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Goals of the D01 team [1]
• To develop and provide necessary analysis tools 

for the “B-teams” (experiments) of the proposal 

• B01: CMB (Simons Array, LiteBIRD) 

• B02: Weak gravitational lensing survey (HSC) 

• B03: Galaxy redshift survey (PFS) 

• B04: Redshift drift (TMT)





Goals of the D01 team [2]
• To develop novel analysis tools that go 

beyond B01–04: 

• Tomography of hot gas in the Universe: 
SZ-galaxy cross-correlation 

• Intensity mapping

• Lyman-alpha and 21-cm lines, cross-
correlated with galaxies and CMB
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Science Goals
• The main scientific motivations for the “ultimate 

physics analysis” are three-folds: 

Falsify the ΛCDM model by ruling out Λ

Detect, or rule out, the inverted mass hierarchy of 
the neutrino mass by measuring ∑mν<0.1 eV 
[95% CL] 

Find definitive evidence for inflation by measuring 
primordial gravitational waves in the CMB

B02,03,04

B01,02,03

B01



Fundamental Contributions  
to B01, 02, 03, 04

• B01: Foreground removal (Ichiki) and 
polarisation angle calibration (Minami)

• For LiteBIRD. See Minami’s and Ichiki’s talks 

• The foreground simulation code “GM100” 

• B02: Cross-correlation science for HSC and PFS 

• Testing modified gravity 

• The lens simulation code 
“lognormal_lens” (Kayo/Makiya)

(Kanai)



Simulated cross-correlation power spectra of  
HSC shear and PFS galaxies at z=0.7–2.2!



Simulated cross-correlation power spectra of  
HSC shear and PFS galaxies at z=0.7–2.2!

Science that can only be 
done by B02 x B03



Fundamental Contributions  
to B01, 02, 03, 04

• B04: Effect of our local motion on the redshift 
drift measurement

• For TMT, or any other measurements (e.g., E-
ELT). See Inoue’s talk 

• B03: Cosmology proposal for PFS

• Majority of the study for the cosmology proposal 
of PFS was done by the members of D01 

• The galaxy simulation code 
“lognormal_galaxy” (Makiya/Kayo/Saito)



HSC and PFS will constrain the mass of 
neutrinos with unprecedented precision!

PFS Collaboration



Going beyond 
B01, 02, 03, 04

• Tomography of Hot gas: SZ-galaxy cross-
correlation

• See Makiya’s talk on Tuesday during the next 
symposium 

• Intensity mapping 

• Lyman-alpha: See Saito’s talk 

• 21-cm: See Takahashi’s talk



Summary
• Over the last 3.5 years of the grant period, we have made 

fundamental contributions to the progress of B01, B02, 
B03, and B04 

• We should make sure to let the reviewers know this! 

• We are going beyond B01–04 by extending the cross-
correlation techniques to hot gas and intensity mapping 

• Many publications in refereed journals have resulted 
and more are being written. Most led by junior 
scientists

• It has been a wonderful, productive 3.5 years! (And 
one more year to come.)
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Delta-map method to remove CMB 

foregrounds with spatially varying spectra

K. ICHIKI, H. Kanai, E. Komatsu and N. Katayama
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                             CMB and foregrounds

B-mode CMB

Planck 2015 results. X

AME?
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Internal template 法では map の

線型結合によって CMB を取り出すが

各放射成分の周波数依存性が方向に

依存しないことを仮定していた

(e.g. Katayama&Komatsu, ApJ, 2011)

が、実際はそうではないという問題

他にも

AME および

De-correlation effect

をどう考慮するかという問題

KK2011 �⇥⇤⌅⇧
S-PASS (Krachmalnico +, arxiv: 1802.01145)

(Tassis+, MNRAS, ‘15)
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Delta-map method

をテイラー展開

Delta-map: 方向依存性を

差分のテンプレートで考慮

Synchrotron running:

 → AME 成分を吸収



  

Foreground modeling (gm100)
● simple python script to generate sky maps with 

CMB, white noise, and foregrounds

● Foregrounds include

● options

– de-correlation of dust pol, one component model

component base map params

synch
SynchrotronPol-commander_0256_R2.00
(30GHz)

MAMD2008, no curvature

dust
DustPol-commander_1024_R2.00 
(353GHz)

Meisner-Finkbeiner two 
component model

point source PCCS_xxx_R2.xx uniform 5 % pol. fraction

code available> git clone https://h_kan@bitbucket.org/h_kan/gm100.git
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Results

# of parameters = 4

Work in Nside=4  resolution

6 or 7 bands used

⌃⌥⌥� ⌦↵���⌥✏↵�⇣⌘
✓↵�⇣�◆� ⌦��⌘↵�⌥⌦�
✓ ��✏⌫�⇣↵���⇠✏◆�⌘⌥ ⇣↵ ⌦⌦⇡�
������⇢ ◆⇡↵���⇠✏◆��◆✏⌫���⌥ ◆ �⌘
������⇣✏�⌧⌘⇣�✏◆��◆
✓⌃���↵⌘�⌘⌫⌥⌥✏◆⇣��
✓���✏◆◆�⌦ ⇣↵✏��↵⌘�⌘⌫⌥⌥✏◆⇣��
✓⌫��↵ ⌘��
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Results (de-correlation) 　 B01 班向け

De-correlation の効果は、各ダスト雲の温度の違いの１次のオーダーで

Q,U が異なる温度の周波数依存を持つものとして表現できる

とすればよい
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Methodology  paper is now available
observed map

mixing matrix (frequency dependence)

signal map (CMB,dust,..)

PTEP, in press arxiv:1811.03886
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Methodology  paper is now available

The above expression is exactly the same as our likelihood used when the number of observation

bands is just enough to solve for one CMB map. This formula will enable us to 6nd the optimal 

combination of multi-frequency bands of the LiteBIRD, reducing σ(r) further (under investigation).

Marginalize over gaussian CMB

Maximum likelihood solution (foreground)

PTEP, in press arxiv:1811.03886

observed map

mixing matrix (frequency dependence)

signal map (CMB,dust,..)
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Introduction
Redshift drift & Sandage-Loeb test
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Introduction Objective Method & Result Conclusions

∆"

∆#$
= 	'$ 1 + " − '(")

The cosmic expansion rate is not constant with time
The redshift from the distant sources like quasars changes with time 
« Redshift drift » 

Alan Sandage (1962): Direct measurement of the expansion rate of the universe
by detecting the redshift at two different times 

Abraham Loeb (1998): Measurement of the spectra of absorption line
from high redshift quasars by using large telescopes with high-resolution

spectrographs

The order of this drift should be a few cm/s after 10 years
« Sandage-Loeb test » 

Δ. ≈ −2.5	34/6

7. 8. , z = 3		∆#$ = 10	=7>?6
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Introduction Objective Method & Result Conclusions

Introduction

Credit:	Takeshi	Chiba
ΩA = 0.31

ℎ = 0.67

Cosmic velocity shift



Objective
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Introduction Objective Method & Result Conclusions

Our research objective
In reality, our local motion which is determined by the proper motion 
of the Solar System also contributes to the changes in redshift

Analysis of the effect of our local motion on the redshift drift by 
calculating the difference in velocity of the Solar System for 10 
years in any line-of-sight direction.

Our research goal
• Calculation of the difference in velocity of the Solar System for 10 years
EFGHIJK ∗ MN	OPEQF = EFGHIRS T	UVWO ∗ MN	OPEQF + ERSIJK X	UVWO ∗ MN	OPEQF

• Creation of the all-sky maps as a form of the Mollweide projection



Method
2-body problem (sun-mw)
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EFGHIRS = 	
KY(Q)

ZFGHIRS
T

Acceleration of the Solar System with respect to the GC

[	T

Q
=
KY(Q)

QT
Y(Q) =

Q[	T

K

From the balance between centrifugal force and gravity,

In our research, 

ZFGHIRS = r = 8.2±0.1 kpc, (Distance of sun-mw)

V = 238±15 km/s (Circular velocity)
(Bland-Hawthon & Gerhard 2016)

Introduction Objective Method & Result Conclusions

EFGHIRS = 	
\T

ZFGHIRS

Acceleration Velocity difference
for	10	years

EFGHIRS(]R/F
T) ^_FGHIRS(]R/F)

(2.25 ± 0.28)×10Ic 7.09 ± 0.90
This is big!!



Method
3-body problem (MW-LG)
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Introduction Objective Method & Result Conclusions

• Other contributions to our local motion
ØThe contribution of the massive galaxies in the Local Group (MW, 

M31) 
• According to current research finding (Pennarubia, J. et al. 2016 ), 

the Large Magellanic Cloud (LMC) also has a large total mass. (1/4 
mass of the MW)
• In this research, we include the LMC in the Local Group dynamics

ERSIJK X	UVWO ∗ MN	OPEQF

The MW dominates but we find that the contributions of the M31 and the LMC 
are also important
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Introduction Objective Method & Result Conclusions

Results

X	component Y	component Z	component
>efgIhi(34/6

j) (2.25 ± 0.29)×10Ic (−1.13 ± 0.40)×10Il (−7.68 ± 2.65)×10Ic

Δ.efgIhi(34/6) 7.08 ± 0.90 -0.36 ± 0.13 -0.24 ± 0.08

MW M31 LMC
>n(34/6

j) (−2.72 ± 1.25)×10Ioo (1.40 ± 0.30)×10Ioo (3.88 ± 4.62)×10Ioo

>p(34/6
j) (−1.13 ± 0.40)×10Il (−2.29 ± 0.49)×10Ioo (4.81 ± 1.19)×10Il

>q(34/6
j) (−7.68 ± 2.65)×10Io$ (1.03 ± 0.22)×10Ioo (3.14 ± 0.78)×10Il

Acceleration of each galaxy of the Local Group (3-body problem)

ERSIJK X	UVWO ∗ MN	OPEQF

X	component Y	component Z	component
Δ.ArIhi(34/6) −0.009 ± 0.004 −0.355 ± 0.127 −0.242 ± 0.084

EFGHIJK ∗ MN	OPEQF = EFGHIRS T	UVWO ∗ MN	OPEQF + ERSIJK X	UVWO ∗ MN	OPEQF



Results
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All-sky maps (Mollweide projection method)
Δ.efgIhi

∆_ mean max = 7.16 cm/s

l= [-pi, pi], b= [-pi/2, pi/2] 

Introduction Objective Method & Result Conclusions

∆_ mean max = 7.15 cm/s

Δ.efgIAr

∆_ std max = 0.51 cm/s ∆_ std max = 0.49 cm/s ∆_ std max = 0.20 cm/s

∆_ mean max = 0.46 cm/s

Δ.ArIhi





Conclusions
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Introduction Objective Method & Result Conclusions

• Our local motion yields the maximum redshift drift signal of 7.2 
cm/s over 10 years in the direction of Galactic Center

Ø The maximum uncertainty is 0.5 cm/s

• 7.2 cm/s is comparable to the expected cosmological signal of order 
a few cm/s; thus, correcting for the effect of local motion is 
essential!

• Dominated by the acceleration toward Galactic Center, but the 
contributions from M31 and LMC cannot be ignored, especially in 
the direction of LMC
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Galaxy Mass (Msun) Dsun (kpc) L (degree) B (degree)
MW M. NsIN.TX

tN.Tu×MNMT

Jorge P. et al. 2016
v. T ± N. M

Bland-Hawthon & Gerhard 2016
N N

M31 M. XXIN.XX
tN.Xw×MNMT

Jorge P. et al. 2016
xvX ± Ty

Jorge P. et al. 2016 
MTM. MxsXT
simbad

TM. yxXXMM
simbad

LMC N. TyIN.Nv
tN.Nw×MNMT

Jorge P. et al. 2016
yM ± T

Jorge P. et al. 2016 
TvN. suyT

simbad
XT. vvvs

simbad

Parameters Values References
Solar mass M. wvvs ± N. NNNT ×MNXN	z{ IAU 2009/2012

Gravitational constant u. uxsTv ± N. NNNux ×MNIMM	RX/z{/FT IAU 2009/2012

Circular velocity TXv ± My		|}/~ Bland-Hawthon & Gerhard 2016
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�Ä̈ = 	−KRÇ ∗
(�Ä − �Ç)

ZÄÇX
− KRz ∗

(�Ä − �z)

ZÄzX

ERSIJK	 X − UVWO

OÄ̈ = 	−KRÇ ∗
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ZÄÇX
− KRz ∗

(OÄ − Oz)

ZÄzX

ÉÄ̈ = 	−KRÇ ∗
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ZÄÇX
− KRz ∗

(ÉÄ − Éz)

ZÄzX

Right-handed galactic coordinate system

�Ä = ZFGH×	]VF Ñ 	×	]VF U − ZFGHIRS

OÄ = ZFGH×	FÄH Ñ 	×	]VF(U)

ÉÄ = ZFGH×	FÄH(U) ZÄÇ = �Ç − �Ä
T
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T
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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.

Recombination

200
30

13

7

1100

0z

Dark Ages

Growth of Structure

1

Reionization
Cosmic Dawn

Epochs:

1100

0z

CMB

Galaxy 
Surveys

LIM

Probes:

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.

Intensity Mapping is Future

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.

SKA-LOW [40]

SKA-MID 

MWA [49]

PAPER [50]

HERA [46]
CHIME [45]

HIRAX [43]

TIANLAI [48]

TIME [54]COMAP [53]

AIM-CO [57]

EXCLAIM

mmIME

TIM [56]

CONCERTO [55]COPSS [52]MeerKAT [51]

BOSS [60]

HETDEX [59]

SPHEREx [58]

21cm Running

Funded

Proposed

BINGO [42]
GBT [41]

Complete

CII
CO

H� H�

Ly�
OIIIOII

CCAT-p 

LOFAR [44]

CDIM [61]

GMRT [47]

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



!3 Shun Saito (MS&T)

◆ 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 400deg2 & 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 Ly! 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 as a Ly! 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

HETDEX’s target!
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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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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

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).



!7 Shun Saito (MS&T)

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



!9 Shun Saito (MS&T)

Simulating LogN LAE IM

IM auto P(k): completely dominated by noise

dashed: linear RSD (Kaiser)

➤Developed P(k) estimator code
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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
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Physical RT Simulation
Behrens, Byrohl, SS, Niemeyer, A&A (2018), Byrohl, SS, Behrens, in prep.

➤ Run Ly! Radiative Transfer code on the Illustris 
- find a new Finger-of-God damping due to RT.Radiative Transfer Distortions of Lyman-↵ Emitters: Clustering in Redshift Space 9

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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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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on these scales and thus the overall redshift space clustering with the
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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 Ly! IM survey 

 - Fully make use of its blind nature. 
 - First results coming soon! Hopefully pioneering IM cosmology.  
 

◆ Preparing analysis & simulation pipeline 
 - End-to-End Log-Normal simulation 
 - Physical Radiative Transfer simulation


