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Galaxy Formation & Evolution
Before Quenching

After Quenching

Star-forming (SF) galaxies

Quiescent or Early-Type Galaxies
‣ Quenching of SF 
‣ Mass & size growth 
‣ EV of Morphology 
‣ EV of Kinematics (spin-down)

Cosmic Star Formation History; Bouwens+10

1. Introduction

0 Early- and late-type galaxies

Elliptical Sab ScdS0
Early-type Galaxies (ETGs)

Random motion

Bulge Disk

Rotation

Late-type Galaxies
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Kinematics of ETGs by Integral Field Spectroscopy
Fast v.s. Slow Rotators

NGC4660

NGC4486

Velocity FieldPhotometry

Rotation dominated 
= fast rotators

Dispersion dominated 
= slow rotators

Quantified with spin parameter λ

Only massive end = Slow Rot

λ
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Capperalli et al., 2013a

Fast rot
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Emsellem et al., 2007

Krajnovic et al., 2011

Krajnovic et al., 2011

i: i-th pixel 
Fi: flux 
Ri: galactocentric distance 
Vi: line-of-sight velocity 
σi: velocity dispersion

Velocity FieldPhotometry

✽ λ < 0.3 : Slow Rot, λ>0.3 Fast Rot

M＊ [M⦿] (stellar mass)
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λ of 260 local ETGs

degree of galaxy spin

●

red shift

blue shift

1. Introduction

How do ETGs obtain such kinematic properties? 
What are the spin-down mechanisms of slow rots?
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Latest Cosmological Simulations
Spin-down history in a cosmological context●
Amount of spin down in major merger, minor merger, etc…●

λ (→)

λ
λ

Penoyre et al., 2017

Two examples from 15k simulated ETGs Statistics with 3-5k simulated ETGs

λ
λ

Redshift z
Choi et al., 2018

color: prob. density

1. Introduction

Not perfect (e.g., different results between different simulations)●
If we can observe kinematics (λ parameter)  
of high-redshift ETGs, the results can be compared 
with simulations.

But, observation is unfeasible with current facility 
Need high spatial resolution (e.g., 0.1”) 
Need long, long integration for spatially-resolved 
absorption line spectroscopy

⇒ Indirect measurement only with imaging data
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No bar, ring, and shell ⇐ Inspected by ATLAS3D team (Krajnovic et al., 2011)
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ATLAS3D Data and Non-barred ETG Sample
2. Kinematics and Surface Brightness Profiles of Local ETGs

ATLAS3D: Volume-limited, mass complete IFS survey
● D < 42 Mpc (Northern Hemisphere)
● MK < -21.5 mag (M✽ > 6x109 M⦿)
● Morphological selection by eye (absence of spiral arms)
▸ 260 ETGs

Sample in this study: Non-barred ETGs with SDSS images
●
● Galaxies with Sloan Digital Sky Survey (SDSS) Images
▸ 166 ETGs

Examples of the non-barred ETG sample

(Cappellari et al., 2011)

(Cappellari et al., 2011)
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Relation between ΔSlope and λ

● Significant correlation revealed by rank correlation tests

Smaller ΔSlope (extended) → Smaller λ (slow rotators)

Best photometric parameter for kinematics (compared to, e.g., Sersic index)●

prank=4e-11 prank=1e-8

Pr
ob

ab
ili

ty
 

fr
om

 r
an

do
m

2. Kinematics and Surface Brightness Profiles of Local ETGs
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Early-type Galaxy Samples at z~1 and 0
Cluster ETG Sample: Easy to follow evolution from z~1 to 0

High-z Sample (z~1)
25 clusters at z=0.9-1.5 (zmed=1.2)

logM200/M⦿ = 14.2 - 14.9

●

● High-quality HST imaging (i, z)
PSF FWHM: 0.1 arcsec

● 692 ETGs with log(M✽/M⦿)>10
Selected by i, z color-mag diagram
Quantitative morphological selection

Integration time: >10k sec (z)

Low-z Sample (z~0)
● 9 clusters at z=0.02-0.05 (zmed=0.03)

logM200/M⦿ = 14.6 - 15.2

● 621 ETGs with log(M✽/M⦿)>10
Selected by u, g color-mag diagram
Quantitative morphological selection

● SDSS imaging

Comparable PSF size to z~1 in physical scale
g-band: close to z-band at z~1

●Galaxies remain in the cluster once they fall in it
●
●

Galaxy clusters: matching halo mass assuming mass evolution
ETGs: assuming passive evolution to select z~0 descendants of z~1 ETGs

(Dawson et al., 2009)

(Suzuki et al., 2012)

(Reiprich & Böringer 2002)

3” ~ 24 kpc

ETG@z~1



Galaxy Evolution Workshop 2018/06/08

/ 22!17

Mass Dependence of ΔSlope
● High-z (z~1) sample has larger ΔSlope (i.e., more truncated)

z~0 ETGs z~1 ETGs

3. Surface Brightness Profiles of ETGs at z~1 and 0
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Evolution of Kinematic Properties of ETGs
§3. ΔSlope of z~1 and 0 ETGs

§2. ΔSlope — λ relation

λ of z~1 and 0 ETGs

● Spin down from z~1 to 0 by 
Δλ~0.05 - 0.15

z~1 ETGs 
z~0 ETGs

(compared at a fixed stellar mass)

4. Discussion
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Summary

●We investigate the relation between kinematics and surface brightness profile with 
a local ETG sample from IFS survey ATLAS3D

●We introduce the ΔSlope parameter, and show that ΔSlope is correlated with the 
spin parameter λ.

●We measure ΔSlope for large samples (>600) of ETGs at z~1 and 0
●z~1 ETGs have larger ΔSlope

Section 2

Section 3 and 4

●Assuming ΔSlope — λ relation, ETGs experience spin down by Δλ ~ 0.05 - 0.15 
from z~1 to 0.

●Slow Rotator tend to have ΔSlope<0 (extended), while Fast Rotator tend to have 
ΔSlope>0 (truncated)
ΔSlope is measured from imaging data and can be applied to high-redshift ETGs●
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Kinematics of z > 2 Lensed ETGs
Lensed ETGs at z>2 provide 
opportunities for direct 
kinematic measurements

One ETG per 10 clusters●
a few hundred by HSC▸

Newman et al., 2015

Multiple images
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Direct observation of kinematics at z~1
Overcome spatial resolution with laser tomographic AO 
on the Subaru telescope

Wavefront error correction for 
multiple turbulence layers
●

Laser tomographic AO (LTAO)
Seeing limited

HST (2.5m)

0.5”

Diffraction limit in optical 
Spatial resolution = 0.02”
▸

w/ LTAO

More information on the poster P15

Optical design has already been fixed and now 
we are arranging a prototype instruments in our 
laboratory.

-Laser 
 589.2nm laser excites Na atoms at 90km 
height. The Na atoms re-emit the visible light, 
producing an artificial star. 

-Deformable Mirror 
 The shape of mirror is controlled by actuators. 

-Wave Front Sensor 
 Shack-Hartman wave fronts sensor 
 (Wave front shape is measured with a micro   
   lens array.) 

ABSTRACT 
 Now the telescope which achieves the highest spatial resolution in the visible wavelength is the Hubble Space Telescope (0.05”). In order to resolve internal structure of disks and bulges 
of the galaxies at high redshifts, we need higher spatial resolution in the wavelength range. For resolving this problem, we use a technology of Adaptive optics. Adaptive optics (AO) is a 
technique for allowing observation at high spatial resolution on the ground by correcting wave distortion by turbulence in real time. In our laboratory, we are developing laser tomography 
adaptive optics (LTAO) for the Subaru telescope to accomplish near diffraction limit with the 8.2-m Subaru telescope in the visible wavelength (0.02") which is higher spatial resolution than 
Hubble Space Telescope and JWST. It is expected that we can spatially resolve properties of high-redshift galaxies such as stellar kinematics and morphology. We report the predicted 
performance with the LTAO on Subaru, and discuss current status of the development and future prospects of the project as well as science cases.

Tomographic estimation 
of 3D structure of  
turbulent layer 
(like CT scan)   @NIR @Visible

2.  Current AO system  VS  New LTAO system
Current AO system 
 (Subaru AO188)

New LTAO system  
(Laser Tomography AO)

single laser guide star

Less information in 
higher turbulence 
layer (Cone effect)  
　　　　　 
Wave front cannot be 
fully corrected

4 laser guide stars 
made by high 
brightness fiber laser

High AO correction 
order 
( >500 mirror elements)

4.  What will be revealed by the new LTAO system?
The process of establishing galaxy’s morphology

5.  Summary

Galaxies in the current universe(z~0) 

Galaxies in the early universe(z~3) 

・Bulge has low surface-density 
・Disc is thin

・Some galaxies have high surface-density 
・Some galaxies have very thick disc 

 Galaxies dominating in the early universe were 
different from that in thecurrent universe

 We can reveal morphological and dynamical 
structure of galaxies at z~1 by high resolution 

observation

1. What is Adaptive Optics?

In our group, we are developing new Laser 
Tomography Adaptive Optics system.

The new system will make it possible to do 
high resolution observation in both of Visible 
and NIR wavelength range.

In science, the new system will be useful to 
reveal the evolution of galaxies’ morphological 
structures such as stellar distribution or 
dynamics.

①

③

②

④

AO is a necessary technique in ground-based 
observation using large aperture telescope.

High turbulence layer(10km)

AO
18

8
LT
AO

R=0.2”

R=0.06” R=0.02”

Mid turbulence layer(5km)

Ground turbulence layer(0km)
Telescope aperture

Simulation of Performance

Sodium layer(90km)

Strehl Ratio(SR) 
represents AO 
correction level. 
SR>0.5 can be 
regarded as diffraction 
limit

Reference:NASA(https://www.nasa.gov)

Reference:Subaru Telescope(https://subarutelescope.org/j_index.html)

Diffraction 
limitedAO  

corrected

SR

1

Large morphological differences!

@z~1 with resolution 0.1”, We can resolve <1kpc!

Images of the globular cluster M3

without adaptive optics with adaptive optics

3.  Status Report

Reference:ApJ Supplements 175.ppl

①Wave Front Sensor

②High Brightness Fiber Laser

③Control System

Fiber laser will be installed in Subaru next year.

In order to control 
entire system 
including wavefront 
sensors, we are 
making control 
programs.

Subaru Tomography Adaptive Optics to study cosmological 
evolution of galaxy internal structures 

Hajime Ogane, Kaoru Omoto, Masayuki Akiyama (Tohoku University)     

Detector

MLA
Collimater

Steering mirror

Offner relay

Tip tilt mirror
Pyramid mirror

Reference:Subaru Telescope(https://subarutelescope.org/j_index.html)

Reference:Subaru Telescope(https://subarutelescope.org/j_index.html)

Reference:THORLABS(https://www.thorlabs.co.jp)

←Deformable mirror used 
in Subaru currently

Reference:Subaru Telescope(https://
subarutelescope.org/j_index.html)

@Visible wavelength range, we can do 
Integral Field Spectroscopy using Kyoto3DⅡ 
to reveal the stellar dynamics evolution.

R=0.6”
*Seeing Condition

Prototype of  
the Wavefront 

sensors

Field of View 3.1”x2.5”
Spacial scale 0.084”/lens

Spacial Resolution 0.2” FWHM(with AO)

Wavelength Resolution R~1200

Wavelength Range 640-740 nm (Grism No.4) 
720-920 nm (Grism No.5)

 Science Cases 
・Disc structures of star-forming galaxies @z~1 
・Bulge formation in galaxies @z~2 
・Star formation clumps of clumpy galaxies @z>1 
・Kinematics of compact quiescent galaxies  @z~1 
・Estimation of BH mass of dwarf galaxies @z<1 
・Gas outflow from AGN galaxies @z<1      etc. . . 
What is your science case with the high 

spacial visible IFU observations? 
Let’s discuss about more science cases !

The performance of the instruments

@Near Infrared @Visible

Single Laser AO
LTAO

Number of mirror elements Number of mirror elements

St
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hl
 R
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@Near Infrared wavelength range, we can 
do Photometry using IRCS to reveal the 
stellar distribution evolution.

Main Parameter of Kyoto3DⅡ

Main Parameter of IRCS

Current state

Field of View 
(High Resolution mode) 21.06”(with AO)

Pixel scale 
(High Resolution mode)

20.57(+/-)0.04” 
(with AO)

Field of View 
(Low Resolution mode) 54.04”(with AO)

Pixel scale 
(Low Resolution mode)

52.77(+/-)0.04” 
(with AO)

Without seeing, a resolution is determined by 
the size of the diameter of a telescope. 
With seeing, resolution is determined by r0.  
r0 is a scale within which the distorted 
wavefront can be regarded as flat, and called 
the Fried parameter(10～20cm@500nm). 
When wavelength is a smaller than 10um, 
resolution is determined by r0.

The effect of atmospheric turbulence is  
severe in ground-based observations. This 
turbulence makes the wavefront from the 
stars distorted into bumpy surface and 
prevent us from carrying out observations at 
high spatial resolution. AO is a technology 
that measure the turbulence of wavefront of 
reference stars and then recover the 
undistorted wavefront by using that 
information.Using AO, we can improve the 
spatial resolution of images 

Schematic diagram of Adaptive Optics

Reference: http://www.ctio.noao.edu/
~atokovin/tutorial/intro.html

Galaxy evolution workshop  
@Ehime University 2018/6/6-8 
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