sq.deg, >100,000 LBGs at z~4 above imag<24.0
‒ Luminous LBGs are more extended than fainter LBGs, easier to be separated from 

QSOs ?

Ouchi et al. 2004, ApJ, 611, 660



Samples: Galaxiesp

• Imaging data only = g-dropout selection of galaxies
‒ >10 LBGs/sq.deg, >10,000 LBGs (luminous end) at z~4 above i-mag<23.0q g g
‒ >100 LBGs/sq.deg, >100,000 LBGs at z~4 above imag<24.0

Hildebrandt et al. 2009, A&A, 498, 725



B-drop “luminous” LBGp

• More luminous LBGs have stronger clustering.

• They trace the large scale structure more biased y g
manner.

Ouchi et al. 2004, ApJ, 611, 660



B-drop “luminous” LBGp

Hildebrandt et al. 2009, A&A, 498, 725



Clustering between AGNs and galaxies at z~4g g

Projected cross-correlation of model AGNs (randomly selected 200 galaxies with 
M*>10^10.5, 10^10, 10-9 Msolar) and model galaxies (10,000 galaxies with , , ) g ( , g
M*>10^10 Msolar)  at z~4 based on the mock catalogs of AGNs and galaxies 
from semi-analytic model of Enoki et al. 
Available volume of the model corresponds to the survey area of 3.2x3.2 deg^2 y
(400x400 Mpc^3 comoving volume).



Beyond clustering analysis ?  I.y g y

• How about locate (bright) AGNs in the large scale structure of the high-redshift
universe efficiently traced with luminous LBGs ?

• Using the “luminous” LBGs sample, we can identify density peaks of galaxies 
effectively. Then, we can examine the association of QSOs with the density peaks of 
LBGs. 

• That can be the direct constraints on the Halo Occupation Distribution.

HOD from the fraction of AGNs among X-ray selected groups of 
galaxies at z<1:  Allevato et al. 2012g



Beyond clustering analysis ?  II.

• AGN feedback and habitat segregation ? (Kashikawa et al. 2007)
‒ Association of a QSO and LBGs filament,

y g y

Association of a QSO and LBGs filament, 
‒ no excess of LAEs = effect of QSO feedback ?

• Also in Bruns et al. 2012
‒ Can be examined with fainter LBG sample in stead of LAE ?Can be examined with fainter LBG sample in stead of LAE ?



Summary

0.     Duty-cycle of QSOs in the early phase of their growth : before the peak of 
QSO activity (at z~2-3) QSOs can be accreting at Eddington-limited mannerQSO activity (at z~2 3), QSOs can be accreting at Eddington limited manner 
with high-duty cycle ?

1.     Duty-cycle or QSO lifetime from QSO clustering
It looks difficult to examine the auto-correlation of QSOs with HSC-SSP 

dataset alone ?
Good science case with PFS !

2.    Duty-cycle from QSO-galaxy clustering
We can examine the cross-correlation between QSOs and galaxies with HSC-

SSP datasetSSP dataset.

3.    Beyond the clustering analysis ?
QSO association with LBG clusters = Halo Occupation Distribution  
QSO feedback to small galaxies


