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Multi-Messenger Astronomy

- 4 messengers: photons (electromagnetic waves),
cosmic rays (protons and atomic nuclei),
neutrinos, and gravitational waves.

= Gravitational Wave Astronomy

|. Binary Black Hole Merger

Normalized amplitude
2 4 6

S i

e

2. Binary Neutron Star Merger
3. Violent Events, such as Supernovae
4. Epoch Before Recombination

5. The Properties of GW Sources: mass and

distance
- GW170817:a binary neutron star merger P Mrmegemay
@ e Time-frequency representations of data
LR FHAY

containing the gravitational-wave event,

GW170817 observed by LIGO.



Challenges and Needs for Kilonova Hunting

3 Challenges to EM Counterpart Identification

1. Wide Localization Area:

- a fewl00’s square degrees for O3

/1 GW170809 4 ¥

- a few 10’s of square degrees for 04? B W owzzomr

GW170814 HLV 4 4

2. Faint, Fast-declining Transients (kilonova):
Peak apparent magnitudes are R = |7 ~ 22.5 mag.

- They become a few mag fainter in several days.

72 GW151012
GW170818-HLV ‘ .

3. Numerous Transients and Bogus Signals in large FoVs:

- a fewl 00’ transients and/or variable objects in 10
square degrees

o AN ‘ " GW170809-HLY
GW1707294 it /// GW170817-HLV
HLV SRR _ -~ GW170814-HLV

- a few 10-’s artifacts in 10 square degrees

SemzETIA L — FRp
3%1111$$ﬁ?9 Sky locations of GW events confidently detected in O1 M &

(Fig 5 of Abbot et al. 2020) eEaNs




Challenges and Needs for Kilonova Hunting

= 3 Chadllenges to EM Counterpart Identification _ e Scaled AT2017gfo
20'5? [0 1 day cadence
- .l 0.5 day cadence

|. Wide Localization Area: 210

-== KMTNet 50 depth

- a fewl00’s square degrees for O3
- afewOs-ofsquare-degreesfor-042

2. Faint, Fast-declining Transients (kilonova)

._-----------—------ R IR TINR SN TEER SNNN SEER NN GEER SENR SN GEER GRER GEER .S

23.5 1

= Peak apparent magnitudes are R=17 ~22.5mag. ,,, . =~ Sa

0.0 0.5 1.0 1.5 2.0 2.9 3.0 3.5 4.0 4.5 5.0

- They become a few mag fainter in several days.

. : : G. Paek, Im, et al. (2025)
3. Numerous Transients and Bogus Signals in large FoVs

- ~100’s transients and/or variable objects in 10
square degrees

= ~|0- artifacts in 10 square degrees

SN =TS UH A HLAL
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Multi-Messenger Astronomy

= 3 Challenges to EM Counterpart Identification GW 190814 . NSBH (()3)

|. Wide Localization Area
- ~100’s square degrees for O3
- ~10’s of square degrees for O4?
2. Faint, Fast-declining Transients (kilonova)
- Peak apparent magnitudes are R = |7 ~ 22.5 mag.

- They become a few mag fainter in several days.

3. Numerous Transients and Bogus Signals in large
FoVs

- ~100’s transients and/or variable objects in 10 square
degrees

21IPJ‘!IHHIE’.‘J§"Q‘B?1H‘—L;’=I 5 I 05 artif.aCtS in I 0 Square degrees
@ FaAn97eAY
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What do we need?

|. Large localization areas: a few hundred square NN
degrees
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SkyMapper LSST

2. Faint, fast-declining transients: 3~4 mag fainter 57deg? 9.6 deg’

than SN la and becoming fainter very rapidly
- Flexible operation

"/' ’ m X20 %
3. Too many transients with large FoVs: a few

hundred of transients in |10 square degrees 7DT: 1.25 de: 7DT: 25 deg?
) 3?;:%8172 (Focus Search (Wide Search)
- eg

ZTF: 47 deg?

- Spectroscopy even with low-R

- Real-time data reduction

- Real-time data analysis

ol it Ot s
xIo xoict Courtesy of Gregory S. H. @4
KHEP Workshop @ Gwangju




7-Dimensional Telescope in a Nutshell

= 20 X 50-cm commercial off-the-shelf
astrograph

= 40 X 25 nm medium band filters +
Sloan Broad-band filters

= IFU-style data for a large FoV (~ 1.2
square degrees with R of 30~70)

- Hosted by ObsTech at Observatorio El
Sauce situated in the Rio Hutardo Valley 3 FERVAND |
in Chile. C“;rmpadqx @ - more than 300 clear nights
S AR\ WA (up to 320 nights)

= altitude: 1700 m

- Fully remote observation

accommodating automated survey, alert
brokers, GW follow-up rankings, etc.

SN ST S UH A HLA
National Science Challenge Initiatives
==
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= the median seeing: 1.3”

= the mean sky brightness:
~22 mag/ "2
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Filter

I. 40 medium-band filters with FWHM of 25nm from 400 nm through 900 nm with gaps of 12.5 nm.
2. Currently, 2 sets of 20 medium-band filters with gaps of 25 nm are ready.

3. Sloan u-, g-, r, i-, and z-band filters: g-, r-, and i-bands for every unit
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Observation Mode

Spec Mode

1. Spec Mode - Color Mode:

* One pointing with 40 medium-band filters
* FoV:~1.2 square degrees
* Spectral maps of the entire FoV (R= 30~70)

2. Deep Mode:

* One pointing with one broadband filter
* FoV:~1.2 square degrees
3. Search Mode:
* 20 pointings with one broadband filter
 FoV:~25 square degrees Q -
: )

SN =TS UH A HLAL
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Current Status: Facilit

- 16 units are installed.

= 20 X 25nm medium band filters +
Sloan broadband filters

= A new set of |5 medium-band filters

- A data storage server of 2 PB, Lyman,
is ready, and we are incrementing the
storage volume by | PB.

- A new data storage server of 2 PB,
Balmer, is being purchased.

- A GPU-based data process server with
2 NVIDIA AI0O cards, Proton, is

carrying out the data reduction pipeline.

ATMAAIHEY SAAA LA

National Science Challenge Initiatives

Sy

KHEP Workshop @ Gwangju

10



GW Follow-up Observations during O4 Run

Event name Localization (90%, deg”"2) Observation by 7DT (deg”2) Obsmode Exptime
S240422ed | 258.6 207.6 Search (r) 360s
S240910ci 393.6 39.6 Spec 600s
S240915b 18 18 Spec 1800s
S$240925n 13.8 13.8 Spec 300s
$250206dm 909.8 590 Search (g,r) 300s
S$250328ae 14.2 14.2 Spec 1800s
S250725j 18.6 18.6 Spec 1800s
S250830bp 3.7 3.7 Spec 7200s

SN =TS UH A HLAL
National Science Challenge Initiatives
=

LAY

KHEP Workshop @ Gwangju

11




12

GW Follow-up Observations during O4 Run

~ S 250206 dm S250206dm_UPDATE

- Localization area: ~910 square

iy
-
degrees
- Total observed area: ~90 square
degrees
Sience Transient at RA: 241.623924ge§ér[3§g: -70.327141108, Idx: 23959 Subtracted 60°
. 90°

b G VA " : 0 P3D 96.8395
" AP A N R N TR N B
Transient at 259.757396, -67.360176 with N_detections: 5 rLE

Reference Subtracted —

SN ST S UH A HLA
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GW Follow-up Ob

- $250725]

- Localization area: ~19 square
degrees are all observed.

-30°

ATMAAIHEY SAAA LA
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event ID: S250725j
instruments: H1, L1, V1
50% area: 5.31 deg®

90% area: 18.6 deg®

600
300
. Qe
| I I I
12" gn 6" 3" f
_30°
_— -60°

servations during O4 Run

L)

[1542] J152723.58 -364629.2 [2130] J153009.00 -364349.3
science Reference Subtracted science Reference Subtracted Science Reference

[2354) )152744.79 -364120.4 [2718] J)152917.56_-363701.1 ,
science Reference Subtracted science Reference Subtracted Xience Reference

[3042] J152845.65 -363216.0 [3048] )152720.17 -363206.5 ,
science Reference Subtracted science Reference Subtracted ience Reference

o] Jefe] Je]e
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[3304] J152722.45 -362608.9
Subtracted

[3393) J)153057.22_-362402.6

Subtracted

Subtracted

13

[3342] )152853.36_-362525.7

science

Reference

Subtra

o[

[3847) J)152711.79_-360805.1

science

Reference

Subtra

HEECKE

[3997] J152815.24_-360744.0




Science beyond Gravitational-wave Astronomy

ational Science Challenge Initiatives

of the Solar System

Subject Now /DS Scientific Value
Time-series Spectra of Quasars ~1000 >30,000 Complete Cens.us.<?f SMBHAGN
Variability
RM Measurement of SMBH Mass ~100 10,000 Growth History of SMBHs
Velocity Maps of Galaxies ~10,000 | 50,000,000 Galaxy Evolution
Galaxy Clusters 100,000 100,000 Cosmology, Galaxy Evolution
Early Spectra of SNe ~10 >1,000 Physical Mechanism of SNe
Time-series Spectra of Stellar | 000,000 109 Stellar Evolution
Obijects
Time-series Spectra of Small Bodies 100 >10.000

KHEP Workshop @ Gwangju
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Survey Plan: the 7-Dimensional Sky Survey (7DS)

|. Reference Imaging Survey (RIS): >30% completion

* | visit with 5 minutes total exposure

* the Southern Hemisphere (Dec <20°, ~23,000 square
degrees)

2. Wide-Field Time-Domain Survey (WTS)

* | visit per 10 ~ 14 days; 80 ~ 100 minutes per year; up to
6.5 hours for 5-year operation

 TJarget field candidates: Rubin’s Deep Drilling Fields,VIKING,
VIDEO, etc.

3. Intensive Monitoring Survey (IMS):

* AKARI Deep Field South (~8 square degrees)

* [ visit per day; 1,200 ~ 1,500 minutes per year; up to 65
@ e hOUTS for 5-year operation

lllllllllllllllllllllllllllllll
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Science beyond Gravitational-wave Astronomy:
Photometric Redshift Measurement

19

< Mmegos < 20

20 = megys < 21

21 = megys < 22
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Comparison between spectroscopic redshifts with photometric redshifts. Left:

Comparison based on year 5 data of WTS combined with PS1, VIKING, and

SPHEREx depending on objects’ magnitude. (Ko et al. Ap], Accepred) Right:
mpacisons based on WTS, or SPHEREX, or both. (Bae et al. Ap]J, Submitted)
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Science befyond Gravitational-wave Astronomy:
Discovery of Quasars and Galaxies in the Southern Sky

7DT-only 7DT+zp 7DT+2zp+KS4 7DT+2zp+WISE
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Science beyond Gravitational-wave Astronomy:
Transient Follow-up Observation

SN 2024abfo (Real = SN 1l)

Flux (arbitrary)

o
o

- Qbject (normalized) SN component (Template)
e Model (Fit) Galaxy component (Template)

4000 5000 6000 7000 8000

Wavelength([ox)

Next Generation SuperFit (NGSF)

9000

Flux (arbitrary)

SN 2025fvw (Real = SN la)

-
o
1

o
w

<
o

e 7DT Observation
SN (Best match)
* Host galaxy (Best

match)

SN + Host galaxy (Best match)

4000

5000 6000 7000

Wavelength(;&)

* [emplate-based fitting: Host galaxy template + Supernova template = Composite spectrum
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Science beyond Gravitational-wave Astronomy:
Transient Search in Multi-epoch Data

Daily Image Reference Difference AGNE Variability Light Cur;les (m400-m700)
Medium-Band (300s) (4300s) | .

»

Reference

Magnitude (AB mag)
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185 —— Before AGN brightening (2) (2025-01-25)
— After AGN brightening (2025-03-21)
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Wavelength [nm]

Left: Schematic flow for transient detection. Middle: Sample images to show how the differential imaging

@ sy analysis processes. Right: An AGN candidate discovered within 7DT Time-Domain Verification Field
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Science beyond Gravitational-wave Astronomy:
Resolved Stellar Populations in Nearby Galaxies

Best Model SED
l o for Galaxy: NGC3627, Pix ID: 20050
N N Stellar Age: 7.0 [Gyr]
— 13 : e | y: &&mnmmmwwWQMJ
FoV of MUSE e o
w
?j _14 /// A § & 3 y,n-'f“é;".‘f""’
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Left: Fov of MUSE, Right Top: Example of the best SED model, -~ FUV-FIR Photometry (Abdurroft+2022) | | e
Right Bottom: Stellar age and metallicity gradients of NGC 3627 00 01 02 03 04 05 00 01 02 03 04 05
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Science beyond Gravitational-wave Astronomy:
Resolved Stellar Populations in Nearby Galaxies
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Science beyond Gravitational-wave Astronomy:
Resolved Stellar Populations in Nearby Galaxies

IIIII (x)

We can train a machine-learning algorithm on low-resolution - /\//
spectra from /DS and high-resolution spectra from MUSE. 1 — ~,
Eventually, this trained algorithm will enhance the spectral resolution .
of /DS spectral mapping of nearby galaxies. i M

e NGCO0628 §
Left: A three color image of NGC 628 based on 7DT" images. Right: The
@ SN schematic view of PHANGS-MUSE tiles for NGC 628.
R
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Science beyond the Originally Sought-after Projects

= Composition of Exoplanet Atmosphere = Composition of Asteroids

+ Ultra-hot Jupiter with Teq ~2400 K o
O 1.1f 1.1+
S : 45 " 0 - 40
* Temporal variation & o ;»M@ 445 $toe o _ =20 M%m
: éo'g__ % e | 30 5
* Presence of TiO/VO 8 oal® gl !
© & 30 o % A
c | @ 90(EAs e || .l O 13.(5CAS, TholGns1086)
WASP-121b, 250127 Transit SO . 8 prwees=asen  [25 QTP @ moresies-2-3me  [20
1.8 3 3 3 300 400 500 600 700 800 900 300 400 500 600 700 800 900
1 3 1 . %85114_21) Wavelength [nm] Wavelength [nm]
S 1.7 e —
S - HST/WEC3
E/ °  (Evans+18) 7DT spectra of 10 Hygiea and 13 Egeria provided by J. Geem
%: 1.6 SOAR/GHTS
o (Ouyang+23)
215 7DT (. ion r hydr roi
2 S 0./um absorption feature of hydrated asteroids
= 1.4 r Wei'ghted mean . .
; ; (This work) * Constraints on thermal evolution on the
0.4 0.6 0.8 1.0 asteroids
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W

@ demimetsmema [ ransition Depth of WASP-121b
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Science beyond the Originally Sought-after Projects

534: V¥ V744 Orl (83 5785632, -5.1170904): ~

5 F —— Ha 6563
S He | 5876

= Discovery of YSOs, T-Tauri Stars o el

* Detection of uncataloged T-Tauri stars

* Variability of H-c¢ emission
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Various spectra of T-Tauri stars obtained by 7DT

@ e cOMPoOsite images of the Orion Nebula obtained by 7DT (Courtesy of M. Kim)
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Science beyond the Originally Sought-after Projects

Comparison of synthetic models to Gaia X

D

spectra (30 < R < 100; De Angeli et al. 2023).
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Low-resolution spectra, such as those from /DS, can be used to
accurately determine key stellar parameters, including effective
temperature, distance, metallicity, and foreground extinction.
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Comparison between high-resolution spectroscopic metallicity and that derived from the mock

7DS catalog generated using Gaia XP spectra. (Courtesy of An and Lee)
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Summary

- /DT is a multi-telescope array with 20 50-cm astrographs; now |6 of the planned telescopes
are operational.

- Equipped with 40 25-nm medium-band filters, 7DT provides IFU-like data with low spectral
resolution for a FoV of .25 square degrees.

= 7DS consists of 3 layers: RIS, WFS, and IMS.

- Beyond the detection of GW electromagnetic counterparts, 7DT/7DS provides spectral mapping
data for a wide range of scientific goals.

- We have been conducting commissioning procedures: performance evaluation and science capability
verification, including photometric calibration, photometric redshift estimation, etc.

- We are open to more scientific collaboration!

KHEP Workshop @ Gwangju
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Instruments

Delta-Rho 500 by PlaneWave Instruments

|. Primary mirror diameter: 508 mm

2. Effective focal ratio: f/3.0

3. Optical field of view: 70 mm diameter

- (C3-61000 Pro by Moravian Instruments

|. Sony IMX455 CMOS Sensor

2. Sensor dimension: 9576 x 6388

3. Pixel scale: 0.5 arcseconds (seeing limited)

4. Field of view:1.3 by 0.9 ~ 1.2 square degrees
5. 9-slot filter wheel

lllllllllllllllllllllllllllllllll
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Controller/Scheduler

- TCSpy

- AlpacaPi suite and PWI4

- 3 observation modes:
|. Sbec mode: | FoV wl 20 bands
2. Deep mode: | FoV w/ | band
3. Search mode: 20 FoVs

- MySQL-based DB and scheduling
system

- arxiv.orglabs/2407.13315 for
more information

lllllllllllllllllllllllllllllll
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Weather
Device
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=== Control command
<4 Data transfer
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http://arxiv.org/abs/2407.13315
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2,

Data Reduction Pipeline

- the modified gpPy (gpPy+GPU)

= Utilizing a GPU-accelerated library (romorhot 7DTpy SourceEXtractor

= The or iginal gPPy IS an automatic ?Qf;?;‘gf T Mec?seuerigrgwent
data reduction package that
handles Images for tranSlent Query Gaia XP Aperture Setting Source Filtering
searches.

o 3 StGPS' Piér;(t)k;f;itiy XP *.cat » 4 calib_*.phot.cat SourceEXtractor ZP Calculation
I. Slngle fl‘ame redUCthn Catalog Matching Header Update

2. Basic photometry

Image Stacking

3. Stacking frames
= https://github.com/SilverRon/gppy

aaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaa
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Data Reduction Pipeline

- the modified gpPy (gpPy+GPU)

- Utilizing a GPU-accelerated library Image Stacking
- The orlgmal. gpPy is an automatic OEcT
data reduction package that
handles images for transient Filtering with
FILTER & OBJECT
searches.
- 3 steps:
|. Single frame reduction Grouping

2. Basic photometry
3. Stacking frames
= https://github.com/SilverRon/gppy

HET S AR THLAIY
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Commissidrlin’g _Pr,()fcedutes: Science Verification
= NGC 253 NGC I097 NGC 65/4 |

- = PHANGS (Physics at High Angular Resolutron in Nearby Galaxres PI:J. Lee)

3 ALMA HST and MIRI of_IWST '

) 4 sample galaxres wrth ALMA

= 40 sample galaxies were observed \Arrth 7DT so far |

5 The UItra-Deep \a%75% (UDS) f eld i o

- Photo-z test, cross check wrth avarlable spectra ' : 7

- 800 ~ 3000 sec exposures per fi ter |

- SPTCL_]20I7-6258 & SPTCL_]2020-63I4 | |
- M44 SDSS _10228 0901 GRBZ3I I I /A, Orron Molecular CIouds 2/3 |3 Egerla [0 Hyglea etc.

| '-KHEPWorlcshop @ Gwangju
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Photometric Redshift Estimation

- Data:

* /DT simulated catalog from COSMOS2020 SED
data (Feder et al. 2024)

* Synthetic photometry with empirical filter response
curves

= Fitting software: EAZY (C version)
= Fitting results:
. WFS

* bias>-0.01, 61mad<0.04, RMS<0.08, {cata<0.06 for
i<22 objec

2. IMS

* bias>-0.009, 61mad<0.01, RMS<0.08, fcata<0.02
for i<22 object
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Photo-z analysis by J. Bae
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Science beyond Gravitational-wave Astronomy

SPHEREX (full-sky)
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Estimated photo-z based on 7DS, SPHEREX, and both datasets from Bae et al. (i prep)

Ztrue

J

33




