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disk, galactic wind / outflow                    galaxy mergers gas accretion from filaments, IGM

Gas Environment of  Star-Forming Galaxies
unlikely to be isotropic

Lyman-alpha photons from starforming galaxies (e.g., Lyman-alpha Emitters) experience resonant 
scatterings in the neutral gas of the circumgalactic and intergalactic media.

How would the anisotropic distribution of neutral gas affect the observational properties of 
Lyman-alpha emission?

How would we use the observed Lyman-alpha emission to probe the neutral gas?
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Lyman-alpha emission from (analytic) anisotropic gas distribution

anisotropy in gas distribution: density and velocity
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Multipole Coefficients
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Velocity Anisotropy 
⟹ Lyman Alpha Emission Anisotropy
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Model Observation

Relation between EW and Peak Offset

Hashimoto et al. (2013)
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McLinden et al. (2013)

Relation between Peak Offset (hard to observe) and Line Profile (easy to observe)
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Figure 3. Same as Figure 2, but for binned mean density-
weighted average radial gas velocity vHI,r. Here vHI,r is defined as
the density-weighted average velocity of cells within a 5 kpc radius
aperture of a given line of sight and greater than 5 kpc away from
the center of the galaxy. Due to the anisotropic and complicated
behavior of in- and outflows from the galaxies, there are no clear
general trends that emerge.

is isotropic initial emission, lines of sight with high rel-
ative optical depth will have their Ly↵ flux diminished
and lines of sight with low relative optical depth will have
their Ly↵ flux enhanced relative to an isotropic emission.

Figure 3 shows the binned mean density-weighted av-
erage radial HI gas velocity vHI,r as a function of µ for
the outer regions (> 5 kpc from galaxy center) of the
galaxies in our study. Due to the random nature of in-
and outflows relative to the galaxy plane, there is no gen-
eral structure that can be discerned from Figure 3 across
all the galaxies. Zheng & Wallace (2014) showed the
anisotropizing e↵ects that an anisotropic velocity field in
a gas cloud of uniform density can have on the Ly↵ emis-
sion: lines of sight with larger parallel gas velocity show
lower optical depths to the Ly↵ photons (because in the
gas frame the Ly↵ photons are Doppler shifted out of the
Ly↵ line center) and thus have a larger number of Ly↵
photons that escape along those directions. This e↵ect is
frequency-depedent: for photons trying to escape along
an inflow, those photons redward of the Ly↵ line will see
larger optical depths to escape than photons blueward
of the line center, while the case is reversed for outflows.
This has an impact on the frequencies of the escaping
photons which have been examined by many authors (ci-
tation list). We do not examine the anisotropy of the
Ly↵ line in this work but reserve the analysis for a fu-
ture study.

4. Ly↵ FLUX DISTRIBUTION FROM
ANISOTROPIC DISTRIBUTION

The focus of this study is the anisotropizing e↵ect the
gas environment has on the Ly↵ flux. This anisotropizing
e↵ect is seen in Figure 4, which shows F/F0 (the observed
flux along a given line of sight normalized to what would
be the flux in the case of isotropic escape) as a function
of the cosine of the viewing angle µ. We remind the
reader that frequency-dependent corrections to F have
been made based on the IGM scattering of Ly↵ photons
between the grid boundary and the observer, while F0

Figure 4. Similar to Figures 2 and 3 but for F/F0, the Ly↵
flux normalized to the isotropic flux. Corrections to F due to IGM
absorption between the galaxy and the observer have been applied.
The isotropic flux F0 has not had IGM absorption applied. The
preferred escape of Ly↵ photons along lines of sight face on to the
disk (µ⇠± 1) relative to lines of sight parallel to the disk (µ⇠0) is
seen.

has had no such corrections applied. F is the flux that
would be seen by a terrestrial observer while F0 is the flux
that would be seen by an observer on the grid boundary
in the case of isotropic Ly↵ photon escape. Comparing
Figure 4 with Figure 2 we see a close but not exact corre-
spondence between maxima (minima) of NHI and min-
ima (maxima) of F/F0. The one major exception to this
correspondence is G.1327. Figure 2 shows that the en-
vironment of G.1327 is more complicated than the other
galaxies, with local maxima occuring at µ⇠ ± 1 unlike
the local minima that occurs for all the other galaxies.
In Figure 4, G.1327 deviates from the bimodal behavior
otherwise seen for all the other galaxies. Instead of hav-
ing two regions of preferred Ly↵ photon escape (µ⇠±1),
G.1327 only has one region of preferred escape (µ⇠+1).
This is because ....

The F/F0 probability density functions (PDFs) of each
of the galaxies are shown in Figure 5, as well as the mean
PDF. All galaxies show an abundance of lines of sight
with low F/F0 with the PDF decreasing towards higher
F/F0, tending towards zero at very higher F/F0. We
note that the unimodal behavior of G.1327 in Figure 4
relative to the bimodal behavior of the other galaxies
does not prominently a↵ect the F/F0 distribution. The
F/F0 distribution only cares that there is an anisotropic
Ly↵ escape, not how many regions of high F/F0 there
are. We defined the mean PDF as the “mean model” for
what follows. Actually, the mean model that gets

used is di↵erent, need to think about how to word

all this better. The convolution with Malhotra

uses all the data points, and then the convoluted

data points are binned, while what is here called

the “mean model” has the data for each galaxy

binned separately, the mean of the 9 di↵erent val-

ues in each bin is plotted. Maybe we should just

take all the data for the mean model and bin it

all at once, instead of separately then taking the

mean across the 9 galaxies.
In order to make a comparison between the mean

pole            equator             pole

Anisotropic Lyman-alpha Emission
from Galaxies in High-resolution 

Hydrodynamic Galaxy Formation Simulations

viewing angle dependent Lyman-alpha flux

Wallace, ZZ, Sadoun, & Cen (in prep)



5

Figure 5. The probability density functions (PDFs) of the nor-
malized Ly↵ flux. The PDFs of each galaxy are shown as solid
lines, while the mean F/F0 PDF is shown as a dashed line. (Is
this mean PDF the mean of all lines of sight, or the means of what
already are the means of the F/F0 functions?). The mean value of
each function is less than 1 due to attenuating the emitted flux by
the IGM absorption between the galaxy and the observer; see text
for details.

model and the observed EW distributions, F/F0 is con-
verted to EW as detailed in Section 2. The top left panel
of Figure 6 shows the EW distribution based on Model
A of Malhotra & Rhoads (2002) and the top right panel
shows our mean model convolved with this EW distribu-
tion. Since the EW distribution of Malhotra & Rhoads
(2002) is strongly peaked at EW⇠100 Å, a line of sight
with F/F0 = 1 can be thought of as having EW⇠100 Å.

Bottom panels of Figure 6 not yet filled in, will have
discussion filled in later.

The mean model EW distribution, convolved with ob-
servational errors calculated from Ouchi et al. (2008), is
shown in Figure 7 and compared with the observed dis-
tributions presented in Ciardullo et al. (2012) and Ouchi
et al. (2008). The mean model shows remarkable agree-
ment with the observed distributions for EW & 50 Å.
The small number of low-EW LAEs (. 50 Å), where our
mean model shows the largest amplitude in its distri-
bution, can be understood as an observational selection
e↵ect: low-EW LAEs are less likely to be identified as
LAEs in surveys and they are more di�cult to measure
EWs from the Ly↵ line. Our mean model also seems
to underproduce the number of high-EW (& 175 Å) rel-
ative to the observations of Gronwall et al. (2007) and
the photometrically selected LAEs of Ouchi et al. (2008).
We remind the reader that our mean model was not de-
rived from a large number of simulated LAEs, but rather
just nine LAEs sampled along many lines of sight. Fig-
ure 5 shows that the F/F0 distribution of each inidvidual
galaxy are all quite similar to our mean model. Thus,
the structure of our mean model arises entirely from the
anisotropic Ly↵ emission of individual galaxies. Because
of this, we find the similarity between our mean model
and the observations of particular note. The properties
of Ly↵ emission and escape of individual galaxies can be
matched remarkably well to the observed global LAE EW
distribution. We therefore conclude that at least some of
the structure of observed LAE EW distribution is there-

Figure 6. Equivalent width (EW) PDFs of our mean model. Top
left: the EW distribution of Model A of Malhotra & Rhoads (2002),
which assumes a Salpeter initial mass function, continuous star
formation, and a metallicity 1/20 solar. Top right: our mean model
convolved with the EW distribution of the top left panel. (How to
describe how I did the convolution? Not quite as simple as F/F0
= 1 is 100 A). Bottom panels: not filled in yet.

fore due to the anisotropic nature of Ly↵ escape. That
is, the observed EW distribution in the z = 3.1 LAE
population is not due entirely to di↵erences in intrinsic
Ly↵ luminosities and star formation rates. The results of
Zheng & Wallace (2014) suggested this and it has been
further confirmed here. We do not suggest that the ob-
served EW distribution is due entirely to anisotropic Ly↵
e↵ects but that this is just one of the contributing factors
to the observed EW distribution

Anybody else saying this? (citations)
Maybe this can help solve the reionization mystery?

The low-luminosity galaxies we see actually have a higher
intrinsic luminosity, producing more photons than we
would guess from, say, the EW distribution? Only if
we are detecting these galaxies via lya feature, contin-
uum radiation isn’t as anisotropically a↵ected as these
are.

Figure 8 shows a few Ly↵ SB images of our simulated
galaxies along lines of sight with EW⇠200, about twice
the flux that would be expected in the case of isotropic
Ly↵ escape. They’re not really there yet so I don’t have
much to say yet.

5. CONCLUSION AND DISCUSSION
We ...

We thank Ethan Lake for plotting assistance. This
work used the online cosmology calculator of Wright
(2006). This work was supported in part by ... and
the Undergraduate Research Opportunities Program
(UROP) at the University of Utah. The support and
resources from the Center for High Performance Com-
puting at the University of Utah are gratefully acknowl-
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Figure 7. The blue curve is the mean model convolved with the
EW distribution of Malhotra & Rhoads (2002) and observational
errors taken from the z = 3.1 galaxies in table 2 of Ouchi et al.
(2008). The other curves are observed distributions taken from
Ly↵ emitter (LAE) surveys, shown here for comparison with our
model. The cyan histogram is a sample of z⇠3.1 LAEs from Ciar-
dullo et al. (2012), the green histogram is a sample of z⇠3.1 LAEs
shown in Ciardullo et al. (2012) but originally from Gronwall et al.
(2007), and the black, gray, and red curves are all taken from the
z = 3.1 samples of Ouchi et al. (2008). The black histogram and
curve are for photometrically selected LAEs with LLy↵ & 1042.6erg
s�1 and IGM absorption-corrected intrinsic EWint & 70�80 Å, the
gray histogram and curve are for all photometrically selected LAEs,
and the red histogram is for spectroscopically selected LAEs. Both
the black and gray histograms are for best-estimate rest frame EW
for the associated samples, and the black and gray curves are the
associated probability distributions estimated from errors of mea-
surements. The observed distributions all show low occurences of
low-EW galaxies due to selection and observation e↵ects. For sake
of comparison with our model curve, the normalization of the ob-
served distributions have been altered: the Ciardullo et al. (2012)
and Gronwall et al. (2007) data have been normalized to have the
same area as our model curve does for EW> 20 Å and the Ouchi
et al. (2008) data have been normalized to have the same area as
our model curve does for EW> 40 Å.

edged. This research has made use of NASA’s Astro-
physics Data System.
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Figure 1. Composite continuum (top panels) and Lyα (bottom panels) images of our LAEs produced by the mean-combined method.
From left to right panels, we show z = 2.2, 3.1, 3.7, 5.7, and 6.6 LAE images.

10 arcsec

z = 2.2 z = 3.1 z = 3.7 z = 5.7 z = 6.6

Figure 2. Same as Figure 1, but for the median-combined method.

ing surveys of Subaru telescope. Our z = 2.2 sample con-
sists of 3556 LAEs found in five deep fields of COSMOS,
GOODS-N, GOODS-S, SSA22, and SXDS (Nakajima et al.
2012). The total area of the deep fields with our z = 2.2
LAEs is about 2.3 deg2. The z = 2.2 LAEs are identified
by an excess of flux in an NB of NB387 whose central
wavelength and FWHM are 3870 Å and 94 Å, respectively.
The continua of these LAEs are determined with V -band
images taken by Capak et al. (2004), Hayashino et al.
(2004), Taniguchi et al. (2007), Furusawa et al. (2008),
and Taylor et al. (2009). Our z = 3.1 − 6.6 LAE samples
are obtained only in the 1 deg2 SXDS field (Ouchi et al.
2008, 2010). There are (316, 100, 397, 119) LAEs at z =
(3.1, 3.7, 5.7, 6.6) identified with NBs of (NB503, NB570,
NB816, NB921). The central wavelength and FWHM val-
ues are (5029Å, 74Å), (5703Å, 69Å), (8150Å, 120Å), and

(9196Å, 132Å) for NB503, NB570, NB816, and NB921, re-
spectively. The continua of LAEs are estimated with broad-
band images of R, i′, z′, and J bands for NB503, NB570,
NB816, and NB921 LAEs. We refer to these broadband
images for our continuum estimates as continuum images.
These optical and near-infrared images are taken from the
public data of SXDS (Furusawa et al. 2008) and UKIDSS
(Lawrence et al. 2007), respectively. All of the imaging data
used in this study are obtained with Subaru/Suprime-Cam,
except for the J-band image. The J-band observations are
conducted with the the Wide Field Camera (WFCAM;
Hewett et al. 2006; Casali et al. 2007) on the UK Infrared
Telescope (UKIRT). In summary, our samples have a to-
tal of 4488 LAEs at z = 2.2 − 6.6 on the 2.3 deg2 sky.
Our LAE samples have the Lyα luminosity and equivalent-
width limits of ∼ 1042 erg s−1 and ∼ 20− 60Å, respectively

c⃝ 2014 RAS, MNRAS 000, 1–??

Momose et al. (2014)

92 Galaxies (<z>~2.65)
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dependence on viewing angle?
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Nie, ZZ, et al. (in prep)

gas distribution in simulation
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from spectra in different directions



Clustering of LAEs:  Model Prediction
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Clustering of LAEs:  3D Clustering
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    New, Strong Effects in Clustering of Lyman-alpha Emitters

•  Enhancement in the transverse fluctuation 

•  Suppression in the line-of-sight fluctuation

•  New anisotropy in the 3D two-point correlation function

•  Scale-dependent bias (slope change in power spectrum)

Key Points:
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    New, Strong Effects in Clustering of Lyman-alpha Emitters

•  Enhancement in the transverse fluctuation 

•  Suppression in the line-of-sight fluctuation

•  New anisotropy in the 3D two-point correlation function

•  Scale-dependent bias (slope change in power spectrum)

Key Points:



(also see Wyithe & Dijkstra 2011)

No Coupling Strong Coupling

New role of galaxy clustering
      putting constraints on galactic winds (e.g., wind strength and anisotropy)

Kaiser effect dominated RT effect dominated

Challenges and Opportunities
  Initial Line Profile & Galactic Winds



Croft, Miralda-Escude, ZZ, et al. (2016)

A Tentative Observational Case from SDSS-III 
BOSS Quasar-LAE Cross-Correlation
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• Anisotropic gas distribution leads to anisotropic Lyman-alpha emission.

✴ Radiative transfer calculations are performed for simple models of anisotropic 
Lyman-alpha emission.

✴ The simple models are able to qualitatively reproduce some statistical trends seen in 
Lyman-alpha emission from star-forming galaxies (e.g., EW distribution and EW-Vpeak 
relation) and make interesting predictions (e.g., between Vpeak and line profile).

✴ The anisotropic Lyman-alpha emission could be one of the key factors in determining 
and in interpreting the observational properties of Lyman-alpha emission from star-
forming galaxies.

✴ Lya RT modeling with simulated galaxies shows that Lya EW distribution can be 
largely explained by the anisotropic Lya emission.

✴ Implications for Lya Halos, expanding shell models, and clustering.

Summary


