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ALMAZEEEE (Atacama Large Millimeter/submillimeter Array; ALMA)
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Major Dusty Nuclear QSO/AGN Compact Dr.y merging Local Elliptical
Gas-Rich Starburst (SMG)  (Quenching) Quiescent (Size Growth) Galaxy
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East Asian ALMA Science Workshop 2025

ALMA Lensing Cluster Survey: Molecular
Gas Properties of Line-Emitting Galaxies
from a Blind Survey and Discovery of CH
Emission at z~ 1

Kanako Narita (The University of Tokyo)

Bunyo Hatsukade, Seiji Fujimoto, Jorge Gonzalez Lopez,
Kotaro Kohno and ALCS collaboratiogubmitted to ApJ (2025)



Importance of cosmic evolution of molecular gas mass density

34

® The evolution of molecular gas mass density is key to understanding the

drivers of cosmic star formation history.

Look back time [Gyr]
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Madau & Dickinson 2014
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Current Challenges in Cosmic Molecular Gas Studies

35

® Follow-up observations of galaxies selected at other wavelengths

® UV/optical/NIR bright galaxies

® ALMA Discovery of JWST-Dark Galaxies

(Sun et al. 2025)

=> Bias regarding stellar mass, SFR "E
s

® Blind search! =
® c.g., ALMA Spectroscopic Survey in HUDF (ASPECS &

® Small field ~a few arcmin?
® Small sample size ~a few tens of
® Missing Low—Molecular-Gas Galaxies

Our Approach

® Blind survey toward lensing clusters

[

o
)
1

107':

@ xCOLDGASS
COLDz
' VLASPECS
PHIBSS2

ASPECS-LP (CO)
© ASPECS-LP (dust)
— Walter+20 (fit)

HDF-N + ASPECS-LP
— (Boogaard+,this work)

redshift

Strong lensing effect enables us to probe faint and rare molecular/atomic line emitters



ALMA Lensing Cluster Survey (ALCS) 36

® ALMA Large Program in Cycle 6 (PI: K. Kohno)
® Frequency ranges:250.0-257.5 GHz and 265.0-272.5 GHz (Band 6)
® Survey Area: 133 arcmin2, Typical beam size: 1 arcsec

® rms noise level: 46.9-91.6 1ly/beam for continuum L ALCS (B3 clusters observed)
848.1-1706.4 ply/beam for 60 km/s for cube 102_'_'_2{82 o o 2 ) :
- — ASPECS (Gonzalez-LOpez+20) 1
LI L [}IlJl\I/L:A/lBaI}dPI T [ — A2GS (GémeZ—Guijarro+21)
15510100° = MORA (Casey+2l) [ o ae|m=m———
B 7 — HFF-ALMA (Mufioz-Arancibia+22)  J4==
i i iy >
09'30" frem —_ g |
[ y é after lense
00" = . 1 .
[ i © 10 fcorrection 3
i - < r
08'30" fomem e L
" i 5
g 00" fm —_ — |
Sl 3 < before lense
07'30" = - > .
- 1 210 correction | o
00" _ 2 55 [ ]
I i N
06'30" frmem — 5 g
ol \ - '/,‘Fujimoto +2023
RXCJ0032.1+1808 (R0032)| , | . - 10" L R P S R N
8°04'00" 03'30" 00"  0230" 00"  01'30" 10_2 10_1 100
Fujimoto+2023 1 arcmin S1.2mm limit [mJY]



Line Emitter Search

® LineSeeker (Gonzalez-Lopez+2017) LRI ] | —
® Data cubes of 60 km/s and 150 km/s binning PP a% — coie
® Emission line candidates with S/N > 5 zm-/g/?*/-,i/? oo
Y i — ;:::;;—i‘;
® (Counterpart ID 5 255_4,// Az P i el
® HST, Spitzer, Herschel &> T
ﬂ:j' 260 CO(4 3) |
. o
® Photo-z with EAZY, MAGPHYS £ cos

® optical-NIR SED fitting Kokorev+2022 _— ”/ R ’/ /A// (€I P5 P,
® FIR SED fitting Sun+2022 / / [cu :ijPL/ 9/%
- [NII ] 3P,-3P,
® Selected the most likely line within the Redshlft

photo-z range.



Identification of lines

38

® 6 CO lines, 1 [CII] line and 4 optical-dark emitter candidates

are detected
® of which 3 CO lines are from multiple
® * cluster members are excluded

images of the same source
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Molecular gas mass vs stellar mass/SFR

39

® Detected molecular gas mass ~1 dex below lower bound of previous blind
search.

Line ratios derived for massive MS galaxies (Daddi+2015), aCO = 3.6 MO (Kkm s~

aCO = 0.8 MO (Kkm s~

SFR/Steller Mass (MAGPYHS Uematsu+24)
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Redshift evolution

® Consistent within the range of scatter with those from follow-up
observations of pre-selected galaxies.

® Assuming the starburst conversion factor of aCO (red dashed circle)
shifts the sources below the scalmg relgtmn-
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Scaling relation breakdown? il

® Most of the sources follow the scaling relations within the scatter once
the dependencies on AMS (offset from the main sequence), stellar mass,

and redshift are considered.

® Assuming the starburst value of aCO shifts the sources below the scaling
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CH Emission Suggests AGN presence ?

® FirstCH(N=1,J)=3/2 - 1/2 A-doublet transition) detection at
cosmological distance (z=1.142) through blind survey

® N(CH)/N(CO)~10+4: consistent with AGN/XDR models; comparable to
local AGN (NGC 1068).

O CH/CO abundance ratlo miaht be a tracer of dlstant obscured AGN.
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Conclusions & Future Work 43

® ALCS blind survey detected 6 CO emitters, 1 [C II]] emitter, and 4
unidentified candidates

® Gravitational lensing allows probing ~1 dex fainter galaxies than blank-
field surveys

® Most sources are consistent with scaling relations when AMS, stellar mass,
and redshift are taken into account

® First CH detection at cosmological distance (z = 1.14, M0553-C190)

® Elevated CH/CO ratio suggests CH as a potential tracer of obscured AGN
at high redshift

® Future Work: Follow-up with NOEMA/ALMA will test the AGN nature of
CH emitters
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(Ultralight) Axion like particle (ALP) Dark matter 45

® Arises from compactification in string theory.

® A |leading solution to small-scale issues (e.g., the core—cusp problem).
® Acts as CDM on large scales; wave-like on small scales, suppressing structures.

® Properties of ALPs
® ALP DM can be very light (10-22eV <, m),
® Coupledto photon  Lint = gayal - B
® Parity violation

® ALP dark matter oscillates at a frequency corresponding to its mass.
® The axion field acts as a birefringent medium, rotating the polarization plane.
® Detecting ALP-induced polarization requires linearly polarized light sources.

r ) | Polarization rotated !!

Birefringent material

Polarized photon




Protc Elanetaltgt Disks (EEDS) 46

® A thin disk of gas and dust surrounding a young star.
® In the optical and near-infrared, stellar light is scattered and linearly
polarized.

Protostar

Outside the Soot Line -
PAHSs exist, allowing forming planets to
include condensed carbon compounds

Central Region -
Only metals and minerals
condense into planets

Outside the Frost Line -

Low temperatures allow condensing planets
to include volatile molecules such as Hg0,
NHz and CHy

~98% of the nebula is hydrogen and helium
which do not condense

NASA/JPL-Caltech/Invader Xan

Fig. 1. K.-band Q; maps with dimensions of 2”x2" with different color bars in log scale. The letter identifiers are from Table 1. The rulers
correspond to 50 au. The regions interior to (1’1 are not accessible with coronagraph usage. We note that the data used to create this figure are

Ren+2023



Birefringence Induced by ALP Dark Matter

47

® \Without axions, a concentric polarization pattern is expected.
® Temporal oscillation of the ALP field causes periodic rotation of the polarization

plane (Fujita, Toma & Tazaki, PRL 2019).
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Extension to Time-Series Analysis

48

® Previous work: single-snapshot limits (Fujita, Toma & Tazaki 2019)

® This work: time-series analysis using VLT/SPHERE archival data
® Focused on the most frequently observed target, HD 163296.




Polarization angle estimation and uncertainty 49

® Analysis Procedure

® Mask the central region around the star.

Measure the RMS in an emission-free region of the U-Stokes image.

Select pixels with polarized intensity > 50.

Average over a beam-sized 3x3-pixel box and compute the representative polarization

angle for each region. x = 0.5arctan(U/Q)

® \Weight the polarization angle samples by their measurement uncertainties and compute
the weighted mean angle and its uncertainty. [ Weight  Wi= L \

2
Oy.i
R =,/U? + Q% | U : X; 1 » (Zi'wiSin(in))
Weighted X — —arctan
Average 2 Y, w; cos(2x;)
~1/2
Weighted _ ( 1/02 )
’ . kUncertainty T, mean Z /Ux,z
BN

Emission— free region




Time Series of Polarization Angles

50

® Data Summary
® Number of data points: 6
® Observation intervals: 17-457 days

® Positional uncertainty: ~0.1° -0.8°
® Possible variations at ~400 days ?

Mean EVPA [deqg]

HD-163296

100 200 300 400
Days since 2021-04-06



o Prospect — Improvinga Positione ncertain o1

® The polarization angle uncertainty per pixel can be expressed as a function of the signal-to-
noise ratio (SNR).

1l o R = .Uz 2
Ox N 5 I (R/o = SNR) VUZ+Q
® The mean p{')?larization angle uncertainty is expected to improve statistically with the number
of pixels.
Oy :

o

Ux,mea,n —~ \/ﬁ

® The uncertainty is mainly set by SNR 10 4
and the number of pixels/data points.

® With SNR = 10 and ~1000 data points,
the uncertainty can reach ~0.1° .

Required 5/N per data point

10" 10° 10° 104
Number of data points N
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Fitted noise simulations by frequency to derive 95% CL upper limits.
® Generated noise simulations based on positional uncertainties from six HD 163296 observations.
® For the forecast, assumed 150 observing days per year over a 10-year monitoring period.

Achieves world-leading sensitivity for ALP masses of 107>°~107%° eV with o = 0.1°
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® Searched for ALP dark matter-induced polarization angle variations using
polarimetric observations of protoplanetary disks (PPDs).

® Analyzed archival VLT/SPHERE data of HD 163296 to extract and evaluate the
polarized angles with consistent error estimation.

® Detected significant variations on ~400 day timescales; its uncertainty typically
0.3°.

® Future high-precision monitoring (e.g., S/N = 10 and 1000 data points per
image) could reach ~0.1° accuracy.

® Continuous 10-year monitoring (150 days yr', ¢ = 0.1°) can probe ALP masses
of 107%*-107%° eV with world-leading sensitivity.

® Next steps: high-cadence monitoring of multiple PPDs and careful assessment
of intrinsic variability.
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