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Background Knowledge

f" | : . » Cluster of Galaxies (CoG)
i = Largest gravitational field labs
kgt o & . = Dark matter halo wrapped
i ahdEe s e w . E.g., Virgo (~10'5M.), Coma (~104M.)

e o | e (2) Coma. = Gravitational lensing (strong)
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Credits: (1) Fernando Pena (2) NASA/Carroll et al MMT/Binospec: z~0.8 Galaxy Cluster Spec Survey



il ™ Project Introduction 2016

1. Discovery of “The Eye of Horus” GL 2018
= Arare (<10), Double Source Plane

system

S1A-S
(z=1.300)

10 arcsec

[ News 2020

es are labeled “S1”" an . respectively. The k
a Note that the two rings v have different colors. The spectroscopic redshifts of
eatures are indicated by the colc a cale is shown by the bar at the bottom left. The inset shows the lens system with no labels
overlaid.

STORIES ~ VIDEOS GALLERIES IN THE NEWS CALENDAR UA@WORK FOR JOURNALISTS ~ CONTACT US

Steward Observatory Aids

Discovery of Eye of Horus

Named for the sacred eye of an ancient Egyptian god, the object is the first 2021
gravitational lensing system with a galaxy lens in which the distances to two
background galaxies have been measured accurately.

;- » Redshift~0.8
- 2022
\ = Need a mass model accurate

Figure 3. Left: lens-subtracted riz image. Feature H is clearly seen once the lens galaxy is subtracted. Center: reconstructed image configuration from GLee. The red

: :
features A and C into two distinct components.

Credits: Tanaka et al. (2016) MMT/Binospec: z~0.8 Galaxy Cluster Spec Survey



i Project Introduction 016
| 2. Two galaxy clusters? (Oguri et al.) 2018

= Around redshifts z~0.8

= Photometric methods

2020
2021

2022

MMT/Binospec: z~0.8 Galaxy Cluster Spec Survey
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I Optlcally sélected BCG 5 . .\//a,,-‘.:f

Project Introduction 2016

NE etuster center A&

2. Two galaxy clusters? (Oguri et al.) 2018

= Around redshifts z~0.8

= Photometric methods

o S0 2020
" L > , 3. X-ray Mapping (Tanaka et al.)

PN N A = Signal of hot plasma in Intra-

RS | " -l ”W Cluster Medium (ICM) with Free- 2021
™| : Free radiation

: = Two brightest center galaxies

(BCGs) at z~0.795 and z~0.761 2022
= 100"’ Separation

= Still, no accurate info on spec-z

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 016

MMT 2018
 Was Multiple Mirror Telescope
« Mt. Hopkins, Tucson, AZ

* 6.5m in diameter 2020
« The same size, mirror casting as

Magellan I1&ll 6.5m

Binospec 2021
» Resolving power R~3500 (2A at IR band)
- M spectral lines are legible (Ca H&

ore sp i gible ( K) 5022

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

- - =l el

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



Fold mirror (two positions available)

. // Observation 2016

Fold Mirror picks off MMT 2018

light 32mm above
focal plane

150mm focal 1 » §

length lens

 Was Multiple Mirror Telescope

150mm focal length

Fixed fold mirror collimator lens (moves with ° Mt- H Opki nS, Tu CSOn y AZ

fold mirror)

* 6.5m in diameter 2020
 The same size, mirror casting as

Magellan I1&ll 6.5m

Binospec 2021
« Resolving power R~3500 (2A at IR band)
 More spectral lines are legible (Ca H&

ore sp I gible ( K) 9099

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

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



Target Selection B

MMT/BinosPec EoH JANuARY 2022
TARGET SELECTION DESIGN
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Spectra e

Redshift measurements A-band B-band 2018

CCD gaps

A

2020

2021

2022

MMT/Binospec: z~0.8 Galaxy Cluster Spec Survey



Spectra 2016

Redshift measurements A-band B-band 2018

2020

B Baned A Bomnd A T 2021

AT -

SO0 G500 F0 Fo00 2000
Cbasrsed Wavelength {fng=troms)

Spectrum
Templates \

Templ ate: WY Elliptical I Auto=zr solution: 0,734 Temp =cale: 1x | Auto center ALt 10

. emission o 050 sbsorption 020 emis=sion I 050 emi==sion (subset) _J Elliptical | Elliptical {sub=et}) _J Show error
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Spectra

Redshift measurements A-band B-band

2 e L * Absorption (Ca H&K) at A —F= e =

H Band A Beaned P T

Spectrum

Templates . MMWWWW%*MI? Uv

SO0 G500 F0 Fo00 2000
Cbasrsed Wavelength {fng=troms)

Templ ate: WY Elliptical I Auto=zr solution: 0,734 Temp =cale: 1x | Auto center ALt 10

. emission o 050 sbsorption 020 emis=sion I 050 emi==sion (subset) _J Elliptical | Elliptical {sub=et}) _J Show error
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Spectra 2016

Redshift measurements A-band B-band 2018
CCD gaps

J-ix"'"-f.':'ri'f‘»-t‘ﬁ,.‘-?*-'“\!—‘?‘}h'i‘.W.Ii’f;\ll'ﬂil.“hﬂtlﬂ&mmm!f-‘. : ‘. i

e i . “ 2020
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2021
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A0

2022
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Spectra e

Redshift measurements A-band B-band 2018
CCD gaps \
CCD gaps Absorption (Ca H&K) at A
2021
2022

No feature

MMT/Binospec: z~0.8 Galaxy Cluster Spec Survey



Spectra

July 2019 Observation
*190 slits, 97 redshifts obtained

January 2022 Observation

- 181

14R26m00%

slits, 117 redshifts obtained

24m9ys

MMT/BinosPec EoH JANuARY 2022
TARGET SELECTION DESIGN
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Redshift z ~ 0.89 cluster candidates O
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Results

1. Cluster Identification
Redshift distribution _ 2000

. Criteria: A>500km/s or 0.003 : Hon e T

clear b/w peaks LEM I i |
. Main 0.785-0.805 : . N o7 .
* NE 0.761-0.775 ;( July 2019

, v e 2021 ©
0 100 200 300 400 500 600 -

Big Question 2

Distance From Corresponding Centers » (arcsec)

Is this combination a cluster binsize — 0.004 B N L <0 20T
0 Main (0.785 < z < 0.805)
Il Range 3 (0.880 < z < 0.900)

Il NE (in 7900,NE) 2022 o

- I\Ia,in (ill 7‘2()0.1’11:—‘&1))

merger or a superposition

along the light of sight?

Object Amount

Answer

0.80 0.85 0.90

NOT a merger ) Spectroscopic Redshift zgpec




Amount

Results

2. The third cluster?
(Range 3)

MMT/Binospe

FOV Side B
14m26™00° 48

25™00°

binsize = 0.004 NE (0.761
Main (0.785 5)

0.900)

0.80 0.85

0.90
Spectroscopic Redshift z

2016

2018

2020

2021

2022
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Results

2. The third cluster?
(Range 3)

24my°

binsize = 0.004
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Results

2. The third cluster? (Range 3)
* Possible

« Center location

MMT/Binospec EoH January 2022 L
16
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binsize = 0.004 NE (0.761 < z < 0.775)

Main (0.785 < z < 0.805)
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0.85 0.90
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Results

binsize = 0.004 201 6
2. The third cluster? (Range 3) : 2018
*.'.' Main (in 7200 main )
 Possible 5
 Center location?
" “L pectrosco p;: =} \];I edshift zgp, ..::}. " 2 O 2 O
January 2022 + July 2019
2021
Big Question 1 -
How many cluster(s) of galaxies are located near EoH GL system?
JA
nswer 9099

2 clusters: NE and main.

MMT/Binospec: z~0.8 Galaxy Cluster Spec Survey



Results

3. Masses Virial

Use Virial Theorem to

describe the random

motion of galaxies in
cluster

Statistical

The relationship between
the redshifts and masses
of galaxy clusters at
similar redshifts

2016

Hydrostatic 2018

Derived from high energy
hot plasma (at energy kT
and resulting mass
density) in ICM 2020

2021

2022

MMT/Binospec: z~0.8 Galaxy Cluster Spec Survey



Results Results from this research 016
A
3. Masses ’ Virial Statistical \ Hydrostatic 2018
\ Results \ /
o b Girardi Tran Within | 700 9200 Sifon X-ray 4
(km/s) (10" Mg) (10""Mg) | 7200 (") (km/s) (10'"My) (10" Mg) 2020
July 2019 e
NE | 366.1 3.49 6.02 NE | 127 326.0 0.38 2.2
(7) (918%)  (1584%) ) (100%) (319%) 2021
Main | 687.4 10.98 23.53 Main | 168 837.9 5.03 5.6 e
(18) (218%) (468%) (10) (100%) (106%)
January 2022 + July 2019 2022
NE | 4229 4.03 6.71 NE | 127 4071 0.69 2.2
(19) (584%) (972%) (13) (100%) (319%)
Main | 683.6 14.71 32.39 Main | 168 8527 5.28 56
(35) (279%) (613%) (16) (100%) (106%)

MMT/Binospec: z~0.8 Galaxy Cluster Spec Survey



RGSU"ZS Results from this research
l 2016
3. Masses ’ Virial Statistical \ Hydrostatic 2018
\ Results \ /
N _ o . v
o Girardi Tran Within | 700 9200 Sifon X-ray
(km/s) (10" M) (10" Mg) | 7200 | (") (km/is) (10" Mg) (10 Mg) 2020
July 2019
NE | 366.1 3.49 6.02 N = 127 3260 0.38 2
(7) (918%) (1584%) (5) (100%) (319%) 2021
Main | 687.4 10.98 23.53 Main | 168 837.9 5.03 5.6
(18) (218%) (468%) (10) (100%) (106%)
P M$022 + July 2019 2022
NE | 4229 [ 4.03 6.71 NE 127 4071 0.69 22
(19) (584%) (972%) (13) (100%) (319%)
Main | 683.6 14.71 32.39 Main | 168 8527 5.28 56
(35) \(279%) (613%)J¢ (16) L“OO%) (106%)

MMT/Binospec: z~0.8 Galaxy Cluster Spec Survey



Results Results from this research

l 2016
3. Masses ’ Virial Statistical \ Hydrostatic 2018
"\
o Girardi Tran Within | 7900 O'QU[]\ Sifon X-ray 4
(km/s) (10" Mg) (10"Mg) | 7200 | () (km/s) (10"Mg) (10 Mg) 2020
July 2019
6.02 NE 127 23261 0.38 27
(1584%) (5) (100%) (319%) 2021
23.53 Main | 168 837.9 5.03 5.6
(468%) (10) (100%) (106%)
o a July 2019 ~ 2022
6.71 NE 127 407. 0.69 22
main cluster
(972%) (13) (100%) (319%)
32.39 Main | 168 8527 5.28 5.6
(613%) (16) L (100%) (106%)

MMT/Binospec: z~0.8 Galaxy Cluster Spec Survey



Future goals

2016
2018
* Analysis on masses
« Galaxy spectrum aging « 2020
* More on cosmology
<0 2021
e 2022

MMT/Binospec: z~0.8 Galaxy Cluster Spec Survey
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