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“For Gods sake, Edwards. Put the laser pointer away.”

The danger of having Quasar-like devices too close to home ...




Outline

® (1) Introduction: (How) did AGN/SMBH-growth go hand-in-hand with
the process of Galaxy Assembly?

® (2) Tadpole Galaxies in the HUDF: A measure of Galaxy Assembly?

® (3) A Study of Variable Objects in the HUDF: A measure of AGN Growth?
® (4) Epoch dependent major merger rate to ABS27 and Chandra N(z).
® (5) Ages of radio and X-ray hosting galaxies as a function of epoch.

® (6) Summary and Conclusions: Delta t( /Radio X— field) <1 Gyr.
e (7) Future studies with the James Webb Space Telescope and HST /WFC3.
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(1) Introduction: Hierarchical Galaxy Assembly
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R. Windhorst (Arizona State University) and NASA

One of the remarkable discoveries of HST was how numerous and small
faint galaxies are — the building blocks of the giant galaxies seen today.




THE HUBBLE DEEP FIELD CORE SAMPLE (7 < 26.0)
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(1) Introduction: Hierarchical Galaxy Assembly

® HST constrained how galaxies formed over cosmic time, by measuring
their distribution over rest-frame structure and type as a function of red-

shift.

e Galaxies of all Hubble types formed over a wide range of cosmic time,
but with a notable transition around z~0.5-1.0:

(1) Subgalactic units rapidly merge from z~7—1 to grow bigger units.

(2) Merger products start to settle as galaxies with giant bulges or large
disks around z~1. These evolved mostly passively since then, resulting in
the giant galaxies that we see today.

(e.g., Driver etal. 1998, ApJL, 496, L93, astro-ph/9802092; Windhorst
etal. 2002, ApJS, 143, 113, astro-ph/0204398).
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Distant Galaxies in the Hubble Ultra Deep Field
Hubble Space Telescope » Advanced Camera for Surveys

NASA, ESA, R. Windhorst (Arizona State University) and H. Yan (Spitzer Science Center, Caltech) STScl-PRC04-28



— Radio Source Counts atv = 1.41 GHz
— N,=151,558 radio sources

® 12 hrs SKA Simulation
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log (AN/dS / S™°) [dN/dS in ster™ Jy™]

Steep spectrum AGN (gE’s)
Flat spectrum AGN (QSR’s)

Starburst Galaxies
(“FBG’s”)
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Normal Galaxies

Normalized differential 1.41 GHz radio source counts (Windhorst etal.
1993, 2003; Hopkins et al. 2000) from 100 Jy down to 100 nJy. Filled circles
below 10p4Jy show the 12-hr SKA simulation of Hopkins et al. (2000).

Models:

starbursts (dashed) below 1 mJy. Spirals and starbursts (dot-
long dash) will dominate the counts below 100 nJy (slope v~1.5-1.8).




Radio Galaxy 0313-192
Hubble Space Telescope ACS WFC = Very Large Array

NASA, NRAO/AUI/NSF and W. Keel (University of Alabama) = STScl-PRC03-04

Question: How long after last (major) merger does AGN activity show?



@ Ellipticals BHs
O Spirals+S0s BHs
m ACSVCS Nuclei
A N205 Nucleus
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gal

Mbulgelell M vyields (Ferrarese etal. 2006).
= On average ~0.2% of bulge mass ends up in

If all galaxies & SMBHSs formed by hierarchical merging:

Growing a ~100 M) Pop lll star BH at z~15 into a 109 M5 SMBH at
z=0 takes 23 equal-mass mergers, or one every ~0.6 Gyr.



(2) A study of Tadpole Galaxies in the HUDF
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“Tadpole” Galaxies in the Hubble Ultra Deep Field
Hubble Space Telescope = ACS/WFC
NASA, ESA, A. Straughn, S. Cohen and R. Windhorst (Arizona State University), and the HUDF team (STScl) STScl-PRCO6-04

Tadpole galaxies in HUDF: www.hubblesite.org/newscenter /archive /2006 /04 /
Straughn, A. N., etal. 2006, ApJ, 639, 724 (astro-ph/0511423)
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Photometric Redshift

Fractional redshift distribution of tadpoles compared to all HUDF galaxies.

e To first order, shape of tadpole galaxy redshift distribution is the same
as that of field galaxies: average N(z)tqdpotes = 6% . N(2) field:




(3) A Study of Variable Objects in the HUDF

Top: 4 HUDF Epochs; Middle: 1 Variance map; Bottom: 4 Weight-maps.
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e Light curves: Can detect bright HUDF variables if | Amag| <1-2% !
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Flux ratio of all objects between two HUDF epochs (At~few weeks—
months) vs. total i-band flux. Lines are at 1.0 (blue), =3.00", £5.00.

@ All objects with |Delta mag|>3.00" were inspected for plausible variabil-
ity. This will yield S13 bogus detections if the noise were purely Gaussian.
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® 3 out of 16 Chandra sources are faint point-like variable objects at 23.00.

® Other 13 Chandra sources are mostly brighter (early-type) galaxies, one
is 23.00 variable = Variable point sources are valid AGN candidates.

® We only sample AFlux 210%—30% on timescales of months. The AGN
sample is not complete —
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BViz(JH) Photo-z distribution of HUDF and objects:

@ Variable objects show a similar N(z) as field galaxies. About 1% of all
field galaxies have variable weak AGN at all redshifts.




@ [LEFT] Simulated merger of two disk galaxies at three different times,
including the effects of SMBH growth and AGN feedback by Springel, di

Matteo, Hernquist (2005, ApJ, 620, 79). Shown is the gas distribution
with color indicating temperature, and brightness indicating gas density.

e [RIGHT] Evolution of the accretion rate onto the SMBH (top) and the
SF-rate (bottom). dots mark the times of the three images.

® Overlap between Tadpoles and Variables is very small — 1 object!



(4) Epoch dependent major merger rate to AB<27 mag.
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Ryan etal. (2007, ApJ, 668, 83; astro-ph/0703743), Cohen etal. (2008):

® (a) Spectro-photo-z's from HST grism + BViz(JH) considerably more
accurate than photo-z's alone, with much smaller catastrophic failure %.

® (b) Redshifts for 213,000 objects to ABZ27-27.5 mag with o, /(1+2z)<0.04.

® Expect 0,/(1+2)<0.02-0.03 with new capabilities of WFC3: and
broad-band imaging and low-res grism spectra.
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Ryan etal. (2007): HST/ACS grism pair-fraction(z) — sample selection:

e HUDF broad-band point source completeness at 2 4 g $30.0 mag.

e HUDF ACS grism point source completeness at 2 4 g <27.0 mag

Mass completeness limit for zS2 from flux limits/SED fitting:



(4) Epoch dependent major merger rate to AB<27, X-ray n(z)
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Ryan etal. (2007, 2008): HST/ACS grism epoch-dependent galaxy pairs
fraction for ABS27, z56: spectro-photo-z's for both objects in pair.

Galaxy major (0.25<M9/M1<1) merger density compared to Chandra
SDSS QSO density vs. epoch: similar curves except for ~1 Gyr offset?



(5) Ages of radio and X-ray hosting galaxies vs. epoch.
1) DATA: HST GOODS BVizJHK photometry and VLT JHK + redshifts.

2) METHOD: SED fitting for 0.12S et S1.6 um, using:

® (b) + AGN power law S}, xv® bluewards of the IR dust emission.

® VLT redshifts for all objects ABS24-25 (Le Fevre etal. 2004; Szokoly
etal. 2004; Vanzella etal. 2005, 2008; see www.eso.org/science/goods/ )

For typical z~0.5-1.5, BVizJHK bracket the Balmer+4000A breaks.

3) SED fitting:

@ Use solar metallicity and Salpeter IMF (most objects at z<2).

e E-folding times 7 in log spaced n=16 grid from 0.01-100 Gyr.

® n=244 ages < age of Universe at each redshift in WMAP-cosmology.
® Calzetti etal. dust extinction: Ay, = [0, 4.0] in 0.2 mag steps (n=21).
e a=|0, 1.5] in steps of 0.1 (n=16 values).



4) Yields ~10% models for 1549 GOODS galaxies with VLT redshifts.

Find best fit stellar mass and possible AGN UV-optical power-law compo-
nent via X2 minimization.

Method follows Windhorst et al. (1991, 1994, 1998), where HST + ground-
based UBgriJHK images showed non-negligible AGN components in mJy
radio galaxies.

5) Work in progress on other potential caveats:

® Young stellar populations have power-law UV spectra (Hathi et al. 2008),
and may overestimate UV AGN power-law.

e Fit the BCO3 stellar SED only to objects where x 2 doesn't require both.
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Cohen etal. (2008):
GOODS/VLT BVizJHK images

Best fit Bruzual-Charlot (2003) SED

+ power law AGN.



Cohen etal. (2008):
GOODS/VLT BVizJHK images

Best fit Bruzual-Charlot (2003) SED

+ power law AGN.
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Cohen etal. (2008):
GOODS/VLT BVizJHK images

Best fit Bruzual-Charlot (2003) SED

+ power law AGN.
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Cohen etal. (2008):
GOODS/VLT BVizJHK images

Best fit Bruzual-Charlot (2003) SED

+ power law AGN.
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Cohen etal. (2008):
GOODS/VLT BVizJHK images

Best fit Bruzual-Charlot (2003) SED

+ power law AGN.



Cohen etal. (2008):
GOODS/VLT BVizJHK images

Best fit Bruzual-Charlot (2003) SED

+ power law AGN.
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Cohen etal. (2008): Best fit Stellar Mass vs. Age:
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Cohen etal. (2008): Best fit Stellar Mass distribution:
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Cohen etal. (2008): Best fit Stellar Mass distribution: Radio and

Radio X
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Cohen etal. (2008): At all ages, the most massive hosts are QSO-1/2's

(based on X-ray classes from Szokoly etal. 2004).
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Cohen etal. (2008): At all ages, the most massive hosts are QSO-1/2's

(based on AGN lines in optical spectra by Szokoly etal. 2004).
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Cohen etal. (2008): Best fit extinction Ay, distribution:
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Cohen etal. (2008): Redshift distribution of best fit AGN fraction:

All optical AGN types: emission lines and absorption features.




(6) Summary and Conclusions

(1) Tadpoles have a redshift distribution very similar to that of field galaxies
<—> Tadpole galaxies may be good tracers of the galaxy assembly process.

(2) Variable objects have a redshift distribution similar to that of HUDF
field galaxies <= They likely trace brief(!) episodes of SMBH growth.

® There is very little overlap between (1) and (2): HUDF tadpoles likely
preceed the variable objects.

(3) Epoch dependent density of major mergers precedes peak in X-ray
selected AGN p(z), but by no more than 1.4 Gyr.

(4) Radio and X-ray selected galaxies are on average 0.5-1 Gyr older than
the typical FBG or LBG age of 0.1-0.3 Gyr.



(7) Future studies with the James Webb Space Telescope

James Webb Space Telescope

L)




LF (z=5.5-6.5)
slope a=1.6-2.0

(Q_.0,)=(0.27,0.73)

m,; (0.9-1.1um)

HUDF shows that luminosity function of z~~6 objects (Yan & Windhorst
2004a, b) is very steep: faint-end Schechter slope |a|~1.84-0.2.

—> Dwarf galaxies and not quasars likely completed the reionization epoch
at z~6. This is what JWST will observe for z~7-20. and SKA for z56.



LBT+IWI

M,= —25

AB

LF (z=5.5-6.5)
slope a=1.6-2.0

HST NIC3
HST UDF

HST GOODS

Z / WMAP Pop III

/%:/// /// reion z=10-17
A1t
MILA A
:.'#’/ :/f/M/(Qm, Q,)=(0.27, 0.73)
] 25 30
m,; (0.9-2.5um)

e With proper survey strategy (area AND depth), JWST can trace the
entire reionization epoch and detect the first star-forming objects.

e Co-evolution of supermassive black-holes and proto-bulges for z<10.



SPARE CHARTS




At the end of reionization, dwarfs had beaten the Giants, but ...



2 Original Arist
Reproduction nights obtainable from
vy, CartoonStock com=———=

"You've done it now, David - Here comes his mother.”

What comes around, goes around ...



Caveat: Can the Hard-UV of weak AGN outshine Dwarf Galaxies?
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SDSS quasars at 0.045z54.79
(z=1.253; van den Berk et al. 2001)
Lyman—Break Galaxies at z~3

(Shapley et al. 2003)
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Total EIl/SO Sabc  Irr/Mergers

e JWST can measure
how galaxies of all Hubble
types formed over a wide
range of cosmic time, by
measuring their redshift
distribution as a function
of rest-frame type.

o2
b=
=
S
B
z

e For this, the types
must be well imaged for
large samples from deep,
uniform and high quality
multi-wavelength images,

S which JWST can do.

Driver etal. 1998, Astrophys. J. Letters, 496, L93



Dynamical ages of Dwarf (Galaxies at z~4—67
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@ Select all isolated, nearly unresolved (2r¢S0%3), round (1-b/a <0.3)
HUDF B-drops, V-drops, to AB=29.0 mag

e Construct average image stack and light-profiles of these dwarf galaxies
at z~4 z~5
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® HUDF sky-subtraction error is 2-3.10 2 or AB~29.0-30.0 mag/arcsec?

e Average 5000-orbit compact, round dwarf galaxy light-profile at z~6-4
deviates from best fit Sersic n~~1.0 law (incl. PSF) at rZ0%/27-0//35.

—> Global starburst that finished reionization at z~6 started at z~6.5—-77



Cohen etal. (2008):
GOODS/VLT BVizJHK images

Best fit Bruzual-Charlot (2003) SED

+ power law AGN.

GOODS_J033208.27—-274153.5

x*=10.80
«=0.3
frac,500=0.996
frac,,=0.150

CXOID 63

og(Age[Gyr]) 0.41
log(t[Gyr])=-1.71
Ay=0.0 mag

1.0 1.5 2.0
Wavelength [um]



GOODS_J033223.03—-275452.3

x°=1.62

ax=1.5
frac,500=0.276
frac,,=0.860

z=0.659
log(M.[M])=9.70
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Cohen etal. (2008):
GOODS/VLT BVizJHK images

Best fit Bruzual-Charlot (2003) SED

+ power law AGN.
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Cohen etal. (2008): AGN fraction vs. Stellar Mass:




(7) Future studies with the Hubble Wide Field Camera 3

"R
S, T
L AR w
...' A ""‘:':""'."1;'5{."‘.‘ "\\\.A E



If no further Shuttle issues, WFC3 will get launched on We. Oct. 8, 2008 ...



(7) Power of combination of Grism and Broadband for WFC3
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Lessons from the Hubble ACS grism surveys “GRAPES” and “PEARS”
(Malhotra et al. 2005; Cohen et al. 2007; Ryan etal. 2007, ApJ, 668, 839):

® (a) Spectro-photo-z's from HST grism + BViz(JH) considerably more
accurate than photo-z's alone, with much smaller catastrophic failure %.

® (b) Redshifts for 213,000 objects to ABZ27.0-27.5 mag; o, /(1+2)<0.04.

® (c) Expect $0.02-0.03 accuracy when including new capabilities of
WEFC3: and broad-band imaging and low-res grism spectroscopy.



Faint-end LF-Slope Evolution (fundamental, like local IMF)
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Faint-end LF-slope at zZ1 with accurate ACS grism z's to ABS27 (Cohen
et al.; Ryan etal. 2007, ApJ, 668, 839) constrains hierarchical formation:

e JWST will provide fainter spectra (AB<29) and spectro-photometric
redshifts to much higher z ($20). JWST will trace a-evolution for zS12.

e Can measure environmental impact on faint-end LF-slope a directly.
® Expect convergence to slope |a|=2 at z>6 before feedback starts.

e Constrain onset of Pop |Il SNe epoch, Type Il & Type la SN-epochs.



MORE SPARE CHARTS ON HUDF TADPOLES AND
VARIABLE OBJECTS
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APA(off-axis knot—tail) distribution of tadpole galaxies in the HUDF:
@ Clear excess of knots at | APA|<10 deg.




Input Parameters for IDL Tadpole Finder script:

Parameter Value

(A) b/a limit: knots >0.70
(B) b/a limit: tails <0.43
(1) Distance to center (in a-axis units) <4
(2) PA difference (tail-knot in degrees) <30

Total number of tadpoles selected by script 140
Total number of tadpoles selected by eye 25
Total number of tadpoles selected 165




b/a vs. Type for all galaxies with AB<27
o - - r— T T T T T

Ellipticity vs. rest-frame HUDF Type to 2 4 g =27 mag:
e Fraction of Flat Late-Types/All Late-Types = 26%
e Fraction of Flat Early-Types/All Early-Types = 7%

—> d likely an excess of truly linear structures among flat late-type objects.

=> Not all tadpoles are edge-on late-type disks.




carly Type
Late Type
ladpoles

Ellipticity distribution to 7 4 g =27 mag:

—> d likely an excess of truly linear structures among flat late-type objects.

—> Not all tadpoles are edge-on late-type disks.




Summary of HUDF Data and Epochs Used

Observation dates/Orbits: B Y i z Total
09/24/2003-10/02/2003 6 18 18 50 50
10/03/2003-10,/28 /2003 22 20 58 56 156
12/04/2003-12/22 /2003 6 § 18 20 5
12/23/2003-01/15 /2004 22 20 50 50 142
TOTAL ORBITS: 56 56 144 144 400

Total number of exposures 112 112 288 288 800
Total exposure time (s) 134880 135320 347110 346620 963930







