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M otivation

« Significant evidence (theory, IGM meta's, G-P trough and
WMAP TE) that reionization occurred earlier than z~6

« Star forming systems appear the most promising candidate

» Can we trace this star formation and find the relevant epoch
when the bulk of hydrogen was reionized?

* Early systems will be very faint (not just distance but also
modest stellar masses)

» z ~ 7 and beyond is technically very hard; motivating
JWST & TMT

* Any information on the surface density/luminosity of
sources would be useful in designing future surveys

Richard Ellis, Catech (KITP Galaxy-IGM Conference 10/26/04)
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Strategy

Goal isto constrain surface density/luminosity of typical
sources and characterize afew in detail

Two-pronged approach:

(i) Survey for abundance of star-forming sourcesin deep
datasets (GOODS, UDF)

(i) Detailed examination of highly magnified examples
viewed through well-constrained cluster lenses

Collaborators:

Stark, Smith, Kneib (Caltech)

Bunker, Stanway, Santos (I0A, Cambridge, UK)
Egami, G. Rieke (U Arizona)

Reionization Photon Budget

e.g. Madau, Haardt & Rees (1999):
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Input details depend on imponderables:
* T,om =10,000-20,000K ?
* Tyt & Z of stellar population (IMF) ?

* C=<py2>/<py>? smulations suggest C = 30 ?

* fee (=1 impliesno HI absorption) ?

Observational issues include redshift range of activity
faint end slope of luminosity function

Richard Ellis, Catech (KITP Galaxy-IGM Conference 10/26/04)
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Counting Star Forming Sour ces

Over production
of metals
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Continuum sour ces probed via dropout technique
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Stanway/Bunker et al: GOODS N+S (400 arcmin?, zag<25.6, full IR, many spectra)
UDF (11.3 arcmin?, z,;<28.5, some IR, no spectra)

Yan & Windhorst: ACS: (10 arcmin?, z4z<28.3, no IR)
UDF (11.3 arcmin?, z,3<29.2, no IR, no spectra)

Bouwens et al: ACS GTO (46 arcmin?, zap<27.3, limited IR, no spectra)
UDF NICMOS (5.7 arcmin?, H,5<28.0, no spectra) probesto z~7

Richard Ellis, Catech (KITP Galaxy-IGM Conference 10/26/04)
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Stanway et al (2004) Ap J 607, 704
All Objects
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- Use HST haf-light radius R, and (z-IR) color to aid selection -
Note surface brightness biases — may misslow s.b. contributors

Richard Ellis, Caltech (KITP Gaaxy-IGM Conference 10/26/04)
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| mproved Discrimination with NICM OS UDF data
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Stanway et al (2004)

Keck I1 DEIMOS spectroscopy: April 2003 10.5 hrsintegration
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More convincing La emitters (GOODS-S)
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Bunker et al (astro-ph/0403223)

Richard Ellis, Catech (KITP Galaxy-IGM Conference 10/26/04)
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Combining UDF + GOODS reduces L F uncertainty &
providesinteresting limit on UV emission at z~6
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Significant declinein UV emissivity (L > 0.1L*) to z=6:
Bunker, Stanway, Ellis & McMahon (astro-ph/0403223)

Possible Deductions from Low Abundance of i-drops

Reionization did end at z~6

» Theoretical uncertainty: data matches lower bound of
expectations e.g. low metallicity, non-standard IMF
(Stiavelli et al 2004)

» Cosmic variance: UDF (40%), GOODS (10%): observations
underestimate true abundance of z~6 SF sources

* Steeper faint end slope for SF LF (Yan & Windhorst 2004)
Relonization ended at higher redshift:

* Significant abundance of objects at earlier times? Find them!
Reionization was not caused by star-forming systems

» Cannot exclude until we probe deeper in redshift space

Richard Ellis, Catech (KITP Galaxy-IGM Conference 10/26/04)
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Could LF Slope be Steeper at Early Times?
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Yan & Windhorst (2004) extend UDF i-drop search to z(AB)=30.0 (c.f.
Bunker et a z(AB)=28.5) and claim a =-1.9 after correcting for
incompleteness implying a significant increase in integrated density at z~6

Extending Techniqueto z-dropsusing NICMOS
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Bouwens et a (2004) extend search with NICMOS to find z-drops:
* 30 limit of H(AB)=28.0; JH photometry only
* 4 candidatesin 144 x 144 arcsec UDF NICMOSfield (no spectra)

Richard Ellis, Catech (KITP Galaxy-IGM Conference 10/26/04)
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Lya: Better Indicator of Reionisation?

« Effficient tracer of SF
in young galaxies (<8%
of integrated output)

High Mass

* Lya damping wing is
absorbed by HI and
thusvaluable tracer of
its presence.

* In weaker systems,
such asthose found via

strong lensing, it may [ : I , ]
bea sensitive probe of SV (AN, S
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. with ES|

sters, probe much
fainter than other methodsin small areas (<0.1 arcmin? cluster 1)

Utilizing strong magnification (x10-30) of clu

Richard Ellis, Caltech (KITP Gaaxy-IGM Conference 10/26/04)



Galaxies at z>5: Detecting & Studying the Sources That Ended the Dark Ages

Longdlit search with LRIS

Candidate Lyman alpha (z=5.7) with no
detectable stellar continuum

Low mass system atz=5.7  FEllisetal (2001)
. - 78
* Magnification of x30in
Abell 2218 - unlensed La
flux is2. 1018 cgs; 20 x
fainter than limit for
unlensed sear ches

* Unlensed La luminosity

#® (10%cgs) implies
SFR=05Mgyrt

* Faint stellar continuum
(<6. 102t cgs A-L) implies
age<1-2 Myr; forming
globular cluster?

Richard Ellis, Catech (KITP Galaxy-IGM Conference 10/26/04)



Galaxies at z>5: Detecting & Studying the Sources That Ended the Dark Ages

M ass Production

9 well-constrained lensing clusters

11 La emitters2.2<z <5.7
Probe luminosities > 10% cgs
Santoset al Ap J 606, 683 (2004)

Cumulative Lya LF: 4.7<z<5.7
Santos, Ellis, Kneib & Kuiiken Ap J 606, 683 (2004)
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Suppression of intrinsically faint La emitters may indicate HI at z~5-6

Richard Ellis, Caltech (KITP Gaaxy-IGM Conference 10/26/04)
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L ensed z-band drop-out in Abell 2218
F606W F850LP .

Critical""lineﬁrefer toz,=5,6,7 & indicate z,> 6
Lens magnification = x25
Intrinsic flux (unlensed) z =28.5; H=26.5 (~UDF limit)
UV-inferred SFR= 2.6 Mg yr?
Physical Size: 1.2 x <0.5 kpc

Kneib et al Ap J, 607, 697 (2004)

Multipleimages §
provide crucial
lower z limit

Richard Ellis, Caltech (KITP Gaaxy-IGM Conference 10/26/04)
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IRAC flux densities:  f,,(3.6um) = 1.2+0.3 pJy

f,(4.5um) = 1.0 £0.2 pJy

SED Implies Established Stellar Population @ z~7
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Given small search area, such sources may be very common

Richard Ellis, Catech (KITP Galaxy-IGM Conference 10/26/04)
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Piecing It Altogether ..

* Low abundance of i- and z-band dropouts suggests extended SF
history prior to z~6 if SF galaxies are responsible for reionization

 Spitzer/HST photometry of lensed sourcein Abell 2218
identifies a clear example; given tiny survey area, such sources
are likely to be very common

« If such sources are responsible for ending reionization, their low
abundance either means the LF is steep (Windhorst & Yan) or
they have steep UV continua (Stiavelli et al)..or the theoretical
predictions arein error.

* If these sources are not responsible (& regardless), surveying
for morez > 7 sourcesis avaluable test and likely to deliver data

Onward into the

Dark Ages—
war ning from
. th Lhave b
an independent O ol S i
. 3 f 3
commentator ... D

body cares about, such asthe universe.
I don’t know about you, but I'm tired of
reading newspaper stories like this:

“Using a giant telescope, astronomers
[ at the prestigious Crudwinkle Observ-

‘ atory have observed a teensy light

| || smudge that they say is a humongous

| "galaxy cluster 17 jillion light years
away, which would make it the farthest-
away thing that astronomers have dis-
covered this week. However, astrono-
mers at the rival Fendleman Observato-
ry charged that what the Crudwinkle
scientists discovered is actually mayon-
naise on the lens. Both groups of as-
tronomers say they plan to use these
new findings to obtain even larger tele-
scopes.” .

Richard Ellis, Catech (KITP Galaxy-IGM Conference 10/26/04)
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Critical line mapping of 12 cl ustersin J-band corresponding to Lya
in 8 < z < 10 with sensitivity down to < 0.1 M, yr-* where surface
densities of > 100 arcmin can be tested

New NIRSPEC search

(Stark, Smith +RSE)
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Critical line mapping of 12 clustersin J-band corresponding to Lya
in 8 <z < 10 with sensitivity downto < 0.1 M, yr

Richard Ellis, Caltech (KITP Gaaxy-IGM Conference 10/26/04)
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Redshift(z)
8.46 8.87 9.28 9.69

First results: Aug 4/5 2004
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Are hi-z sour ces being found responsible for reionisation?
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Richard Ellis, Caltech (KITP Gaaxy-IGM Conference 10/26/04)




