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Introduction
• Lyman alpha galaxies offer a test of the neutral hydrogen fraction in the IGM

that is complementary to the G-P trough, CMB constraints, and HI surveys.
This test is sensitive to neutral fractions of order 30 to 50 percent, meaning
that it can probe the middle stages of reionization.  Also, it is provides a local
measurement of the neutral fraction, with potential to map out individual
ionized bubbles.  Finally, the technology to apply the test is in hand, so that
valuable new constraints on reionization can be obtained with a reasonable
investment of telescope time.

• I will begin by outlining the basic idea of this test.  Then I will summarize the
methods used to identify suitable samples of Lyman alpha emitting galaxies in
the distant universe, and discuss briefly the physical properties of these
objects.  After that I will present the applications of the Lyman alpha
reionization test to date, which show that the neutral fraction at redshift z=6.5
is at most 50%.  Finally, I will outline some of the next logical developments
in applying this test.



The Lyman-α ReionizationTest
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Radiative transfer of Lyman-α and continuum photons in an
ionized intergalactic medium.



The Lyman-α Reionization Test

To  
Observer  

         Neutral IGM 

Young starburst 

Lyman α
photons

Continuum
Photons

(Theory: Miralda-Escude 1998; Miralda-Escude & Rees 1998;
 Haiman & Spaans 1999; Loeb & Rybicki 1999;
Observation: Rhoads & Malhotra 2001, Hu et al 2002,
Malhotra & Rhoads 2004, Stern et al 2004)

Radiative transfer of Lyman-α and continuum photons in a
neutral intergalactic medium.



The Gunn-Peterson Test

• Lyman-α absorption can
produce a black Gunn-
Peterson trough when the
IGM contains enough
neutral hydrogen.

• SDSS quasars (Becker et
al, Fan et al, Pentericci et
al) show such a trough at
z~6.2 and beyond.



Comparing the Ly-α and Gunn-
Peterson Tests

0.3 - 0.510-2In nonuniform
IGM

Discrete from
ground; continuous
above atmosphere.

Continuous.Redshift coverage

Common, faint.Very rare, bright.Source properties

0.3 - 0.510-4Threshold neutral
fraction in
uniform IGM

Lyman αGunn-Peterson



Lyman α from Young Galaxies

Young galaxies forming their first stars produce
copious ionizing radiation, hence strong Lyman-α
emission. (Partridge and Peebles 1967):

There are now over a dozen research groups,
Over a thousand candidate Lyman-α galaxies,
Over a hundred spectroscopically confirmed.



The Narrowband Search Method
• We take images in

both broad and
narrow filters.

• Emission line
sources appear
faint or absent in
broad  filter.



The Narrowband Search Method
• We take images in

both broad and
narrow filters.

• Emission line
sources appear
bright in narrow
filters (demand 5σ).



The Narrowband Search Method
• We take images in

both broad and
narrow filters.

• Emission line
sources appear
bright in narrow
filters (demand 5σ).

• The blue “veto
filter” eliminates
foreground
emission line
objects (demand <
2σ).



Sample Lyman-α Spectra

• Note prominent asymmetry.
• Spectra from Dawson et al 2005, in prep; six among ~ 80

confirmed LALA z = 4.5 galaxies.
• Keck+DEIMOS data. (Thanks to NSF TSIP program!!)



Windows for Narrowband Surveys
Narrowband
searches at red and
near-IR
wavelengths can be
highly efficient
when the chosen
wavelength falls in
a dark “window” in
the night sky
spectrum.

The last two optical
windows (8200 and
9200Å) bracket the
Gunn-Peterson
trough redshift.

LALA survey
wavelengths



The Large Area Lyman Alpha Survey
(LALA): an Overview

Candidates,
Spectroscopic
Success rate

SensitivityΩ; Volume
z

3; 1 of  3
confirmed.

2x10-17 ergs/s/cm21.5x105 Mpc36.6

~50; ~ 70%1x10-17 ergs/s/cm26 x105 Mpc35.7

350; > 70%1.7x10-17 ergs/s/cm21.4x106 Mpc34.5

z=4.5: Rhoads et al 2000; Malhotra & Rhoads 2002; Dawson et al 2004, 2005 in prep;

z=5.7: Rhoads & Malhotra 2001; Rhoads et al 2003; Wang, Malhotra, & Rhoads 2004.

z=6.5: Rhoads et al 2004

Collaborators: Rhoads, Malhotra, Dey, Stern, Spinrad, Jannuzi,
Dawson, Wang, Xu, Kovac, Landes



Lyman-α Surveys
A partial listing of Lyman-α surveys since the first

discovered field Ly-α galaxies:
z < 4: Hu et al 1998, Kudritzki et al 2000, Stiavelli & Scarlatta 2003,

Fynbo et al, Palunas et al,
4 < z < 5: LALA; Venemans et al 2002; Ouchi et al 2002;
5 < z < 6: LALA, Hu et al 2003; Ajiki et al 2003, 2003; Wang et al

2005; Ouchi et al 2005; Santos et al 2004; Martin & Sawicki 2004;
6 < z < 7: Hu et al 2002, Kodaira et al 2003, Taniguchi et al 2004,

LALA (Rhoads et al 2004), Cuby et al 2003, Tran et al 2004, Santos
et al 2004, Stern et al 2005.

7 < z < 9: Several surveys in progress, no confirmed detections yet.

(Note- I compiled this list without internet access, so it may have errors and omissions, for
which I apologize.  If you have updates or corrections, please email me and I will try to
update this slide in the conference archive copy of my presentation.   -JER.)



Physical Properties of Ly-α Galaxies

Large line to continuum ratios are common.
(Malhotra & Rhoads 2002, ApJ Lett 565, L71):

• Very hot stars?
• Accretion power (i.e, Active Galactic Nuclei)?
• Continuum preferentially suppressed by dust?

(Neufeld 1991; Hansen & Oh 2005)



Ly-α is Powered by Star Formation
Stacked X-ray images of ~ 100 LyA

Galaxies (180 ksec of Chandra ACIS
imaging): No detections.

Malhotra et al 2003, ApJ Lett 585, L25
Wang et al 2004, ApJ Letters 608, L21 Soft       Hard

Optical spectra show
no sign of C IV or
HeII lines. (Dawson
et al 2004, ApJ 617,
707).

Bottom line: AGN
fraction < 10 to 20%.



Lyman-α as a Large Scale Structure
Tracer

• Large scale structures seen in many Lyman-α
surveys: Ouchi et al 2003 (z~4.9), Palunas et al
2004 (z ~ 2.5), Ouchi et al 2005 (z ~ 5.7).

• Our own: A structure at z ~ 5.9 in the Hubble
Ultra-Deep Field, traced by Lyman-α galaxies
over 36’ (Wang et al 2005, astro-ph/0501479) and
by the faintest Lyman break spectra ever
(Malhotra et al 2005, astro-ph/0501478)



Halo Mass and Duty Cycle
• Spatial

correlation
length implies
halo masses
around 1e11
Msun.

• Number counts
are lower.  This
suggests duty
cycle ~ 10%.

(Kovac et al 2005)



To  
Observer  

         Neutral IGM 

Young starburst 

Lyman α
photons

Continuum
Photons H IIregion

(Madau & Rees 1999; Rhoads & Malhotra 2001;
Haiman 2002)

The Lyman α Test, First Order
Concerns: HII Regions



Lyman α Test Details

• Individual Lyman-α galaxies could be seen before
reionization due to several effects:
– HII regions: R>1.2 pMpc  line center τ0< 1.
– τ < τ0 in the red wing of lines (Haiman 2002)
– Gas motions alter Ly-α radiative transfer (Santos 2004).

• Bottom line: Factors of ~ 3 reduction in Ly-α
luminosity are unavoidable in neutral universe.
Reduction larger in many models but not all.

 The observed Ly-α Luminosity Function should
change markedly at reionization.



The Luminosity Function Test

• We constructed Ly-α luminosity functions at z=5.7 and
z=6.5 from a variety of surveys          (including work from LALA,
Hu et al, Kodaira et al, Taniguchi et al, Santos et al, Ajiki et al, Tran et al, Martin &
Sawicki.)

• Schechter function fits, with the faint end slope fixed and
the L*, Φ* fitted by grid search.

• Best fit determined using the maximum likelihood for
Poisson variables.

• We account for uncertainty due to both candidate counts
and limited spectroscopic sample size.

Malhotra & Rhoads 2004, ApJ Letters 617, L5;
See also Stern et al 2005; Haiman & Cen 2005



Lyman-α Luminosity Functions

Redshift z = 5.7:
• Luminosity function

fits for three faint-
end slopes.

• Surveys used:
LALA, Santos et al,
Hu et al, Ajiki et al.

Malhotra & Rhoads 2004, ApJ Letters 617, L5



Lyman-α Luminosity Functions

• Luminosity function
fits for three faint-
end slopes.

• z = 6.5 plot shows
two null hypotheses:
– z = 5.7 LF, or
– z = 5.7 LF reduced

by a factor of 3 in
luminosity to
approximate IGM
absorption.

• No evidence for
neutral IGM!

Malhotra & Rhoads 2004, ApJ Letters 617, L5



Luminosity Function Parameter Errors
Monte Carlo

simulations to
account for cosmic
variance: All
observed densities
allowed to vary by
factor of 2.

• Circles: z = 5.7
• Triangles: z = 6.5
• Squares: z = 5.7 with

L*  divided by 3.

Malhotra & Rhoads 2004, ApJ Letters 617, L5



Charting Reionization
Current evidence: Combine the Lyman α and Gunn-Peterson

tests so far to study the evolution of the mass averaged
neutral fraction, x:

There is no
contradiction
between the
GP effect at
z=6.2 and the
Ly α at z=6.5.



Mapping Ionized and Neutral Gas with
Lyman Alpha Galaxies

• We can map the distribution of Lyman alpha galaxies over large scales…
• This may map out bubbles of ionized gas in the overlap phase of

reionization.



Mapping Ionized and Neutral Gas with
Lyman Alpha Galaxies

• A control sample of Lyman break selected
galaxies will be useful (green dots, below).



Topology of Reionization from Lyman
Alpha Galaxies

• The overlap phase is a topological change in the
ionized gas distribution.

• Use topological statistics-- the Genus number

Figure after Gott, Weinberg, & Melott 1987



Topology of Reionization from Lyman
Alpha Galaxies

• The overlap phase is a topological change in the
ionized gas distribution.

• Use topological statistics-- the Genus number
• The 3D Genus number quantifies whether a two

phase medium is dominated by islands of one
phase embedded in a sea of the other, or whether
both phases percolate.

• 2D version exists too.
• Useful for HI as well as Lyman-α.

– (Rhoads+, 2005)
 Figure after Gott, Weinberg, & Melott 1987



Extension to redshifts z > 7

• Windows in the atmospheric OH spectrum
continue into the J and H bands, though narrower.

• Newest NIR cameras have AΩ sufficient for
plausible Ly-α searches.

• Several efforts under way…
– Horton et al 2004 (DAzLE project): VLT + DAzLE) z ~ 7.7
– Smith et al (see Barton et al 2004): Gemini + NIRI, z ~ 8.2
– Willis et al (“ZEN” project): VLT +ISAAC, z ~ 8.8
– Cuby et al: VLT +ISAAC, z ~ 8.8
… and I don’t think I’ll miss this chance either!



Summary
• Lyman-α galaxies afford a new test of reionization

that is sensitive to neutral fractions ~  30 - 50%.
This corresponds to the overlap phase.

• The Lyman-α luminosity functions at z=5.7 and
z=6.5 are consistent with no evolution, and the
universe was largely ionized by z=6.5.

• Extension to 7 < z < 10 is possible using 2006
technology.

• There is potential for mapping bubbles in the IGM
with Lyman-α galaxies, and for characterizing
reionization topology with genus statistics.

See Malhotra & Rhoads 2004, ApJ Letters 617, L5


