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Radiative Transfer Modeling of Lyman-alpha Emitters
and New Effects in Galaxy Clustering 
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Successful detections happened 
~30 years after the prediction.

~2/3 ionizing photons are 
converted to Lyα photons

Lyα Luminosity ∝ Star Formation Rate
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Searching for High Redshift Galaxies
       Narrow-band technique:    Lyman-alpha Emitters (LAEs)

z=5.7
flu

x

narr
ow-band 

filter

     R

Broad-bands + narrow-band
efficient in selecting LAEs

Ouchi et al. 2003, 2008



 Why Are Lyman-alpha Emitters Interesting?

•  study of young star-forming galaxies

Fardal et al. 2006
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•  study of young star-forming galaxies

•  reionization probe

Fan, Carilli, & Keating 2006
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•  study of young star-forming galaxies
    

•  reionization probe
   

•  clustering and cosmology constraints
     LAE-halo connection
     cosmology 
           e.g., from Baryon Acoustic Oscillation (BAO) 
           measurement (HETDEX, 106 LAEs at z~3)

Eisenstein et al. 2005

 Why Are Lyman-alpha Emitters Interesting?

SDSS Luminous Red Galaxies



Subaru
MUSYCHETDEX

GALEX

LALA

ZEN

DAZLE

Surveys for Lyman-alpha Emitters (LAEs)



• What information does the Lyα line encode?

• What determines the Lyα equivalent width?

• How to interpret the Lyα and UV continuum 
luminosity functions?

• What is the connection between LAEs and 
dark matter halos?

• How to use LAEs to probe reionization?

• What can we learn from LAE clustering?

Questions about Lyman-alpha Emitters (LAEs)

(e.g., Wyithe & Cen 2005;  Dijkstra, Lidz, & Wyithe 2007; McQuinn et al. 2007; 
Mesinger & Furlanetto 2008; Iliev et al. 2008; Dayal et al. 2008,2010; Kobayashi et al. 
2008; Nagamine et al. 2008; Dijkstra & Wyithe 2010; Shimizu & Umemura 2010; ...)



UV Continuum Luminosity Function 

Lyman Break Galaxies (LBGs) vs Lyman-alpha Emitters (LAEs)

from Ouchi et al. (2008)
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Simplified “Radiative Transfer” Calculations
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Simplified “Radiative Transfer” Calculations
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Lyα line

λ0 = 1216Å
lifetime ∼ 10−8sec

1s− 2p transition

Lyα Radiative Transfer

τν

?surface brightness
frequency change

InterGalactic Medium
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Lyα line

λ0 = 1216Å
lifetime ∼ 10−8sec

1s− 2p transition

H

atom rest frame

H

laboratory frame

Lyα Radiative Transfer

• a large number of scatterings
• position change from scattering
• frequency change after each scattering

scattering cross-section:  large at line center
                                     small at line wings

Thermally averaged

τν

?surface brightness
frequency change

InterGalactic Medium

InterGalactic Medium



Monte Carlo Code for Lyα Radiative Transfer
(Zheng & Miralda-Escudé 2002) 

can be applied to systems with arbitrary

• gas geometry
• gas emissivity distribution
• gas density distribution
• gas temperature distribution
• gas velocity distribution

well suited for applying to 
cosmological simulation 
outputs

generates an IFU-like data 
cube, which can be used to 
obtain Lyα image and spectra

Image Courtesy:
Stephen Todd & Douglas Pierce-Price

x

y

λ

Lyα



Input:
         Radiation Hydrodynamic Simulation of Cosmological Reionization

Trac & Cen 2007
Trac, Cen, & Loeb 2008

Radiative Transfer Modeling of LAEs

•  (100 Mpc/h)3 box
•  reionization completed at z~6
•  use the z~5.7 output 
      halos, SFR, gas distribution, ...
•  3X the volume of the Subaru/XMM-Newton    
    Deep Survey (SXDS) at z~5.7 (~1 sq. deg.)Courtesy: H. Trac

z=6z=7

z=8z=9



intrinsic Lyα emission
 (after escaping from ISM)

• point source at halo center
• intrinsic Lyα luminosity from star formation rate
• Gaussian initial line profile
• line width from halo virial temperature

Model of Lyman-alpha Emitters

apparent (observed) Lyα emission
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Lyα Radiative Transfer
(in the circumgalactic and intergalactic media)
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intrinsic Lyα emission
 (after escaping from ISM)

• point source at halo center
• intrinsic Lyα luminosity from star formation rate
• Gaussian initial line profile
• line width from halo virial temperature
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Lyα Radiative Transfer Modeling of LAEs

Lyα photons:  spatial diffusion
                     frequency diffusion

An Individual LAE 
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Lyα Radiative Transfer Modeling of LAEs

Lyα photons:  spatial diffusion
                     frequency diffusion

An Individual LAE 

I got you a bunch of stuff. This is just the 
tip of iceberg.





Ouchi et al. 2008

z~5.7 LAEs in SXDS



Intrinsic and Apparent Lyα Luminosity

Lyα equivalent width 
(EW) distribution
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Lyα equivalent width 
(EW) distribution

RT

Distribution of Circumgalactic & Intergalactic 
Environments

Distribution of 
Observed Lyα Emission



Intrinsic and Apparent Lyα Luminosity

Lyα equivalent width 
(EW) distribution

RT

Distribution of Circumgalactic & Intergalactic 
Environments

Distribution of 
Observed Lyα Emission

• Mechanism for Lyα EW distribution
• Effective Lyα escape fraction
• Effective duty cycle of LAEs



Various Environment Factors Determining
    the Apparent to Intrinsic Luminosity Ratio

density density gradient

velocity velocity gradient
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Lyα Luminosity Function

UV Luminosity Function

Lyα Equivalent Width Distribution

Morphology          Spectra

Comparison with Observation



Comparison with Observation
UV Luminosity Function

Ouchi et al. 2008

Puzzle: turnover and drop toward low luminosity



Ouchi et al. 2008

Comparison with Observation
UV Luminosity Function

broad distribution of apparent Lyα luminosity at fixed intrinsic (UV) luminosityPuzzle Solved:
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Comparison with Observation
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broad distribution of apparent Lyα luminosity at fixed intrinsic (UV) luminosityPuzzle Solved:



Summary:  
Spectra and Luminosity of Lyman-alpha Emitters

•  Radiative transfer leads to extended Lyα emission and only the 
   central part with high surface brightness can be detected.

•  The observed Lyα emission shows asymmetric line profile 
   with the peak shifted redward.

•  Environment dependent radiative transfer effect causes a broad
    distribution in the observed Lyα luminosity at a fixed intrinsic 
    luminosity.

•  The model provides natural explanations to the observed LAE
   morphology, Lyα line profile, Lyα luminosity function, UV 
   luminosity function, and Lyα equivalent line width distribution.



Clustering of Lyman-alpha Emitters



Clustering of LAEs:  Model Prediction
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Clustering of LAEs:  Model Prediction
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Clustering of LAEs:  Model Prediction
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projected two-point correlation function



Clustering of LAEs:  Model Prediction

l.o.s.
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line-of-sight fluctuation
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Clustering of LAEs:  Model Prediction

An intuitive picture
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Clustering of LAEs:  3D Clustering

Known anisotropy in 3D two-point correlation function for 
continuum selected galaxies: redshift space distortion
•  linear regime - Kaiser effect
•  nonlinear regime - Finger-of-God effect

SDSS galaxies

Zehavi, Zheng, et al. (2010)



Clustering of LAEs:  3D Clustering

LAEs

Shuffled LAEs
environment dependence 
of radiative transfer

Anisotropic 3D two-point correlation function of LAEs
•  prominent line-of-sight elongation on large scales
•  opposite to and stronger than linear redshift distortion effect
•  different from nonlinear redshift distortion (Finger-of-God) effect
•  a real space effect
•  scale dependent bias

Eli
mi
na
te
d

SDSS galaxies

Zehavi, Zheng, et al. (2010)



Summary: Clustering of Lyman-alpha Emitters

•  new effects in galaxy clustering caused by environment 
   dependent Lyman-alpha radiative transfer
•  enhancement in the transverse fluctuation 
•  suppression in the line-of-sight fluctuation
•  anisotropic 3D two-point correlation function
      real space effect
      different from linear and nonlinear redshift distortions 

•  scale-dependent bias
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Summary: Clustering of Lyman-alpha Emitters

•  new effects in galaxy clustering caused by environment 
   dependent Lyman-alpha radiative transfer
•  enhancement in the transverse fluctuation 
•  suppression in the line-of-sight fluctuation
•  anisotropic 3D two-point correlation function
      real space effect
      different from linear and nonlinear redshift distortions 

•  scale-dependent bias



Stacking narrowband images (Zheng et al., in prep.)

Stacking spectra of quasar absorption systems 
(w/ Brice Menard, in prep.)

currently with SDSS quasar spectra
future project with SDSS III data

Future Work

  Extended Lyα Emission

Completing the Lyα inventory 

from Lyman-alpha emitters and 
Lyman break galaxies 
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Future Work

  Probing the Late Stage of Reionization with LAEs

• Line profile and equivalent width
• Evolution of Lyα and UV luminosity functions
• Anisotropic clustering of LAEs
    distribution of HII bubbles 
   (additional fluctuation from fHI,T)

Courtesy: H. Trac

z=6z=7

z=8z=9

✴ Gemini NIRI z~8.2
✴ DAzLE (VLT+DAzLE) z~7.7, 9.9
✴ ZEN (VLT+ISAAC) z~8.8
✴ Subaru HyperSuprimeCam Survey z~5.7, 6.6, 7.0
   (40 deg2 wide survey, 4 deg2 deep survey)
✴ ...



Future Work

  LAEs at Lower Redshifts

• Connection between LAEs and LBGs 
• Role of Lyman-alpha radiative transfer
• Interpreting the clustering of LAEs 

 redshift distortion
 nonlinear evolution
 scale-dependent bias
 Lyman-alpha selection induced distortion

• Effects on baryon acoustic oscillation (BAO) measurements

✴ Subaru HyperSuprimeCam Survey z~5.7 (40 deg2) 
✴ LAEs from samples of Lyman Break Galaxies (LBGs z~3-5)
✴ HETDEX (106 LAEs at z~2-4, BAO measurement)



A Simple Model of LAEs 

Intrinsic 
Lyαemission

Apparent 
Lyαemission

✦ radiative transfer as the single factor in transforming the intrinsic
   properties of Lyα emission to observed ones

✦ natural interpretations to observations

✦ high predictive power
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Lyαluminosity

Lyαline profile

A Simple Model of LAEs 

Intrinsic 
Lyαemission

Apparent 
Lyαemission

spectra

LyαEW

LyαLF

UV LF

morphology

clustering

...

Radiative Transfer

neutral gas distribution

✦ radiative transfer as the single factor in transforming the intrinsic
   properties of Lyα emission to observed ones

✦ natural interpretations to observations

✦ high predictive power

Monte Carlo code
of Lyα radiative transfer

radiation hydrodynamic simulation 
of cosmological reionization



✴ For the first time, a realistic Lyα radiative transfer (RT) calculation is performed  in a 
cosmological volume to study Lyman-alpha emitters (LAEs).

✴ RT leads to coupling between the observed Lyα emission and circumgalactic and intergalactic 
environments (density and velocity structures).

✴ The simple model is able to provide natural explanations for an array of observed properties 
of LAEs.

• asymmetric line profile with peak shifted redward
• broad distribution of observed Lyα luminosity at fixed intrinsic luminosity

• morphology, spectra, and Lyα and UV luminosity distributions reproduced

✴ The model predicts new effects in the clustering of LAEs caused by environment dependent 
Lyα radiative transfer.  

• enhancement (suppression) in the transverse (line-of-sight) fluctuation
• anisotropic 3D clustering (prominent elongation along the line of sight)
• scale-dependent bias

✴ Future work:

• extended Lyα emission
• high redshifts:  How to use LAEs to probe the late stage of reionization?
• low redshifts:   What is the connection between LBGs and LAEs?

             How to model the clustering of LAEs? 
             How strong is the radiative transfer effect on the clustering at BAO scales?

• model uncertainties: galactic wind, dust, ...

Summary


