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 Active galactic nuclei (AGNs): a brief observational tour
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•  Early history, AGN ABCs, finding AGNs, AGN terminology and unification
 •  Dissecting AGNs (I): black hole, accretion disk, broad line region
 •  Dissecting AGNs (II): torus, narrow line region, stars and starburst regions, jets
 •  Focused lecture: Lifting the veil of deeply buried supermassive black holes in the Universe
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Lifting the Veil of Deeply Buried Supermassive Black
 Holes in the Universe
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Outline   
 •  Highly-obscured/Compton-thick AGNs •  Recent efforts in searching for these
 AGNs in the CDF-S •  Summary •  Prospects
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Outline   
 •  Highly-obscured/Compton-thick AGNs •  Recent efforts in searching for these
 AGNs in the CDF-S •  Summary •  Prospects
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(NASA)
 •  X-ray unobscured: <1E21 cm^(-2)
 •  Obscured Compton-thin: 1E21 – 1E24
 •  Compton-thick (CT): >1e24 (mildly/heavily)
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(Credit: C. P. Dullemond)
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•  Highly-obscured AGNs: >3e23 cm^(-2)
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•  Observational evidence suggesting that a large fraction of local AGNs are obscured by CT gas (e.g., Maiolino+98, Risaliti+99, Matt+00)
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•  Observational evidence suggesting that a large fraction of local AGNs are obscured by CT gas (e.g., Maiolino+98, Risaliti+99, Matt+00)
 •  Required by AGN synthesis models for X-ray background (e.g., Gilli+07); number density being the same order as that of moderately obscured AGNs
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(Gilli, Comastri, & Hasinger 2007)
 unobscured
 Obs. Compton-thin
 Compton-thick
 XRB spectrum
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•  Observational evidence suggesting that a large fraction of local AGNs are obscured by CT gas (e.g., Maiolino+98, Risaliti+99, Matt+00)
 •  Required by AGN synthesis models for X-ray background (e.g., Gilli+07); number density being the same order as that of moderately obscured AGNs
 •  Distant heavily obscured AGNs represent a crucial black-hole growth phase
 Most of them escape even from the deepest X-ray surveys! Don’t even know their space density and cosmological evolution!
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•  Presence of a strong iron K-alpha line complex at ~6.4 keV
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(Comastri 2004)
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•  Presence of a strong iron K-alpha line complex at 6.4-7 keV
 •  Characteristic reflection spectrum
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(Comastri 2004)
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•  Presence of a strong iron K-alpha line complex at 6.4-7 keV
 •  Characteristic reflection spectrum
 •  IR-excess emission
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•  Presence of a strong iron K-alpha line complex at 6.4-7 keV
 •  Characteristic reflection spectrum
 •  IR-excess emission
 •  Stacking analysis
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Outline   
 •  Highly-obscured/Compton-thick AGNs •  Recent efforts in searching for these
 AGNs in the CDF-S •  Summary •  Prospects
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NGC 3783 Optical
 NGC 3783 2-10 keV
 •  X-ray: nearly universal signature of luminous AGNs •  Reduced absorption bias for majority population •  Minimal dilution by host starlight •  X-ray spectra of AGNs: rich of diagnostics
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•  Up to 80-400 times sensitive than previous missions •  Good-to-great positions (0.2-2.5 arcsec) •  Broad bandpass and respectable filed-of-views •  Hundreds-to-thousands of sources for powerful statistical studies •  Chandra has better angular resolution, lower background, and largely no
 source confusion
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•  ~25 major Chandra and XMM-Newton surveys •  Cover most of the practically accesible discovery space •  Provide a comprehensive understanding of X-ray source populations
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7Ms      CDF-‐S   
 7Ms      CDF-‐S   (central)   
 2Ms      CDF-‐N   
 250ks      E-‐CDF-‐S   
 (Luo, Brandt, Xue et al. 2017)
 (Xue, Luo, Brandt et al. 2016)
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(Luo, Brandt, Xue et al. 2017) (Xue, Luo, Brandt et al. 2016)
 (Xue, Luo, Brandt et al. 2016) The 2016 Rossi Prize was awarded to Professor Niel Brandt of The Pennsylvania State University, who led the effort to obtain the deepest Chandra fields, enabling the most sensitive cosmological X-ray surveys to date. His work traces the accretion history of SMBH and their coevolution with host galaxies across cosmic time.
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(All catalogs and relevant data products are publicly available!)
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(Xue, Luo, Brandt et al. 2011; Luo, Brandt, Xue et al. 2017)
 •  102 observations over 16+ yrs
 •  Pencil-beam: ~484 arcmin^2
 •  Longest exposure (~81d)
 •  Most sensitive: 6.4E-18 cgs at SB; 1 photon/10 d
 •  1055 X-ray sources
 •  Tremendous multi- wavelength investment
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Keck   spectroscopy   (e.g.,   DEIMOS)   
 VLT   spectroscopy   (e.g.,   VIMOS,   FORS   2,                                 MUSE,   MOONS)   
 Subaru   spectroscopy   (e.g.,   MOIRCS,   FMOS,   PFS)   
 Enormous   progress   over   the   past   16   yr   using   mulP-‐object   spectrographs,   but      remains   a   persistent   challenge   and   boSleneck   (especially   at   faint   fluxes).   
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APEX   and      ALMA   submm   
 e.g.,   Weiss   et   al.   (2009)   Hodge   et   al.   (2013)      
 VLA   radio   e.g.,   Kellermann   et   al.   (2008)      
 Miller   et   al.   (2013)   
 CriPcally   important   for   source   idenPficaPon,   source   classificaPon,   host-‐galaxy   measurements,   etc.         ConPnues   to   improve   rapidly,   keeping   the   science   exciPng;   e.g.,   MUSE,   LMT,   MOONS,   JWST,   LSST,   ELTs.   

Page 33
						

•  Source identification; spectroscopic and photometric redshifts •  Host-galaxy properties •  Large samples of non-active galaxies for comparison
 (Luo, Brandt, Xue et al. 2010)
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(Yang, Xue et al. 2014)
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4 Ms CDF-S: record AGN number counts
 (Lehmer, Xue, Brandt, et al. 2012) 1
 AGN: 14900/deg^2
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4 Ms CDF-S: AGN number counts
 (Lehmer, Xue, Brandt, et al. 2012)
 1
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7 Ms CDF-S: record AGN number counts
 1 (Luo, Brandt, Xue et al. 2017)
 AGN: 23900/deg^2 !1 billion AGNs in the entire sky
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•  Compton-thick AGN plus strongly star-forming host •  Key phase in SMBH/galaxy co-evolution where obscured SMBH rapidly
 growing in forming bulge •  Measuring number density of such AGNs crucial to reconstruct early co-
 evolution history
 (Gilli et al. 2011)
 2
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222 K<22, z~2 BzK-selected galaxies in central CDF-S
 47 (~21%) X-ray detected
 11 highly obscured
 7 IR-excess galaxies prefer pure reflection model
 36 unobscured/starbursts
 reflection-dominated composite spectrum (Alexander et al. 2011) 3
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(Alexander et al. 2011) 3
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(Alexander et al. 2011) 3
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23 ISX sources:
 • z=0.5-1 • MIPS detected • >10 opt. filters • >5E9 Msun • X-ray not detected • no X-ray src nearby • IR-excess • theta<6 arcmin
 (Luo, Brandt, Xue et al. 2011) 4
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(Luo, Brandt, Xue et al. 2011)
 SB: 4.9 sigma HB: 3.9 sigma (gamma=0.6)
 4
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(Luo, Brandt, Xue et al. 2011)
 75%
 80% 95%
 4
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(Luo, Brandt, Xue et al. 2011) 4
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•  CXRB resolved fraction roughly constant (~80%) •  Minor contribution from ISX sources (<5% of unresolved 6-8 keV emission) •  Unresolved 0.5-6 keV fraction: cosmic variance? extended X-ray emission? •  Unresolved 6-8 keV fraction: missing Compton-thick population?
 (Luo, Brandt, Xue et al. 2011)
 4
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•  Source population responsible for the unresolved 6-8 keV CXRB: top of blue cloud, 1<z<3, 25<z_850<28, 2e8<M_stellar/M_sun<2e9!
 (Xue, Wang, Brandt et al. 2012)
 Ceff vs. Mstar
 Resolved % vs. E
 EF_E vs. E
 Resl. 6-8keV % vs. z vs. mag vs. Mstar
 5
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(Del Moro et al. 2016)
 6
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Outline   
 •  Highly-obscured/Compton-thick AGNs •  Recent efforts in searching for these
 AGNs in the CDF-S •  Summary •  Prospects
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•  Missed highly obscured AGNs and their contribution to SMBH growth
 •  At high z, even a small number of such objects can provide critical leverage in modeling early SMBH growth
 •  Highly-obscured/CT AGNs: required by AGN synthesis model for XRB; predicted to be numerous and ubiquitous
 •  Only a small fraction detected/identified on cosmological distances --- (1) record AGN number counts --- (2) a z=4.76 CT-AGN --- (3) z~2 highly-obscured AGNs --- (4) z~0.5-1 highly-obscured AGNs --- (5) source population responsible for unresolved 6-8 keV XRB --- (6) 1<z<3 MIR luminous, highly-obscured, CT quasars
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Outline   
 •  Highly-obscured/Compton-thick AGNs •  Recent efforts in searching for these
 AGNs in the CDF-S •  Summary •  Prospects - extensive and effective exploitation of CDF-S data - great future field: Wide CDF-S area (W-CDF-S)
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•  Scaling relations involving SFR, M*, and z (vs. SFR only): better characterize average X-ray emission of normal galaxy populations at z~0-7
 •  First empirical constraints on z evolution of LMXB and HMXB X-ray emission:
 •  Emission from XRBs could provide an important source of heating to IGM in early universe, exceeding that of AGNs
 (Lehmer et al. 2016)
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•  Most sensitive stacking of X-ray emission from high-z (3.5<z<6.5) massive galaxies: - >3.7 sigma at z~4; 2.7 sigma at z~5 (highest sig. in such z); no sig. at even higher z •  These high-z X-ray signals mostly due to SF; negligible low-rate BH accretion
 compared to X-ray detected AGNs at high z •  First constraints on faint-end (Lx~1e42) of AGN XLF at z>4 (fairly flat slopes)
 (Vito et al. 2016)
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•  Longest timescales probed for X-ray variabilities of distant AGNs - photometric analyses: widespread (90%) photon flux variability - spectral fitting: 74% show Lx variability, 16% show nH variability •  A CTAGN: high-E X-ray flux variation ! size of reflecting material <~0.3 pc •  An AGN: X-ray unobscured ! obscured while always being optical type I
 (Yang et al. 2016)
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•  Analyze X-ray variability of AGNs in the 7Ms CDF-S: - X-ray variable amplitude seems to be stronger in the softer band - no difference of variability is detected between obscured and unobscured samples - negative correlation between normalized excess variance and X-ray luminosity, which can be explained by a broken power-law PSD model with beta~1.2 below f_br
 (Zheng, Xue, et al., in prep.)
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(Li, Xue, et al., in prep.)
 Census of highly-obscured AGNs in CDFs
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Great Future Field: Wide CDF-S Area
 ~5000 AGNs expected, for studies of AGNs and their connections to the host galaxies and environment.
 Study SMBH growth across the full range of cosmic environments – voids to massive clusters.
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•  LSST deep-drilling field: 5300-13800 visits per band (ugrizy) over ~ 10 year period.
 •  4MOST (4-metre Multi-Object Spectroscopic Telescope)? MSE (Maunakea Spectroscopic Explorer)?
 Great Future Field: Wide CDF-S Area
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The end
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