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Since the 2016 Fachbeirat:
• Three postdocs went to faculty positions:

Xun Shi (2012–2018) 
Physics of Galaxy Clusters

Associate Professor, 
Yunnan University

Shun Saito (2016–2018) 
Large-scale Structure

Assistant Professor, 
 Missouri Univ. of S&T

Marcello Musso (2015–2018) 
Large-scale Structure

Faculty Member, 
ICTP, Rwanda



Important Note:

• In this presentation, I do not include the achievements of 
Fabian Schmidt’s ERC group


• See his presentation during the W2 interview for his 
achievements



Four Big Questions in 
Cosmology

• How did the Universe begin?                          
[What is the physics of inflation?]

• What is the origin of the 
cosmic acceleration?   [What is 
the nature of dark energy?]

• What is the nature of dark 
matter?

• What is the mass of neutrinos?

We use both 
theory and 

observational 
data to make 

progress
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Basic Routine

Brilliant 
New Ideas Data

Measure/Test

Feedback



Research Style

1.Come up with new ideas (new tests; new 
methods; new observables), which will help 
make progress on the four questions

2.Write papers

3.Apply these ideas to extract new information 
from data; or collect new data if necessary

4.Write papers 

5.Go back to #1
Idea Data



A Typical Thesis 
Structure

• Chapter 1: Introduction

• Chapter 2: Brilliant New Idea

• Chapter 3: Methodology and Tests

• Chapter 4: Application to Real Data

• Chapter 5: Exciting New Results

• Chapter 6: Conclusions
Idea Data



Main Tools

• Cosmic Microwave Background 
(CMB)

• Early universe probe: Inflation

• Large-scale structure (LSS): 
distribution of matter, galaxies, 
galaxy clusters, and strong lensing

• Probing the late-time universe: 
dark energy and mass of 
neutrinos

CCAT-prime LiteBIRD

PFS
HETDEX



Main Research Activities

• Early 
Universe


• Structure 
formation

• CMB


• Structure 
formation

• CMB


• Galaxy surveys

Theory Simulation Data Analysis



2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028

LiteBIRD 
[2028–]

CCAT-prime 
[2021–]

CMB: 
Early Universe 

Probe

HETDEX 
[2017–2023]

PFS 
[2022–]

LSS: 
Late Universe 

Probe

Data available 
to our group
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Three recommendations 
from the 2016 Fachbeirat

May 21, 2019: LiteBIRD has been selected 
by JAXA. The launch date is 2028

MPA joined the CCAT-prime telescope 
project in Chile (first light 2021). This will 
be the first CMB S-4 class observatory



Frank Bertoldi’s slide from the Florence meeting



CCAT-prime Collaboration



Simons Observatory 
(USA)

in collaboration

South Pole?



Simons Observatory 
(USA)

in collaboration

South Pole?

This could be  
“CMB-S4”

Together with our European colleagues, we are 
shaping European contributions to CMB S-4.  

I am one of the German representatives  
[another is Joe Mohr at LMU]



Three recommendations 
from the 2016 Fachbeirat



Challenging the paradigm

⇤hij = 0
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Primordial gravitational waves from  
vacuum fluctuations in the early Universe

Frequency of gravitational waves [Hz]

Pr
es

en
t-

da
y 

en
er

gy
 d

en
si

ty
 

sp
ec

tr
um

 o
f p

rim
or

di
al

 
gr

av
ita

tio
na

l w
av

es



Are GWs from vacuum fluctuation 
in spacetime, or from sources?

• Homogeneous solution: “GWs from vacuum fluctuation”


• Inhomogeneous solution: “GWs from sources”

⇤hij = �16⇡G⇡ij



Are GWs from vacuum fluctuation 
in spacetime, or from sources?

• Homogeneous solution: “GWs from vacuum fluctuation”


• Inhomogeneous solution: “GWs from sources”

⇤hij = �16⇡G⇡ij

• Scalar and vector fields cannot source tensor 
fluctuations at linear order (possible at non-linear level)


• SU(2) gauge field can!



Aniket Agrawal Kaloian Lozanov Azadeh Maleknejad Leila Mirzagholi

Particle Production by gauge field  
[like the Schwinger Effect, but by SU(2)]



New Paradigm

• GW from vacuum 

• Scale-invariant


• Gaussian


• Parity-conserving (no 
circular polarisation 
of GW)

• GW from SU(2) gauge 
fields 

• Non-scale-invariant


• Non-Gaussian


• Circularly polarised 
“Chiral” GW

⇤hij = �16⇡G⇡ij



Thorne, Fujita, Hazumi, Katayama, EK & Shiraishi, PRD, 97, 043506 (2018)

LISA

BBO

Planck

LiteBIRD

Frequency of gravitational waves [Hz]
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Large bispectrum in GW 
from SU(2) fields

• ΩA << 1 is the energy density fraction of the gauge field


• Bh/Ph2 is of order unity for the vacuum contribution 

• Gaussianity offers a powerful test of whether the 
detected GW comes from the vacuum or sources

BRRR
h (k, k, k)

P 2
h (k)

⇡ 25

⌦A

[Maldacena (2003); Maldacena & Pimentel (2011)]

Agrawal, Fujita & EK, PRD, 97, 103526 (2018); JCAP, 06, 027 (2019)



Experimental Strategy 
Commonly Assumed So Far
1. Detect CMB polarisation in multiple frequencies, to make 

sure that it is from the CMB (i.e., Planck spectrum)


2. Check for scale invariance: Consistent with a scale 
invariant spectrum?


• Yes => Announce discovery of the vacuum fluctuation 
in spacetime


• No => WTF?



New Experimental Strategy: 
New Standard!

1. Detect CMB polarisation in multiple frequencies, to make 
sure that it is from the CMB (i.e., Planck spectrum)


2. Consistent with a scale invariant spectrum?


3. Parity violating correlations consistent with zero?


4. Consistent with Gaussianity?

• If, and ONLY IF Yes to all => Announce discovery of the vacuum 
fluctuation in spacetime



Particle Production!  
Rich Phenomenology

By A. Maleknejad



Hubble Constant



Sherry Suyu
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Two innovations  
from our group

Science, 365, 1134 
(2019)

Inh Jee’s master (Texas) 
and PhD work (MPA)



Innovation (1):  
Angular Diameter Distances 

• Getting Dd from time-delay lenses is our innovation. 
It has become the standard practice of the field

H0LiCOW Collaboration



Innovation (2):  
“Inverse Distance Ladder”

• We calibrate the absolute luminosity of Type Ia 
supernovae using strong lenses => Robust inference 
of H0, independent of assumed cosmological models

Jee et al., Science (2019)

Inh Jee



Innovation (2):  
“Inverse Distance Ladder”

• We calibrate the absolute luminosity of Type Ia 
supernovae using strong lenses => Robust inference 
of H0, independent of assumed cosmological models

Jee et al., Science (2019)

H0LiCOW Collaboration



Sunyaev-Zeldovich 
Effect

Is there a tension in the amplitude of matter density 
fluctuations?



E2E Test of Cosmology

• H0 offers an E2E test of the evolution of the cosmological 
background


• Amplitude of matter density fluctuations offers an E2E 
test of the evolution of the fluctuations


• Cosmology as an initial-value problem: given the initial 
condition given by the CMB, can we reproduce late-time 
observations?



�8
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Normalisation for the linear power spectrum of  

matter density fluctuations at present

As
<latexit sha1_base64="RZwV7gjffrlk8GsoWl2PBBYCIzI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeqF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0cN3X/XLFrbpzkFXi5aQCORr98ldvELM0QmmYoFp3PTcxfkaV4UzgtNRLNSaUjekQu5ZKGqH2s/mpU3JmlQEJY2VLGjJXf09kNNJ6EgW2M6JmpJe9mfif101NeOVnXCapQckWi8JUEBOT2d9kwBUyIyaWUKa4vZWwEVWUGZtOyYbgLb+8SloXVc+teveXlfpNHkcRTuAUzsGDGtThDhrQBAZDeIZXeHOE8+K8Ox+L1oKTzxzDHzifPxvujas=</latexit><latexit sha1_base64="RZwV7gjffrlk8GsoWl2PBBYCIzI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeqF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0cN3X/XLFrbpzkFXi5aQCORr98ldvELM0QmmYoFp3PTcxfkaV4UzgtNRLNSaUjekQu5ZKGqH2s/mpU3JmlQEJY2VLGjJXf09kNNJ6EgW2M6JmpJe9mfif101NeOVnXCapQckWi8JUEBOT2d9kwBUyIyaWUKa4vZWwEVWUGZtOyYbgLb+8SloXVc+teveXlfpNHkcRTuAUzsGDGtThDhrQBAZDeIZXeHOE8+K8Ox+L1oKTzxzDHzifPxvujas=</latexit><latexit sha1_base64="RZwV7gjffrlk8GsoWl2PBBYCIzI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeqF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0cN3X/XLFrbpzkFXi5aQCORr98ldvELM0QmmYoFp3PTcxfkaV4UzgtNRLNSaUjekQu5ZKGqH2s/mpU3JmlQEJY2VLGjJXf09kNNJ6EgW2M6JmpJe9mfif101NeOVnXCapQckWi8JUEBOT2d9kwBUyIyaWUKa4vZWwEVWUGZtOyYbgLb+8SloXVc+teveXlfpNHkcRTuAUzsGDGtThDhrQBAZDeIZXeHOE8+K8Ox+L1oKTzxzDHzifPxvujas=</latexit><latexit sha1_base64="RZwV7gjffrlk8GsoWl2PBBYCIzI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeqF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0cN3X/XLFrbpzkFXi5aQCORr98ldvELM0QmmYoFp3PTcxfkaV4UzgtNRLNSaUjekQu5ZKGqH2s/mpU3JmlQEJY2VLGjJXf09kNNJ6EgW2M6JmpJe9mfif101NeOVnXCapQckWi8JUEBOT2d9kwBUyIyaWUKa4vZWwEVWUGZtOyYbgLb+8SloXVc+teveXlfpNHkcRTuAUzsGDGtThDhrQBAZDeIZXeHOE8+K8Ox+L1oKTzxzDHzifPxvujas=</latexit>

�8
<latexit sha1_base64="U3aI1xkBy+T9nxI8X6j9nKGusgY=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBA8hV0RzDHoxWME84BkCb2TSTJkZnadmRXCkp/w4kERr/6ON//GSbIHTSxoKKq66e6KEsGN9f1vb219Y3Nru7BT3N3bPzgsHR03TZxqyho0FrFuR2iY4Io1LLeCtRPNUEaCtaLx7cxvPTFteKwe7CRhocSh4gNO0Tqp3TV8KLFX7ZXKfsWfg6ySICdlyFHvlb66/ZimkilLBRrTCfzEhhlqy6lg02I3NSxBOsYh6ziqUDITZvN7p+TcKX0yiLUrZclc/T2RoTRmIiPXKdGOzLI3E//zOqkdVMOMqyS1TNHFokEqiI3J7HnS55pRKyaOINXc3UroCDVS6yIquhCC5ZdXSfOyEviV4P6qXLvJ4yjAKZzBBQRwDTW4gzo0gIKAZ3iFN+/Re/HevY9F65qXz5zAH3ifP9Bhj84=</latexit><latexit sha1_base64="U3aI1xkBy+T9nxI8X6j9nKGusgY=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBA8hV0RzDHoxWME84BkCb2TSTJkZnadmRXCkp/w4kERr/6ON//GSbIHTSxoKKq66e6KEsGN9f1vb219Y3Nru7BT3N3bPzgsHR03TZxqyho0FrFuR2iY4Io1LLeCtRPNUEaCtaLx7cxvPTFteKwe7CRhocSh4gNO0Tqp3TV8KLFX7ZXKfsWfg6ySICdlyFHvlb66/ZimkilLBRrTCfzEhhlqy6lg02I3NSxBOsYh6ziqUDITZvN7p+TcKX0yiLUrZclc/T2RoTRmIiPXKdGOzLI3E//zOqkdVMOMqyS1TNHFokEqiI3J7HnS55pRKyaOINXc3UroCDVS6yIquhCC5ZdXSfOyEviV4P6qXLvJ4yjAKZzBBQRwDTW4gzo0gIKAZ3iFN+/Re/HevY9F65qXz5zAH3ifP9Bhj84=</latexit><latexit sha1_base64="U3aI1xkBy+T9nxI8X6j9nKGusgY=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBA8hV0RzDHoxWME84BkCb2TSTJkZnadmRXCkp/w4kERr/6ON//GSbIHTSxoKKq66e6KEsGN9f1vb219Y3Nru7BT3N3bPzgsHR03TZxqyho0FrFuR2iY4Io1LLeCtRPNUEaCtaLx7cxvPTFteKwe7CRhocSh4gNO0Tqp3TV8KLFX7ZXKfsWfg6ySICdlyFHvlb66/ZimkilLBRrTCfzEhhlqy6lg02I3NSxBOsYh6ziqUDITZvN7p+TcKX0yiLUrZclc/T2RoTRmIiPXKdGOzLI3E//zOqkdVMOMqyS1TNHFokEqiI3J7HnS55pRKyaOINXc3UroCDVS6yIquhCC5ZdXSfOyEviV4P6qXLvJ4yjAKZzBBQRwDTW4gzo0gIKAZ3iFN+/Re/HevY9F65qXz5zAH3ifP9Bhj84=</latexit><latexit sha1_base64="U3aI1xkBy+T9nxI8X6j9nKGusgY=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBA8hV0RzDHoxWME84BkCb2TSTJkZnadmRXCkp/w4kERr/6ON//GSbIHTSxoKKq66e6KEsGN9f1vb219Y3Nru7BT3N3bPzgsHR03TZxqyho0FrFuR2iY4Io1LLeCtRPNUEaCtaLx7cxvPTFteKwe7CRhocSh4gNO0Tqp3TV8KLFX7ZXKfsWfg6ySICdlyFHvlb66/ZimkilLBRrTCfzEhhlqy6lg02I3NSxBOsYh6ziqUDITZvN7p+TcKX0yiLUrZclc/T2RoTRmIiPXKdGOzLI3E//zOqkdVMOMqyS1TNHFokEqiI3J7HnS55pRKyaOINXc3UroCDVS6yIquhCC5ZdXSfOyEviV4P6qXLvJ4yjAKZzBBQRwDTW4gzo0gIKAZ3iFN+/Re/HevY9F65qXz5zAH3ifP9Bhj84=</latexit>

Primordial amplitude 
constrained by the CMB

Present-day amplitude  
constrained by late-time  

observations



The Biggest Enemy:  
Mass Bias

B=Mtrue/Mestimated 

(People more often use 1–b = 1/B)



Pl
an

ck
 S

Z 
C

lu
st

er
 C

ou
nt

, N
(z

)
Planck CMB prediction

with B=1.25

Planck CMB+SZ best fit
with B=1.67

Planck C
ollaboration XX, arXiv:1303.5080v2



Galaxy Cluster Counts [SZ]

If the galaxy 
cluster mass can 

be calibrated 
accurately 

Planck Collaboration 2015



Galaxy Cluster Counts [SZ]

This plot is for 
B=Mtrue/Mest=1.28

Planck Collaboration 2015



B=1.45±0.15
B=1.28±0.15

B=0.99±0.19

B=Mtrue/Mestimated

Planck Collaboration 2015



Full-sky Thermal Pressure Map
North Galactic Pole South Galactic Pole

Planck  
Collaboration

My favourite approach:  
No number counts, but we model the map



State-of-the-art  
Model and Analysis

We have established the definitive model and 
analysis methods for analysing the power spectra 
and cross-power spectra of SZ and galaxy surveys

Ryu Makiya



Full-sky Thermal Pressure Map
North Galactic Pole South Galactic Pole

Planck Collaboration

No redshift information 
from SZ alone 

=> Cross-correlation!!



2MASS Redshift Survey
• ~40K galaxies with the median redshift of 0.02

Huchra et al.  (2012)



2MASS Redshift Survey

• ~40K galaxies with the median redshift of 0.02

Huchra et al.  (2012)

Cross-correlation extracts 
SZ signals at z<0.1



First measurement of the 
2MASS-SZ cross-power

Makiya, Ando & EK (2018)
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R. Makiya



Makiya, Ando & EK (2018)

But, what do we learn from this?  
We need auto power spectra.  

We need 3x2pt! 

R. Makiya

First measurement of the 
2MASS-SZ cross-power



2MRS Auto Power
Ando, Benoit-Lévy & EK (2018)

S. Ando
(GRAPPA, U. Amsterdam)



SZ Auto Power
•Far from Gaussian. 

We need to include non-
Gaussian error bars 
[connected trispectrum] 

• When fitting, the Planck team 
used Gaussian covariance 
ignoring the non-Gaussian term 

• We also have a bunch of 
nuisance parameters

Bolliet, Comis, EK, Macias-Pérez (2018)

with non-Gaussian error
without

B. Bolliet
(U. Manchester)

Planck Collaboration (2016)

Foregrounds = 
Nuisance Parameters



Key Quantity: Mass Bias

• We have been working hard on measuring 
this quantity 

• Three approaches:  

• What is the value of B that is needed to reconcile the SZ data 
with the Planck CMB cosmology?


• What is the value of B that is needed to reconcile the SZ data 
with weak lensing data without any reference to CMB?


• What is the value of B that is expected from astrophysics of 
galaxy clusters?

M̃500c = M500c,true/B
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of our efforts!

Mass bias needed to 
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Range of mass bias 
from astrophysics

Shi et al.  
(2014,2015,2016)
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of our efforts!

Mass bias needed to 
reconcile SZ and shear. 

No CMB!
Makiya et al. (2019)

Conclusion:  
Non-CMB data agree  

with astrophysical 
expectation! 

Another indication of 
a tension between 

CMB and low-z data?



Hobby-Eberly Telescope  
Dark Energy Experiment

Location

McDonald Observatory


(West Texas)


Primary Mirror Size  

10 m

Location

Subaru Telescope


(Hawaii)


Primary Mirror Size  

8.2 m

Wavelength Coverage

350–550 nm (Δλ=6.2Å)

Wavelength Coverage

Blue: 380–650 nm (Δλ=2.1Å)


Red(LR): 630–970 nm (Δλ=2.7Å)

Red(HR): 710–885 nm (Δλ=1.6Å)


NIR: 940–1260 nm (Δλ=2.4Å)

Redshift (Lyα) 

z=1.9–3.5

Redshift ([OII]) 

z=0.02–0.74

z=0.69–1.60 
z=0.90–1.37

z=1.52–2.38

PFS

Spectrograph Type

Integral Field Unit (IFU)

# of fibers

34,944

Spectrograph Type

Robotic Multi Object Fiber-fed

# of fibers

2,394 + 96

Field of View

0.1 deg2 (22’ diam.)

Field of View

1.25 deg2 (1.38 deg diam.)

Fiber Diameter

1.5 arcsec

Fiber Diameter

1.2 arcsec

Survey Type

Blind

Survey Type

Traditional

Survey Volume

8.2 (Gpc/h)3

Survey Volume

2.8 (Gpc/h)3

~20 Mpc in one go!



Hobby-Eberly Telescope  
Dark Energy Experiment PFS

Texas-led  
$42M experiment

Japan-led  
$85M instrument

Three major science programs: 
• Cosmology

• Galaxy Evolution

• Galactic Archeology

But, we can do: 
• Properties of Lyman-alpha emitting galaxies

• Blind survey: Unbiased survey of everything

Main Objective: 
Spectroscopic follow-up of targets detected 

by the imaging survey of Hyper Suprime CamMain Objective: 
Cosmology

CPPC NEPG



Prime Focus Instrument (2 tons!)

Fibers

Detectors / 
Cryogenic system 
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One VIRUS 
Detector Unit

cameras



HETDEX Started!
• We have been taking HETDEX data since March 2017


• As of October 28, 2019: 133 million calibrated spectra! 

• 74,411 IFUs on the sky


• 74,411 x 448 (# of fibers per IFU) x 3 (dither) = 133M


• And this is only 16% of the full survey data!


• Goal: 468,000 IFUs on the sky


• 629M calibrated spectra. This is the big data!



*VIRUS = Visible Integral-field 
Replicable Unit Spectrograph

VIRUS = World’s Largest IFS

• 59 IFUs (out of 78) are active now. More IFUs will be installed 
as they are built (at the rate of 3 units per month)


• 59 x 448 = 26,432 fibers! And this is the open-use instrument

HETDEX Collaboration
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A typical hetdex field 

Reconstructed image of 
the 21k fibers. Filled 
squares are active IFUs, 
open squares are those 
remaining. 
 
In this frame, we would 
use about 15 of the 
stars for astrometry and 
throughput measures. 
 

Karl Gebhardt

26k



Example of full 
field on M3. Green 
boxes are the IFU 
locations. 

Karl Gebhardt 65

~1 arcmin,  
completely filled  

by fibers  
(after 3 dither)
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Example calibration check, using 2 white dwarfs from SDSS  
(virus in red, SDSS in black) 

Karl Gebhardt
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Examples from one field 
Karl Gebhardt
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Analysis well underway

• We plan the first “paper splash” next year!





One of the “Red” Spectrograph  
Modules being tested at LAM



One of the “Red” Spectrograph  
Modules being tested at LAM



• First spectrograph module has 
shipped from LAM to Subaru! 

• MPA financed the AIT of this module



Major contributions from MPA scientists 
to shaping PFS’s cosmology program

Aoife Boyle Ryu Makiya

Fabian Schmidt



Vision: Summary

• Over the coming decade, I wish to make 
significant contributions to:

• detect primordial gravitational waves 
[LiteBIRD, CCAT-prime]

• maybe we discover the effect of gauge fields 
during inflation!

• rule out ΛCDM (or map out the universe 
out to z=3.5) [HETDEX, PFS, time-delay lenses]

• determine the neutrino mass (PFS)



2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028

LiteBIRD 
[2028–]

CCAT-prime 
[2021–]

CMB: 
Early Universe 

Probe

HETDEX 
[2017–2023]

PFS 
[2022–]

LSS: 
Late Universe 

Probe

Coming 
Decade


