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Background Knowledge

Cluster of Galaxies (CoG)

• Largest gravitational field labs

• Dark matter halo wrapped

• E.g., Virgo (~1015M☉), Coma (~1014M☉)

(1) Virgo

Credits: (1) Fernando Pena (2) NASA/Carroll et al

(2) Coma

Strong Gravitational Lens (GL)

• Usually found in CoGs, massive galaxies, …

“How the light from galaxies were bended?” 
“Masses!”

--- Zwicky, 1937
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Project Introduction

1. Discovery of “The Eye of Horus” GL

Credits: Tanaka et al. (2016)

2016

2018

 A rare (<10), Double

Source Plane system

 Central galaxy acts as GL, 

not cluster around it. 

 That is why DSP systems 

are rare.

 Redshift~0.8

 Need a mass model accurate 

enough to describe this system

2021

2022
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Project Introduction

2. Two background sources and
Two galaxy clusters? (Oguri et al.)

 Around redshifts z~0.8

 Photometric methods

2016

2018

2020

2021

2022
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Project Introduction

2. Two galaxy clusters? (Oguri et al.)

 Around redshifts z~0.8

 Photometric methods

3. X-ray Mapping (Tanaka et al.)

 Signal of hot plasma in Intra-

Cluster Medium (ICM) with Free-

Free radiation

 Two brightest center galaxies 

(BCGs) at z~0.795 and z~0.761

 100’’ Separation

 Still, no accurate info on spec-z

2016

2018

2020

2021

2022

Credits: Tanaka et al. (2020) MMT/Binospec: z~0.8 Galaxy Cluster Spec Survey



The Spectroscopic Survey of Galaxy Clusters at 

z~0.8 Using MMT/Binospec

Big Questions

1. How many cluster(s) of galaxies are located near EoH GL system?

2. Is this combination a cluster merger or a superposition along the 

light of sight?

3. Masses derived from spectroscopic observations



Observation

MMT

• Was Multiple Mirror Telescope

• Mt. Hopkins, Tucson, AZ

• 6.5m in diameter

• The same size, mirror casting as 

Magellan I&II 6.5m

Binospec

• Resolving power R~3500 (2Å at IR band)

• More spectral lines are legible (Ca H&K)

• Two field-of-views (8’× 15’ each FoV)

2016

2018

2020

2021

2022

Credits: mmto.org MMT/Binospec: z~0.8 Galaxy Cluster Spec Survey



Observation

MMT

• Was Multiple Mirror Telescope

• Mt. Hopkins, Tucson, AZ

• 6.5m in diameter

• The same size, mirror casting as 

Magellan I&II 6.5m

Binospec

• Resolving power R~3500 (2Å at IR band)

• More spectral lines are legible (Ca H&K)

• Two field-of-views (8’× 15’ each FoV)

2016

2018

2020

2021

2022

Credits: Fabricant et al. 2019, mmto.org MMT/Binospec: z~0.8 Galaxy Cluster Spec Survey



Target Selection

• CAMIRA survey: candidates with 

close angular separations and

similar photometric redshifts in the 

FoV

• Similar magnitudes

2016

2018

2020

2021

2022

MMT/Binospec: z~0.8 Galaxy Cluster Spec Survey



Spectra 2016

2018

2020

2021

2022

A-band B-band
CCD gaps

Redshift measurements
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MMT/Binospec: z~0.8 Gala

Spectra 2016

2018

2020

2021

2022

A-band B-band
CCD gaps

Spectrum 
Templates

Redshift measurements



MMT/Binospec: z~0.8 Gala

Spectra 2016
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Templates

Absorption (Ca H&K) at λ

Redshift measurements



Spectra 2016

2018

2020

2021

2022

A-band B-band
CCD gaps

Absorption (Ca H&K) at λ

Redshift λ_0 = 3933Å at z=0

Redshift measurements



Spectra 2016

2018

2020

2021

2022

A-band B-band
CCD gaps

Absorption (Ca H&K) at λCCD gaps

No feature

Redshift measurements
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Spectra

July 2019 Observation

• 190 slits, 97 redshifts obtained

January 2022 Observation

• 181 slits, 117 redshifts obtained

2016

2018

2020

2021

2022
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Results 2016

2018

2020

2021

2022

July 2019

1. Cluster Identification

• Redshift distribution

• Criteria:

• Main

• NE

Δ>500km/s or 0.003 

clear b/w peaks 

0.785-0.805

0.761-0.775
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Results 2016

2018

2020

2021

2022

Is this combination a cluster

merger or a superposition 

along the light of sight?

Answer

NOT a merger

1. Cluster Identification

• Redshift distribution

• Criteria:

• Main

• NE

Big Question 2

Δ>500km/s or 0.003 

clear b/w peaks 

0.785-0.805

0.761-0.775



Results

2. The third cluster? 

(Range 3)

2016

2018

2020

2021

2022
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Results

2. The third cluster? 

(Range 3)

2016
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2022
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Results 2016

2018

2020

2021

2022

July 2019

January 2022 + July 2019

2. The third cluster? (Range 3)

• Possible

• Center location

MMT/Binospec: z~0.8 Galaxy Cluster Spec Survey



Results 2016

2018

2020

2021

2022

January 2022 + July 2019

2. The third cluster? (Range 3)

• Possible

• Center location?

Big Question 1

How many cluster(s) of galaxies are located near EoH GL system? 

Answer

2 clusters: NE and main.

MMT/Binospec: z~0.8 Galaxy Cluster Spec Survey



Results 2016

2018

2020

2021

2022

Statistical3. Masses Virial

Use Virial Theorem to 
describe the random 
motion of galaxies in 

cluster

The relationship between 
the redshifts and masses

of galaxy clusters at 
similar redshifts

Hydrostatic

Derived from high energy 
hot plasma (at energy kT 

and resulting mass 
density) in ICM
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Results 2016

2018

2020

2021

2022

Statistical3. Masses Virial

Use Virial Theorem to 
describe the random 
motion of galaxies in 

cluster

The relationship between 
the redshifts and masses

of galaxy clusters at 
similar redshifts

Hydrostatic

Derived from high energy 
hot plasma (at energy kT 

and resulting mass 
density) in ICM

MMT/Binospec: z~0.8 Galaxy Cluster Spec Survey

• Velocity dispersion (N, z)

• Virial/avg. radius 

(ang. radius, z, scaling)

• Velocity dispersion (N, z) • Temperature

• Hubble param. (z)

• Angular radii of gal.

(z, scaling)

• Spherical symmetry

Input variables: (observables)



Results 2016

2018

2020

2021

2022

3. Masses StatisticalVirial Hydrostatic

Results from this research
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Results 2016

2018

2020

2021

2022

3. Masses StatisticalVirial Hydrostatic

Results from this research



Future goals 2016

2018

2020

2021

2022

…

• Galaxy spectrum aging

• More?

• Color-Magnitude (like H-R)

End

Credits:
(Textbook) Galaxies in the Universe 
by Linda S. Sparke (2007)
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