
Towards Ly𝛂 Intensity Mapping  

in HETDEX

Shun Saito 
MPA in Germany → Missouri S&T in US (since Jan 2019) 

“Accelerating Universe in the Dark” 
Yukawa Institute, Kyoto, Japan 

Mar 5th 2019



!2 Shun Saito (MS&T)

Cosmological Analysis of BOSS galaxies 25

0.1 1.00.2 0.5 2.0
z

10

20

30

di
st

an
ce

/r
d
�

z

DM(z)/rd

�
z

DV (z)/rd

�
z

zDH(z)/rd

�
z

6dFGS

SDSS MGS

SDSS DR7

WiggleZ

BOSS Galaxy DR12

BOSS Ly�-auto DR11

BOSS Ly�-cross DR11

Figure 14. The “Hubble diagram” from the world collection of spectroscopic BAO detections. Blue, red, and green points show BAO measurements of DV /rd,
DM/rd, and DH/rd, respectively, from the sources indicated in the legend. These can be compared to the correspondingly coloured lines, which represents
predictions of the fiducial Planck ⇤CDM model (with ⌦m = 0.3156, h = 0.6727). The scaling by

p
z is arbitrary, chosen to compress the dynamic range

sufficiently to make error bars visible on the plot. For visual clarity, the Ly↵ cross-correlation points have been shifted slightly in redshift; auto-correlation
points are plotted at the correct effective redshift. Measurements shown by open points are not incorporated in our cosmological parameter analysis because
they are not independent of the BOSS measurements.

presented in Table 9 and denoted as G-M et al. (2016 a+b+c). The
combination of these three sets of results is presented at the end
of Gil-Marı́n et al. (2016c). As before, this case is compared to
our full-shape column of Table 7, approximating LOWZ to our low
redshift bin and CMASS to our high redshift bin, where the vol-
ume difference factor has been taken into account. Our DM mea-
surement of 1.7% in the low redshift bin and 1.8% in the high red-
shift bin compares to 1.5% and 1.1%, respectively, in Gil-Marı́n
2016 a+b+c. Regarding H(z), our measurement of 2.8% in both
the low and high redshift bins compares to 2.5% and 1.8% in Gil-
Marı́n 2016 a+b+c. Finally our f�8 constraint of 9.5% and 8.9% in
the low and high redshift bin compares to the LOWZ and CMASS
measurements of 9.2% and 6.0% by Gil-Marin 2016a+b+c. One
can attribute the improvement in Gil-Marı́n 2016a+b+c when com-
pared to our measurement to the use of the bispectrum, which has
not been used in our analysis.

c� 2016 RAS, MNRAS 000, 1–38
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Figure 15. Left-hand panel: Comparison of f�8(z) measurements across previous BOSS measurements in DR11 (Alam et al. 2015b; Beutler et al. 2014a;
Samushia et al. 2014; Sánchez et al. 2014) and DR12 (Gil-Marı́n et al. 2016b,c; Chuang et al. 2016) samples. Right-hand panel: The f�8(z) results from this
work compared with the measurements of the 2dfGRS (Percival et al. 2004b) and 6dFGS (Beutler et al. 2012), the GAMA (Blake et al. 2013), the WiggleZ
(Blake et al. 2012), the VVDS (Guzzo et al. 2008), and the VIPERS (de la Torre et al. 2013) surveys, as well as the measurements from the SDSS-I and
-II main galaxy sample (Howlett et al. 2015, MGS) and the SDSS-II LRG sample (Oka et al. 2014, DR7). We have plotted conditional constraints on f�8

assuming a Planck ⇤CDM background cosmology. This is one of the best evidence of how growth rate measurements from BOSS again reaffirm the validity
of General Relativity in large scales.

9 COSMOLOGICAL PARAMETERS

9.1 Data sets

We now turn to cosmological interpretation of our results. We will
use the consensus measurements, including our estimated system-
atic error contribution to the covariance matrix, from the BAO-only
and BAO+FS columns of Table 3. In our subsequent figures and ta-
bles, the former case is simply labeled “BAO.”

Following Aubourg et al. (2015), we include the 6dFGS and
SDSS MGS BAO measurements and the BOSS DR11 Ly↵ forest
BAO measurements (see Fig. 14 and §8.3). These are largely in-
dependent and have utilized similar methodologies. We opt not to
include other BAO measurements, notably those from photomet-
ric clustering and from the WiggleZ survey (Blake et al. 2011a,
2012), as the volumes partially overlap BOSS and the errors are
sufficiently large that a proper inclusion would not substantially
affect the results. As shown in Aubourg et al. (2015), these mea-
surements are in good agreement with those from BOSS. We note
in particular the good match to the WiggleZ results, as this was a
sample of strongly star-forming galaxies in marked contrast to the
red massive galaxies used in BOSS. The dual-tracer opportunity
was studied extensively with a joint analysis of the overlap region
of WiggleZ and BOSS (Beutler et al. 2016a).

We further opt not to include other RSD measurements be-
yond BOSS, as they come from a variety of analysis and modelling
approaches. One can see from Figure 15 that the measurements
from other surveys are consistent with those from BOSS within
their quoted errors, and the error bars in all cases are large enough
that there are potential gains from combining multiple measure-
ments. However, in contrast to BAO measurements, systematic er-
rors associated with non-linear clustering and galaxy bias are a ma-
jor component of the error budget in any RSD analysis, and these
systematics may well be covariant from one analysis to another in
a way that is difficult to quantify. Because of systematic error con-
tributions, we do not consider it feasible to carry out a robust joint
RSD analysis with other measurements.

In all cases, we combine with CMB anisotropy data from the

Planck 2015 release (Planck Collaboration XIII 2015). We use the
power spectra for both temperature and polarization; in detail, we
use the likelihoods plik dx11dr2 HM v18 TTTEEE and lowTEB
for the high and low multipoles, respectively. We do not include
the information from the lensing of the CMB in the 4-point corre-
lations of the CMB temperature anisotropies. We will discuss the
impact of the recent (Planck Collaboration XLVI 2016) large-angle
polarization results in §9.4.

We note that there is some mild tension between the Planck
2015 results and those from combining WMAP, SPT, and ACT
(Calabrese et al. 2013; Spergel et al. 2015; Bennett et al. 2016).
The Planck data set yields a mildly higher matter density ⌦mh

2,
which for ⇤CDM implies a higher ⌦m and �8 and a lower H0.
As in the DR11 results, our BOSS results for ⇤CDM fall in be-
tween these two and therefore do not prefer either CMB option.
We have presented non-Planck results in Anderson et al. (2014b)
and Aubourg et al. (2015) and do not repeat that here, as the sense
of the differences has not changed.

Finally, for some cases, we utilize measurements of the
distance-redshift relation from Type Ia supernovae (SNe) from the
Joint Lightcurve Analysis (JLA, Betoule et al. 2014), which com-
bined SNe from the SDSS-II Supernova Survey (Sako et al. 2014)
and the Supernova Legacy Survey 3-year data set (Conley et al.
2011) together with local and high-z data sets. The combination
of SN measurements with BAO is particularly powerful for con-
straining the low-redshift distance scale (e.g., Mehta et al. 2012;
Anderson et al. 2014b). The SNe provide a higher precision mea-
surement of relative distance at lower redshift where the BAO is
limited by cosmic volume, but the BAO provides an absolute scale
that connects to higher redshift and particularly to the CMB acous-
tic scale at z = 1000. The combination of BAO and SN data also
allows an “inverse distance ladder” measurement of H0 that uses
the CMB-based calibration of rd but is almost entirely insensitive
to the dark energy model and space curvature over the range al-
lowed by observations (Aubourg et al. 2015).

c� 2016 RAS, MNRAS 000, 1–38

What’s next in LSS?
Baryon Acoustic Oscillations (BAOs) Redshift-Space Distortion (RSD)
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and H(z) from H0, SNe, OHD, gBAO and Lyα FB, and evaluate the 
corresponding Surprise and the standard deviation (see Methods 
for details). Results are shown as cyan bars in Fig. 1a. They indicate 
that the H0, Lyα FB and SNe measurements are in tension with the 
combined dataset. Introducing tension T as the number of standard 
deviations by which Surprise is greater than zero, we find values 
of T =  4.4, 3.5 and 1.7 for the H0, Lyα FB and SNe measurements, 
respectively (shown in Fig. 1b), with the first two values signalling 
significant tension.

Next, we check whether the tension within the ΛCDM model 
can be interpreted as evidence for a dynamical dark energy. The 
dynamics of dark energy can be probed in terms of its equation of 
state w, which is equal to −  1 for Λ, but is different in dynamical 
dark energy models, where it will generally be a function of red-
shift z. Commonly considered alternatives to Λ are a model with 
a constant w (wCDM) and one in which w is a linear function of 
the scale factor (w0waCDM)16. We allow for a general evolution 
of the dark energy equation of state and use the correlated prior 
probability distribution method17 (hereafter, the prior probability 
distribution is simply called the ‘prior’) to perform a Bayesian non-
parametric reconstruction of w(z) using the Markov chain Monte 
Carlo method with other cosmological parameters marginalized 
over (see Methods for details). Figure 2 presents the reconstructed 
w(z), along with the 68% confidence-level uncertainty, shown 
with a light blue band, derived from the combined dataset ALL16. 
Table 1 shows the change in χ2 relative to ΛCDM for each individ-
ual dataset for the best-fit w(z)CDM model derived from ALL16. 
Overall, the χ2 is improved by −  12.3, which can be interpreted as 
the reconstructed dynamical dark energy model being preferred at 
3.5σ. The reconstructed dark energy equation of state evolves with 
time and crosses the −  1 boundary, which is prohibited in single-
field minimally coupled quintessence models18, but can be realized 
in models with multiple scalar fields, such as Quintom19, or if the 
dark energy field mediates a new force between matter particles20. 
In the latter case, which is commonly classified as modified grav-
ity, it is generic for the effective dark energy equation of state to 
be close to −  1 around z =  0, but to evolve towards more negative 
values at intermediate redshifts, before eventually approaching 
0 during matter domination. Such dynamics would be consistent 
with our reconstruction and could be tested in the future when BAO 
measurements at higher redshifts become available. In addition to 
the reconstruction from the combined ALL16 dataset presented in 

Fig. 2, we present reconstructions derived from ten different data 
combinations in Supplementary Fig. 1.

The results for tension between datasets, re-evaluated for the 
ALL16 best-fit w(z)CDM model, are shown as dark blue bars in 
Fig. 1. We find T =  0.7, 1.1 and 0.7 for H0, Lyα FB and SNe, respec-
tively, indicating that tensions that existed in the ΛCDM model are 
significantly released within w(z)CDM. A plot of the relevant data 
points along with the best-fit predictions from the ΛCDM and the 
w(z)CDM models are provided in Supplementary Fig. 2.

With a large number of additional w-bin parameters, one may be 
concerned that the improvement in the fit is achieved by w(z)CDM 
at the cost of a huge increase in the parameter space. However, cor-
relations between the w-bins induced by the prior constrain most 
of that freedom. One way to estimate the effective number of addi-
tional degrees of freedom is to perform a principal-component 
analysis of the posterior covariance matrix of the w-bin parameters 
and compare it with that of the prior. Using this method, explained 
in detail in the Methods section, we find that our w(z)CDM model 
effectively has only four additional degrees of freedom compared 
with ΛCDM. We note that the demonstration that ALL16 is capa-
ble of constraining four principal components of w(z) is one of the 
interesting results of this work.

It is interesting to compare w(z) reconstructed from ALL16 with 
that obtained by Zhao et al.21 using the same prior but a different 
dataset, which we call ALL12 (a comparison of the ALL16 and the 
ALL12 datasets is provided in Supplementary Table 2). ALL16 con-
tains about 40% more SNe than ALL12, primarily provided by the 
Sloan Digital Sky Survey (SDSS)-II. Moreover, in ALL12, the BAO 
measurement derived from the Baryon Oscillation Spectroscopic 
Survey (BOSS) DR9 sample22 was at a single effective redshift, 
whereas in ALL16 it is tomographic at nine redshifts from BOSS 
DR12 (ref. 23), which contains four times more galaxies than DR9. 
In addition, ALL16 includes a high-redshift Lyα FB measurement, 
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Fig. 1 | The tension among different datasets in ΛCDM and w(z)CDM 
universes. a, The Surprise between the PDFs for DA(z) and H(z) derived 
from the best-fit model using the combined dataset of ALL16, and the 
directly observed DA(z) and H(z) from H0, JLA (the JLA sample of SNe), 
OHD, gBAO-9z (gBAO measurements at nine effective redshifts) and Lyα FB, 
respectively (see Methods for detailed explanation and references for data 
used). The cyan horizontal bars indicate the 68% confidence-level range of 
Surprise in ΛCDM, while the dark blue bars correspond to that of w (z)CDM. 
b, The corresponding values of tension T, defined as Surprise divided by its 
standard deviation, shown using the same colour scheme as in a.
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Fig. 2 | Reconstructed evolution history of the dark energy equation of 
state compared with the 2012 result and the forecasted uncertainty from 
future data. The mean (white solid) and the 68% confidence level  
(CL) uncertainty (light blue band) of the w (z) reconstructed from ALL16 
compared with the ALL12 w (z) reconstructed by Zhao et al. (ref. 21) (red lines 
show the mean and the 68% CL band). The red point with 68% CL error 
bars is the value of w (z) at z!= !2 ‘predicted’ by the ALL12 reconstruction. 
The dark blue band around the ALL16 reconstruction is the forecasted 68% 
CL uncertainty from DESI+ + . The green dashed curve and the light green 
band show the mean and the 68% CL of w (z), respectively, reconstructed 
from ALL16 using a different prior strength (σD!= !0.4), for which the Bayesian 
evidence is equal to that of ΛCDM. See the text for details.
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Zhao+(2017)

Alam [SS+] (2016)

✔ 3D Galaxy clustering DONE at z < 1. 
 
✔ Future surveys go towards higher z. 
  - unexplored territory 
  - shed lights on some tensions? 
  - time-evolving dark energy?
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I. Introduction

Line-intensity mapping (LIM) [1] measures the spatial fluctuations in the integrated emission
from spectral lines originating from many individually unresolved galaxies and the di↵use
IGM to track the growth and evolution of cosmic structure. Line fluctuations trace the
underlying large-scale structure of the Universe, while the frequency dependence can be used
to measure the redshift distribution of the line emission along the line of sight. Traditional
galaxy surveys probe discrete objects whose emission is bright enough to be imaged directly.
LIM is advantageous as it is sensitive to all sources of emission in the line and thus enables

the universal study of galaxy formation and evolution. As high angular resolution is not
required, LIM can cover large sky areas in limited observing time, allowing various tests of the

standard cosmological model, and beyond it, across under-explored volumes of the observable

Universe. In addition, relaxed angular resolution requirements are an important attribute
for space-borne instruments, where aperture drives cost, but low photon backgrounds yield
very high surface brightness sensitivity.

To illustrate the promise of LIM, consider as a figure-of-merit the numberNmodes of accessible
modes. As the uncertainty on any quantity we wish to measure roughly scales as 1/

p
Nmodes,

the goal is clearly to maximize this number. The cosmic microwave background (CMB),
which provides the farthest observable accessible to measurement, contains Nmodes ⇠ `2max ⇠
107 modes. Intensity mapping of a chosen line at a given frequency provides maps that
resemble the CMB, but with two important advantages: (i) there is no di↵usion (Silk)
damping, so small scale information can in principle be harvested down to the Jeans scale;
(ii) huge redshift volumes can be measured in tomography through hyperspectral mapping.
The total number of modes, NLIM

modes ⇠ `2max⇥Nz, can potentially reach as high as 1016(!) [2],
limited in reality by partial sky coverage and both di↵use and line foreground contamination.
Compared to galaxy surveys, LIM retains full spectral resolution probing higher redshifts.
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Figure: Line-Intensity Mapping can access the uncharted &80% volume of the observable Universe.

Targets for LIM range from the 21-cm emission from neutral hydrogen in the IGM to line
emission from galaxies, including the 21-cm line, as well as rotational carbon-monoxide (CO)
transitions, the [CII] fine-structure line, the hydrogen Ly-↵ line, H-↵, H-�, [OII], [OIII], etc.
The vast range of targeted wavelengths necessitates the employment of di↵erent instruments.

This paper describes the various science goals achievable by pushing LIM to its next frontier.
As we will stress throughout, there is unique potential in using multi-line observations, which
motivates a coordinated e↵ort to plan the future generation of LIM experiments.

5

related foregrounds such as the Milky Way, and this will only continue with more sensitive
instruments. In addition, cross power spectra allow the determination of line luminosities of
hundreds or thousands of galaxies at once, a measurement typically unfeasible with directed
observations [32]. These cross-correlations can provide critical insights into astrophysical

mysteries ranging from conditions in di↵use IGM [33] to the makeup of dark matter [29].
Lastly, LIM can improve the science yield of imaging surveys by independently measuring
the redshift distributions of their targets, e.g. via clustering-based redshift estimation [34].

CMB. LIM-CMB correlations can retrieve redshift information for secondary CMB
anisotropies, such as lensing, as well as hot gas tracers like the thermal and kinetic Sunyaev-
Zel’dovich perturbations, which LIM can complement by mapping the cold gas distribution.

Discovery space. Since LIM uses new observational approaches and technology that cast a
wide net across the universe, it is also likely to discover or characterize new phenomena. A
recent example is the CHIME detection of fast radio bursts at frequencies & 400MHz [35].

VI. Outlook and Summary

Currently, there are initial LIM detections at relatively low redshifts in 21 cm (z ⇠ 0.8) [36],
[CII] (z ⇠ 2.5) [37], and Ly-↵ (z ⇠ 3) [33, 38] through cross-correlations with traditional
galaxy or quasar surveys, as well as a CO auto-spectrum detection (z ⇠ 3) in the shot-
noise regime [39]. Early in the coming decade, many e↵orts are pushing to strengthen the
statistical significance of these detections and to increase the coverage in redshift and cosmic
volume. Further e↵orts are in the planning phases, promising to advance early measurements
beyond the level of mere detections, to achieve detailed characterizations of the LIM signals.
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Figure: Various current, upcoming and future line-intensity mapping instruments [40–61].

In conjunction with the upcoming surveys, it will be important to refine theoretical modeling
e↵orts. New multi-scale simulation models are required to best capture the enormous range
in spatial scale relevant for line-intensity mapping observations, which involve the interstellar
media of individual dwarf galaxies out to ⇠ Gpc cosmological length scales [9, 62]. In
addition, targeted observations of individual galaxies over cosmic time will help in calibrating
scaling relations and aid the interpretation of upcoming LIM measurements.

LIM is uniquely poised to address a broad range of science goals, from the history of star
formation and galaxy evolution, through the details of the epoch of reionization, to deeper
insight into the critical questions of fundamental cosmology. This motivates an active re-

search program over the coming decade, including continued investments in multiple line-

intensity mapping experiments to span overlapping cosmological volumes, along with support

for simulation and modeling e↵orts.

Kovetz, SS+, Astro2020, coming soon

1 + z =
�0

�line

λLyα=1215Å

Intensity Mapping is Future
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◆ The Hobby-Eberly Telescope Dark Energy Experiment (2019-2022)


- Collaboration


- PI: Gary J. Hill (Univ. of Texas) 


- ~50 people: U Texas, McDonald Obs, Penn State, Texas A&M 

                    LMU, AIP, MPE/MPA, Gottingen, Oxford, [Missouri S&T]


- Instrument


- 10m Hobby-Eberly Telescope at McDonald Observatory


- 35k spectra (448 fibers/IFU x 78 units) at one 20mins exposure


    - λ=350–550nm, R~700, a flux sensitivity~a few x 10–17 erg/cm2/s  

    ➡ ~0.8M Lyman Alpha Emitters (LAEs) over 450deg2 & 1.9 < z < 3.5 

        + 1M OII-emitters at z < 0.5

HETDEX as a DE survey

First blind survey & First 10Gpc3-class survey at high z 
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HETDEX as a Ly𝛂 IM survey
◆ We can do better than the original plan! 

 - More importantly, the first blind large-scale survey with IFU 
 ➡ Original design: 1.7M/140M fibers, i.e., only 1.2% is used 

 ➡ Intensity Mapping: propose to extract information from 99%.

0.1

●  Croft et al. 2016, 2018
 Borisova et al. 2016
Cantalupo et al. 2014

LAE’s Lyα halo

LBG’s Lyα halo

Quasars’ Lyα nebular

Croft+2018 & modified by R.Momose
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HETDEX’s target!
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End-to-End Simulation
➤ Simulate something we know a priori 

- generate logN density field, given P(k) 

- extended for Intensity Mapping: LF & P(k) 

 

 

 

➤ Useful for two reasons 

- simulate the statistical power of the survey  

- simulate the impact of systematics

Agrawal, Makiya, Chiang, Jeong, SS & Komatsu, JCAP (2017), SS+, in prep.

2 Saito et al.

Note that ‘h’ does not stand for host halos here and the halo occupation distribution (HOD) can be included in
δh(x;Mh) if necessary. Now it is important to note that the observed flux fluctuation is weighted by luminosity. On
the other hand, the number density fluctuation of LAE galaxies is expressed as

δg(x) =
n(x)− n̄(z)

n̄(z)
, (7)

where the mean number density is given by

n̄(z) =

! Lmax

Lmin

dL
dn̄

dL
(z), (8)

and its fluctuation is not weighted by luminosity:

δng(x) =

! Lmax

Lmin

dL
dn̄

dL
(z) δh(x;L), (9)

3.2. Lyα luminosity function
The Lyα luminosity function, dn̄/dL, at z ∼ 2 is well measured in the literature (citations!). Konno et al. (2015)

has recently reported a deep (and hence extendable to faint end) measurement by deep Subaru narrow band survey.
Figure 1 shows their measurement. They also argue that the bump at bright end, logLLyα ! 43.0, is likely to be
contaminated by AGNs, since some of them are confirmed to be associated with counterparts in other wavelengths
such as X-ray, UV, and radio. Given this consideration, they perform the fitting to the simple Schechter function in
the luminosity range of logLLyα = [41.7, 44.4]:

dn̄

d logL
(z = 2.2) = φ∗(ln 10)

"
L

L∗

#α+1

exp

"
− L

L∗

#
, (10)

with the best-fitting parameters being (φ∗, L∗,α) = (6.32+3.08
−2.31 × 10−4 Mpc−3, 5.29+1.67

−1.13 × 1042 erg s−1,−1.75+0.10
−0.09). By

utilizing this best-fitting Schechter function, let us estimate how sensitive the luminosity range the LAE galaxies and
Lyα flux in HETDEX are. The left panel of Figure 2 shows the mean number density as a function of Lmin (see
Equation. (8)). The LAE galaxies in HETDEX are targeted to be n̄ ∼ 8.481 × 10−4 Mpc−3 which corresponds to
logLg,min = 42.20. The right panel of Figure 2 plots the integrand in luminosity density (see Equation. (3)), and
we obtain logLg = 42.52 with logLg,min = 42.20. On the other hand, the Lyα flux shall contain information at
logL < 42.20.

Fig. 1.— (Left) The Lyα luminosity function taken from Figure 5 in Konno et al. (2015). (Right) Comparison of the best-fitting Schechter
functions of the Lyα luminosity function at z ∼ 2.2.

3.3. Cross-correlation power spectrum in real space
We define the power spectrum between two different types of fluctuations as

$
δX(k)δY (k

′)
%
= (2π)3PXY (k)δD

&
k + k′' (11)

Konno+ (2015)
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Simulating LogN LAE IM

•Each “shot” in the sky contains 75 IFUs
•Spending 20 minutes per shot ~ 200 LAEs

•We do not completely fill the focal plane 
(if only we had more IFUs...)
•This is the “sparse sampling” method

41
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HETDEX Science Meeting May 2016 

IFU layout 

78 IFUs 

16 arcminutes (170 mm)  

16 Units –  
End of first 
deployment 

Athena (not characterized) 

Locations of IFUs deployed in IHMP 

LRS2-B,-R 

4000 shots 
with ~1/4.5 filling
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Simulating LogN LAE IM

F =
L

4⇡D2
L

- Luminosity and positions are assigned so that  

the simulated LogN galaxies recovers the input LF & P(k).
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Simulating LogN LAE IM

�I� = �F ⇥ ��Vpix

�⌦��
=

Z
dL

dn

dL

L

4⇡D2
L

⇥ (1 + z)3D2
A

c

H
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Simulating LogN LAE IM

+ HETDEX noise
�IFU
�I� = �fiber

�I�

r
d⌦fiber

d⌦IFU

dΩfiber = (1.5’’/2)2 x π
dΩIFU = (48.96’’)2
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Simulating LogN LAE IM

dashed: linear RSD (Kaiser)

➤Developed P(k) estimator code Hand+(2017) 
c.f. Yamamoto (2000)
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Simulating LogN LAE IM

IM auto P(k): completely dominated by noise

dashed: linear RSD (Kaiser)

➤Developed P(k) estimator code Hand+(2017) 
c.f. Yamamoto (2000)
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Simulating LogN LAE IM

IM auto P(k): completely dominated by noise

dashed: linear RSD (Kaiser)

Cross P(k): Both monopole & quadrupole  
                   seems measurable with high S/N

➤Developed P(k) estimator code Hand+(2017) 
c.f. Yamamoto (2000)
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Physical RT Simulation
➤ Towards a better understanding of LyA 

- run LyA RT on the Illustris simulation 

- assumptions (focus on the large-scale clustering):  

     - initial gaussian profile with virial velocity & 

     - + no dust correction → LyA LFs
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C. Behrens et al.: The impact of Lyman-↵ radiative transfer on large-scale clustering in the Illustris simulation

Table 1. Redshift z, spatial resolution �, and number of LAEs consid-
ered, NLAE , for the post-processed snapshots. We consider halo with
SFR > 0.1 M�/yr and Mh,200 > 1010 M� as LAEs. The intermediate res-
olution runs have a resolution similar to ZZ11 at redshift 5.85. For each
redshift, we also state the average neutral fraction, fIGM, at a character-
istic hydrogen number density of 10�4 cm�3.

z resolution � [pkpc] NLAE

2.00 ( fIGM = 2 ⇥ 10�5)
high resolution 1.2 45594
3.01 ( fIGM = 3.7 ⇥ 10�5)
high resolution 0.8 45434
intermediate resolution 51.9 45434
4.01 ( fIGM = 6.8 ⇥ 10�5)
high resolution 0.7 39782
5.85 ( fIGM = 35 ⇥ 10�5)
high resolution 0.5 23114
intermediate resolution 30.4 23114
low resolution 121.5 23114

(pkpc). We carry out these steps for a number of snapshots at dif-
ferent redshifts between z = 2.00 and z = 5.85 (details are given
in table 1). For comparison with ZZ11, we also run some snap-
shots with an artificially reduced spatial resolution comparable
to that of ZZ11.

2.2. Modelling LAEs

Similarly to previous works, we assume that Lyman-↵ emission
is dominated by recombination after ionization by far UV ra-
diation from young stars. Given our resolution of ⇠ 1 kpc, we
assume that these stars reside in the cores of galaxies, embedded
in the innermost part of a dark matter halo. The Lyman-↵ emis-
sion is therefore placed at the center of a dark matter halo. We
assume each halo of mass Mh,200 > 1010 M� to emit Lyman-↵
photons, with Mh,200 being the mass enclosed in a sphere with
density ⇢ = 200⇢c, and ⇢c the critical density. Additionally, we
restrict ourselves to consider only halos with star formation rate
(SFR) > 0.1 M�/yr and assume an intrinsic Lyman-↵ luminosity
(e.g. Furlanetto et al. 2005)

Lint =
SFR

M�/yr
⇥ 1042erg/s (1)

As stated above, we ignore halos below the mass and SFR
threshold. The initial line profile of the emission is set to be
Gaussian around the line center, with the width given by the
virial temperature of the halo. We emphasize that while we use
the SFR obtained from the hydro simulations, ZZ11 and BN13
instead approximated the SFR using the halo mass (see Trac &
Cen 2007) and used this to calculate the intrinsic Lyman-↵ lumi-
nosity

L
ZZ

int
= 0.68

Mh

1010M�
⇥ 1042erg/s (2)

Additionally, they used a lower mass cuto↵, and measured the
halo mass as the mass inside a sphere of 200 times the mean
density of the Universe. We have checked that this di↵erent def-
inition of the halo mass does not a↵ect our results. Our choices
for the fiduclal model is motivated by the fact that we have ro-
bust SFRs from the Illustris simulation. Furthermore, given our
spatial resolution of ⇠ kpc, we want to make sure that the gas
distribution and kinematics in and around galaxies we consider

as LAEs are spatially resolved, thus we use a rather high cut-o↵
in mass. When comparing the SFR-halo mass relation with the
one from Trac & Cen (2007), we find that while their result im-
plies a power law slope of 1 for SFR(Mh), we find a slope of
1.7-1.9 for the halos in the Illustris simulations.

The escape of Lyman-↵ photons from a highly inhomoge-
neous interstellar ISM remains a hard problem to solve in simu-
lations (e.g. Hansen & Oh 2006; Laursen et al. 2013; Gronke &
Dijkstra 2016; Gronke et al. 2016). These inhomogeneities are
not captured su�ciently well even by high-resolution simula-
tions, as parsec or even sub-parsec resolution would be required
to resolve the ISM structure. As has been discussed by Gronke
et al. (2016) in great detail, the observed spectra of LAEs devi-
ate from synthetic ones as a consequence. As in this paper we
are primarily concerned with the question of the anisotropic se-
lection bias due to RT, which is an e↵ect related to the coupling
between photons and the IGM, we decide to artificially remove
the e↵ect of the ISM on the escaping photons. We render the
ISM transparent to Lyman-↵ photons by removing the gas in
cells with number densities above ⇢cut = 0.13cm

�3, the thresh-
old for star-forming gas in the Illustris simulations. This method
tends to overpredict the non-gravitational bias since processing
in the ISM moves photons out of the line center, gradually decou-
pling photons from the large-scale environment by suppressing
scatterings in the IGM. In the appendix, we compare our results
with cases in which we included the ISM.

Additionally, and similar to previous work, we do not include
dust in our simulations. Since we are interested in learning about
the maximum impact of the radiative transfer on the observed
large-scale distribution of LAEs, this approach is appropriate, in
particular given the severe physical uncertainties in modelling
the e↵ect of dust (see Asano et al. 2013; Aoyama et al. 2017,
and references therein).

2.3. Lyman-↵ RT

We use our Lyman-↵ code to solve the RT problem, based on the
BoxLib library and the Nyx code (Almgren et al. 2013). It was
used previously in Behrens et al. (2014) and Behrens & Braun
(2014). For this work, we additionally include the redshifting
of photons due to the Hubble flow, periodic boundaries, and
the peeling-o↵ method to e�ciently generate surface brightness
maps. For details, we refer the reader to BN13 and references
therein. Here, we briefly summarize the simulation technique.

We use the Monte-Carlo approach typically used for Lyman-
↵ RT, probing the gas, velocity, and temperature distribution by
a large number of tracer photons. These photons are launched at
the center of halos and propagate in initially random directions.
They penetrate an optical ⌧D drawn from an exponential distri-
bution before they interact with the gas. The optical depth along
their path is integrated taking into account the local gas density,
velocity, and temperature. Additionally, the redshifting of pho-
tons due to the Hubble flow is taken into account by calculating
the Hubble parameter at the redshift of the snapshot H(z), and in-
creasing the wavelength of the photon by a factor / H(z)d, with
d being the distance to the last point of scattering (or, initially,
the distance to the point of emission). Since we do not consider
dust, scattering on hydrogen atoms is the only process consid-
ered. If a point of interaction is reached, the photon is scattered
coherently in the frame of the scattering atom, changing both
the frequency and the direction of propagation of the photon in
the frame of the observer. A new ⌧d is drawn and the process is
repeated until the photon is considered to have left the volume;
since we apply periodic boundary condition, we need to spec-
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Redshift-Space Clustering
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Figure 5. TPCF for disentangled RSD of visible LAEs for n = 10�2 h3Mpc�3.
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Physical RT Simulation
Behrens, Byrohl, SS, Niemeyer, A&A (2018), Byrohl, SS, Behrens, in prep.
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◆ Blue part can be redshifted and attenuated by CGM/IGM. 

 - low RT resolution = underestimate the attenuation by CGM. 

 - low redshift: unlikely to be attenuated by CGM/IGM
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◆ Blue part can be redshifted and attenuated by CGM/IGM. 

 - low RT resolution = underestimate the attenuation by CGM. 

 - low redshift: unlikely to be attenuated by CGM/IGM
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◆ Blue part can be redshifted and attenuated by CGM/IGM. 

 - low RT resolution = underestimate the attenuation by CGM. 

 - low redshift: unlikely to be attenuated by CGM/IGM
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➤ Find a new Finger-of-God damping due to RT. 
- double peak leads to the oscillation in the damping.
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Figure 4. Radiative di�usion velocity distributions for di�erent number densities and redshifts extracted based on the individual LAE’s global spectral
maximum.

for the explicit calculation of the TPCF from the mock catalogs. Ær
denotes the separation between a pair of emitters. DD, DR and RR
represent LAE-LAE, LAE-random and random-random pair counts
found at the given separation for a given spatial binning width �r .
The pair separation can either be evaluated in real space or redshift
space. In real space, we expect an isotropic clustering, so that we can
characterize ⇠(Ær) as ⇠(r) with r ⌘ |Ær |. As the line-of-sight positions
change in redshift space, we express the signal as a function of
parallel (⇡) and perpendicular (rk) separation to the line-of-sight
component.

In Figure 5 we show the computed correlation functions
⇠(⇡, rk) from the mock observations with a LAE number density of
n = 0.01 h3/Mpc3. Di�erent columns show the clustering at di�er-
ent redshifts in increasing order. The first row shows the real space
clustering (vapp = 0), where the positions have been taken from the
halo catalog. The second row shows the redshift space result using
the peculiar velocity vpec from the halo catalogs and thus explicitly
omitting the contribution from radiative transfer. The third/fourth
(vapp/vapp,red) row shows inferred overall position from the peaks
in the spectra, which includes both peculiar velocity and radiative
transfer e�ects. The fifth/sixth (vrt/vrt,red) show the radiative trans-
fer component of the velocity only as the residual of the apparent
and peculiar velocity.

Given the same simulation setup as in Behrens et al. (2017),
we expect a very similar result to those shown for the real space
clustering in the first row. Only minor di�erences arise from another
Monte Carlo sampling of photons and the di�erence in the detection

algorithm. Note that there is a slight anisotropy in the clustering
signal in real space. This elongation arises from statistical variation
in the given volume rather than a selection e�ect as shown in the
control samples in Behrens et al. (2017).

Phenomenologically and physically redshift space distortions
are often discussed by two limiting cases: The so-called Kaiser e�ect
(Kaiser 1987) squashing the TPCF clustering isocontours along
the line-of-sight due to a coherent infall motion on large-scales
and the Fingers-of-God e�ect (Jackson 1972) characterized by an
elongation of the TPCF clustering isocontours along the line-of-
sight due to a small-scale peculiar velocity field. A detailed analysis
shows that a mixture of both e�ects occurs on trans-linear scales,
see Taruya et al. (2010) for a discussion.

Sticking with this simple characterization of stretching or
squashing the TPCF, we see that on the shown scales (1�10h�1Mpc)
the Kaiser e�ect dominates the redshift space distortions from the
peculiar velocity field vpec over the Fingers-of-God e�ect. At the
same time however, the small-scale damping from vrt is significant
on these scales and thus the overall redshift space clustering with the
apparent velocities vapp is elongated along the line-of-sight despite
the squashing from the Kaiser e�ect. The e�ect seems to dimin-
ish with higher redshift and is discussed in detail in the upcoming
section in terms of the line-of-sight damping factor D(k k).
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Figure 4. Radiative di�usion velocity distributions for di�erent number densities and redshifts extracted based on the individual LAE’s global spectral
maximum.

for the explicit calculation of the TPCF from the mock catalogs. Ær
denotes the separation between a pair of emitters. DD, DR and RR
represent LAE-LAE, LAE-random and random-random pair counts
found at the given separation for a given spatial binning width �r .
The pair separation can either be evaluated in real space or redshift
space. In real space, we expect an isotropic clustering, so that we can
characterize ⇠(Ær) as ⇠(r) with r ⌘ |Ær |. As the line-of-sight positions
change in redshift space, we express the signal as a function of
parallel (⇡) and perpendicular (rk) separation to the line-of-sight
component.

In Figure 5 we show the computed correlation functions
⇠(⇡, rk) from the mock observations with a LAE number density of
n = 0.01 h3/Mpc3. Di�erent columns show the clustering at di�er-
ent redshifts in increasing order. The first row shows the real space
clustering (vapp = 0), where the positions have been taken from the
halo catalog. The second row shows the redshift space result using
the peculiar velocity vpec from the halo catalogs and thus explicitly
omitting the contribution from radiative transfer. The third/fourth
(vapp/vapp,red) row shows inferred overall position from the peaks
in the spectra, which includes both peculiar velocity and radiative
transfer e�ects. The fifth/sixth (vrt/vrt,red) show the radiative trans-
fer component of the velocity only as the residual of the apparent
and peculiar velocity.

Given the same simulation setup as in Behrens et al. (2017),
we expect a very similar result to those shown for the real space
clustering in the first row. Only minor di�erences arise from another
Monte Carlo sampling of photons and the di�erence in the detection

algorithm. Note that there is a slight anisotropy in the clustering
signal in real space. This elongation arises from statistical variation
in the given volume rather than a selection e�ect as shown in the
control samples in Behrens et al. (2017).

Phenomenologically and physically redshift space distortions
are often discussed by two limiting cases: The so-called Kaiser e�ect
(Kaiser 1987) squashing the TPCF clustering isocontours along
the line-of-sight due to a coherent infall motion on large-scales
and the Fingers-of-God e�ect (Jackson 1972) characterized by an
elongation of the TPCF clustering isocontours along the line-of-
sight due to a small-scale peculiar velocity field. A detailed analysis
shows that a mixture of both e�ects occurs on trans-linear scales,
see Taruya et al. (2010) for a discussion.

Sticking with this simple characterization of stretching or
squashing the TPCF, we see that on the shown scales (1�10h�1Mpc)
the Kaiser e�ect dominates the redshift space distortions from the
peculiar velocity field vpec over the Fingers-of-God e�ect. At the
same time however, the small-scale damping from vrt is significant
on these scales and thus the overall redshift space clustering with the
apparent velocities vapp is elongated along the line-of-sight despite
the squashing from the Kaiser e�ect. The e�ect seems to dimin-
ish with higher redshift and is discussed in detail in the upcoming
section in terms of the line-of-sight damping factor D(k k).
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Figure 7. Damping factor as a function of the line-of-sight frequency kk = kµ due to Lyman-alpha radiative transfer. Emitter positions are assumed to
coincide with the global peak. Di�erent colored lines represent measurements of D(kk ) from the mock catalogs at di�erent total frequencies k. Left-to-right,
top-to-bottom: z=2.00, z=3.01, z=4.01, z=5.85

D
double
damp = |FT [pRT]|2 = |FT [ f1(v) + f2(v + �v)]|2 (18)

= |FT [ f1]|2 + |FT [ f2]|2 (19)
+ FT⇤ [ f1]FT [ f2] exp [�ik�v] (20)
+ FT [ f1]FT⇤ [ f2] exp [+ik�v] (21)

= |FT [ f1]|2 + |FT [ f2]|2|                      {z                      }
⌘Dsingle

damp

(22)

+ 2FT [ f1]FT [ f2] cos [k�v]|                            {z                            }
⌘Dosci

damp

(23)

The last step assumes even functions for pi , which might not
apply to our mock data, but consistent with the exponential and
Gaussian toy models, providing an intuition for the damping from
a double peaked PDF.

Most importantly, equation (18) shows that there is an addi-
tional term D

osci
damp implying a characteristic oscillation frequency

set by the peak separation �v. If both individual peaks were Gaus-

sian with standard deviation � each and, the peak separation can
dominate the damping scale if �v ⇠ 3� (Dsingle

damp
!
= 1

4
!
= D

osci
damp).

We show the damping factor computed from the ratio of the
power spectrum with radiative transfer over the power spectrum
without as a function of the mode k k = kµ along the line-of-sight
in Figure 7 and 8. Di�erent colors represent di�erent total modes k.
Additionally, we plot the expected damping from the velocity PDF
as implied by equation (15) and the two generic fitting functions
shown in equations (16) with the second central moment � of the
according velocity PDF.

We find a strong damping setting in between k k ⇠ 10�1 h/Mpc
and 100 h/Mpc depending on the peak detection algorithm and red-
shift. The absolute square of the velocity PDF indeed represents a
good fit for the damping. In general, we find that both the Gaussian
and exponential damping functions using the second central mo-
ment �PDF of the velocity PDFs show a reasonable agreement with
the actual damping. Thus, �PDF is a good proxy for the resulting
damping.

There is a typical redshift evolution with stronger damping at
lower redshift, having two contributions. First, as seen in Figure 4,
the velocity distribution widens at lower redshifts translating to a
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S&T Physics opens a window to the sky 

Multi-messenger astrophysics is a new branch of science, born in 2015 with the historic discovery of gravitational waves (2017 
Nobel Prize) by the Laser Interferometer Gravitational-wave Observatory (LIGO) and the first observation of a merger of two 
neutron stars with both electromagnetic and gravitational waves in 2017. Precision cosmology is now a mature discipline 
thanks to the Hubble Space Telescope, large new ground-based telescopes, and the finest observations of the cosmic micro-
wave background radiation by satellites.  

Cavaglia has been a member of LIGO for over 10 years. At S&T he will serve as Principal Investigator of the newly formed 
LIGO group. This is the first time that a Missouri institution joins the LIGO experiment. Cavaglia’s group will contribute to 
LIGO through data analysis, detector science, and outreach. Cavaglia also brings to S&T his 20+ year experience in manage-
ment and administration of scientific units. From 2012 to 2017, he served as Assistant Spokesperson of the LIGO Scientific 
Collaboration, an organization of over one thousand scientists from over 80 institutions across 18 countries.  

Starting in January, two new faculty, Marco Cavaglia and 
Shun Saito, will work to unravel the mysteries of the 
universe at S&T. Cavaglia, who joins the department 
after 15 years at the University of Mississippi, is an ex-
pert on gravitational physics and multi-messenger astro-
physics. Saito, from the Max Planck-Institute for Astro-
physics in Germany, works on observational cosmology. 
They will collaborate to develop a new astrophysics pro-
gram at S&T.  Detailed faculty profiles for Marco 
Cavaglia and Shun Saito will be published in the next 
edition of the newsletter. 

Multi-messenger astrophysics and precision cosmology 
are research areas at the forefront of today’s physics. 
Multi-messenger astrophysics studies celestial phe-
enomena through different physical carriers 
(electromagnetic waves,  gravitational waves, particles 
and cosmic rays). Cosmology studies the origin and large
-scale structure of the Universe. 

Marco Cavaglia, Shun Saito 

Saito has been deeply involved in the Sloan Digital Sky 
Survey (SDSS) and is an active member of the Hobby-
Eberly Telescope Dark Energy Experiment (HETDEX) 
and the Subaru Prime Focus Spectrograph (PFS). These 
galaxy surveys measure the cosmic expansion history 
and provide valuable information on the nature of dark 
matter and dark energy. This will allow scientists to test 
Einstein’s General Relativity and theories beyond the 
standard model of particle physics. Saito’s group at S&T 
will join the HETDEX collaboration. 

These are exciting times for multi-messenger astrophys-
ics, gravitational-wave physics, and observational cos-
mology.  S&T will keep its eyes wide open to the sky! 

Visualization of gravitational waves emitted by 
two orbiting black holes. Image credit: NASA 
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Join our new astro group 
if interested in working on  

HETDEX and/or LIGO!

◆ HETDEX as a Ly𝛂 IM survey 

 - Fully make use of its blind nature. 

 - First results with 77M(!) spectra coming soon! 
 

◆ Preparing analysis & simulation pipeline 

 - End-to-End Log-Normal simulation 
 - Physical Radiative Transfer simulation


