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Resonant orbits of the stars in the Milky Way disk
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Abstract

Astrometric observations by Gain satellite revealed detailed phase-space distribu-
tions for the stars in the Milky Way (MW). They show complex phase-space sub-
structures including the Hercules stream in velocity space. Although their origins
are still in debate, most of previous studies have suggested that the observed struc-
tures originate from orbits in resonance with the bar and/or spirals, based on
static potential models for the MW, However, actual galaxies are time-evolving sys-
tems as previous N-body simulations have shown. We analyze a high-resolution
self-consistent N-body simulation of a MW-like galaxy and compare phase-space
distributions between the simulation and the observation to investigate the origins
of the phase-space substructures. Our simulation comprises about 5.1 billion par-
ticles in the galactic stellar bulge, bar, disk, and dark-matter halo and is evolved
to 10 Gyr. Our model’s disk component is composed of 200 million particles, and
its simulation snapshots are stored every 10 Myr, enabling us to resolve individual
stellar orbits and to classify resonant orbits of representative samples of stars. In the
simulation we search for positions in which we observe velocity space distributions
similar to that observed in the actual solar neighborhood, using the Kullback-Leibler
divergence (KLD). Such velocity distributions are not always observed at the same
positions, but are often found at distance from the galactic center of R ~ 8 kpc, the
angle with respect to the bar's major axis of —30° < ¢ < 30° and the inter-arm
regions. We perform orbital spectral-analysis for the particles within 200 pc from a
position selected from the KLD analysis. These conditions are consistent with the
current location of the Sun in the MW disk. Using orbit frequency analysis, we
identify stars in resonance of the bar, especially higher-order resonances in a fully
self-consistent N-body simulation. We find that they form velocity-space structures
similar to those observed in the solar neighborhood such as the Hercules stream
and the others. Qur results suggest that the Hercules stream is dominated by the 4:1
and 5:1 outer Lindblad resonance (OLRs) and corotation resonance (CR). From the
relation between resonances and ridges in phase space, our model favours a slow
pattern speed of the MW bar (4045 km s~! kpc~?). The orbital analysis for stars in a
wider region shows ridges in radial coordinate R versus azimuthal velocity v, space
and action space. We confirm that the ridges also originate from the resonances. Al-
though the ridges in the observation are ticker than those in the simulation, this is
explained by observational errors. Taking account the parallax errors for the action
map into the sirulation, we show that finely resolved ridges will be observed in
future Gaia data releases. By identifying CR and 2:1 OLR from the future Gaia data,
we will be able to determine the dynamical structure of the MW, such as the pattern
speed of the bar.
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Cosmic refonization was a key event in the early universe. After recombination at z ~ 1100, the
neutral hydrogen of intergalactic medium (IGM) was ionized by ultraviolet (UV) radiation from the first
peneration of stars and galaxies. The observation of Lye optical depth, 7.g, in high-z quasar spectra is a
uselul probe of the reionization. Recent observations revealed that 77 and its scatter rapidily increase at
z > 5.5, indicating inhomogeneous progress of reionization. To explain large scatter of 7o, Auctuation of
UV background (I' model) or IGM gas temperature (T" model}, which predict totally opposite correlations
between 7. with galaxy density, have been proposed. There has been only one example of observational
verification of such a correlation between 7.5 and galaxy density.

In order to conclude which model can explain observed scatter of 7.g, we search for Lyman o emit-
ter (LAE) around three (J1137--3549, J1602+4228, and J1630-++4012) quasar lines of sights with high
Lya optical depth. The Lya optical depths at =z ~ 5.7 are estimated by principal component analysis,
and they are 5.58 £ 0.62, 6.05 £ 0.91, and > 5.06 for J1137+3549, J1602+4228, and J1630+4012, re-
spectively. We perform narrowband imaging at z ~ 5.7, using Subaru Hyper Suprime-Cam with r, i, 2,
and NB816 filters. After data reduction and source detection by hscpipe, we select LAE candidates from
detected objects. As a result, we consiruct sample of ~ 100 LAEs from ~ 5000 aremin® in each field.
The 5¢ limiting magnitudes of NB8I16 are down to ~ 25 mag.

We construcet LAE map to investigate their spatial distribution by carefully correcting the variation of
sensitivity in the field of view. Owr sample shows lower surface density than cosmic mean, A deficit of
LAEs around a quasar line of sight is found in J16304-4012 field, but density peak around a line of sight,
is found in J1137+3549 and J1602+4228 fields.

Our results could suggest the following four possibilities: 1) Either fluctuation of UV background or
gas temperature is not dominant source of patchy reionization. This is not consistent with previous
ohservational studies at high 7.5 quasar sightline. 2) Overdensity in J11374-3545 and J1602+4228 field
are contaminated from foreground and background low 7o region. In this case, our result is consistent
with the previous studies and fluctuating UV background model. 3) LAE may be not a good tracer of
underlying large-scale structures to distinguish between I' model and " model, and 4) quasars or AGNs
may contribute to the large 7.g fluctuation. At this stage, it is not possible to determine which of these
four interpretations is the most promising. Observations of low 7eg region and follow-up spectroscopic

observations will give us more conclusive resuit for the physical origin of the patchy relonization.
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Triggered star formation by shocks
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Abstract -

Star formation can be triggered by compression from shock waves due to supernovae,
stellar winds, ionization fronts, cloud-cloud collision, and so on. This paper consists of two
parts. In the first part, we have studied the interaction of hydrodynamic shocks with
Bonnor-Ebert spheres and triggered star formation using the AMR hydrodynamical 3D
simulations with sel-gravity and sink particles. In the second part, we have presented an
observational example of possible shock-induced star formation in a nearby star-forming
region M17 SWex,

In part I, We showed that the evolution of the shocked cloud depends on shock speeds
and cloud radii. If the Mach number of the shock is too low or too high, the cloud collapse
is difficult to be induced by the shock. Only intermediate Mach number shock can trigger
cloud collapse. Besides, even in the cases in which clouds collapse, there are differences in
cloud evolution such as the presence or absence of rebounding. We derived the condition
for gravitational collapse triggered by shocks. The condition is expressed as functions of
dimensionless radii. For the case in which cloud can collapse, the higher the Mach number
of shock is, the faster the relative velocity and position of sink particles and stripped clouds
center increase. As a result, for the higher Mach number of shocks, the final (asymptotic)
masses of sink particles become smaller. We also investigated the effect of cloud turbulence
on the shock-cloud interaction. It turns out thal the turbulence itself prevents rapid cloud
contraction and decreases the mass of stars formed. Our simulation can provide a general
guide to the evolutionary process of dense cores and Bok globules impacted by shocks,

In part II, using wide-field '*CO(J = 1 - 0) data taken with the Nobeyama 45m telescope,
We analyzed the cloud siructure of the M17 SWex. At least two large clouds with
~ 35 km s~! seem to be located close to the main clouds at ~ 20 km s~ in the galactic

longitude-galactic latitude plane. We discussed three possibilities that appear to be
consistent with this observed features: (1) overlapping with different velocities, {2) cloud
oscillation, and (3) cloud-cloud collision. Judging from the existence of the bridge feature in
the P-V map, and the distortion of the magnetic field orientation at the intersections, we
think that cloud-cloud collision is the most plausible scenario.
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Abstract

In the past two decades, submillimeter observations of extragalactic sources
have revealed a population of dusty star-forming galaxies at high redshift. The
submillimeter-selected galaxies (SMGs) are massive and actively forming stars,
Detailed studies of their properties such as clustering, size and mumber density
suggest a evolutionary connection hetween S Gs and massive guiescent galaxies
in the local universe. However, SMGs are extremely [aint al observed frame op-
tical and near infrared wavelengths due to their dusty nature and high redshifl.
The faintness and degeneracy between age, metallicity and dust extinetion make
the Spectral energy distribution (SED} modelling of SN Gs difficult and bring
large uncertainties to the derived properties. The study is further hampered
by rareness of {he massive objects whicl introduces statistical uncertalnties.
Nouetleless, unveiling the nature of SAG is hmportaul to our understanding
ol galaxy formation and evolution, and provides valuable tesis to theoretical
models.

In this study we utilize a sample of 289 sources detected in ALMA 1.1 mmn
observations to build a multiwavelengtly catalog aund perform SED analysis to
extract their key physical quantities and properties. Former studies of large
SAMG sampie were mainly based on the MAGPHYS code, while we use the
CIGALE code to apply different model assumptions and check the consistency,
We also take advantage of CIGALE’s high flexibility, which allows us to probe
SMG@G's star formalion history (SFH) via SED filiing. We fry to identify and
categorize SAGs to two groups with normal SFH or sharply rising star formation
rates. We atlempt to link the SFH variation to physical properties, Lo investigate
whether the SMG is a homogeneous population and seavch for clues of their
evolution.

Qur aunalysis showed consistent results with [ormer studies. The 1.1 mumn de-
tected SMGs have median redshift 2.61, stellar mass 103991 Af; | star formation
rate 146A/5 yr~! and dust laninosity 10'** Ly, We find SMGs with a sharp
rise in recent SFH ave related the most intense starbursts, locating well above
the star-forming main sequence and the rising group are less massive and rare,
compared with the normal group which are on the high mass end of maiin se-
guence. We compared the physical properties of the iwo groups but could not
find robust evidence to put the two groups to different evolution stages, due to
small number of galaxies in the rising group and large uncertainties. The near



infrared morphology suggested a lack of major mergers in the normal group. It
is possible that SMGs showing sharply rising SFH will grow their stellar mass
and evolve towards the dusty star-forming galaxies on the main sequence. Deep
and high-resolution observations in future are needed to improve this study.
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FUSBERAECOBRBRAIISWT, XA MPHBREY A AURET3 2R BRETLTLES
BlAEHIShTWS, TORE: LTRABPICEMBLHETRELE LS 8T, BRIz -THA
FEREHEN (FAPP Ty ) MLBADETHREVIEDHSNE LW IEFHABBENTWSE, TOL
AR P TCRIAMOMBERENBET D, HEBEFBEHEIADPTVEELISRTWE, LL, £2
PRIy TEREENSRARERAS CHENRBRAS TGRS, R RBEOTERE S T,
OFREBROBRYPTRL TV S,

Herbig Ae T8 V1247 Ori Ti2, ALMA %JHW /< 870 pm WO MBI & 0, 2EH 54 au
TUVLAE, BLBSASE 120 au, ALA —40° 5 80° MBT B2 Lk v b (ZHARGE) LTl
BENDIENHLFMBERMESER I N TS, JOEIcET S, BTRIE (Kraus et al. 2017) T
G, Dyl rrofoXy v VIFEETARENGEESERE LT, by bEEE Y SO
MR LA R S v THEL TV A TRENS B ERBIh TN,

FITHAMIE T, ALMA THSEhA VI247 Ori @AY K 7(A# 344 GHz 85, 38 870 o )
EV R A 139 GHz #F, B 21 mm W) 7 —F 4 FF— 2 ERNTUGHE A A - VR EBRL
Fro TOE, SNV R TOAA=VRE - LT AW 00677 x 0.054", BE {1o) A 44.2 uJy beam™*
b, NUF 404 A -V — LA XA 0.0017 x 0.066", BE (lo) A7 7.94 pJy beam™! L #o
Feo AU R TOA A=Y CEEMNOERC LD, BTHEICILATH L3 H50W I 1 T EER
L7,

Ff, FA MY XOFM L LT opacity Index 8 2w, Z0 83, 22 o0v41 XoRMBH TR
B 17, FAMMBEIVA—FASAXERELTWAEEIE 8 ~0-1 DL >N L, 28I
LEWBPLHBTHILMTES, TZTopacity Index %, N2 F 7T LAV 4 OMifliEr A-Y
ERAWTHHNL., EMSHE0.0017 x 0066" @8 vy 7RMERTHZ ET VI2T Ot 0B hD XA
PY A XS EDSTIFML ., TOHR, ARSETO gOEENL 1.3 202 &40, R FEEDH
W2 80ET (B~ 1) MRLNEFIRE Ve MllOATHo i, RITFWMETEAIIS Y
THRELTWE L RBEINTWFEE Itk b XA M A XOMWERLITE—-HLENZ 2290 K,

E 5T, VLA @ Q 8y F (R 44 GHz HF. R 6.8 mm 3F) THA S iz V1247 Ori D1 A -V %
AWT, ALMA TOAA—VEHEEF o7, QY EDA AT I N /4 LHMBEVWE DD,
Ny P AZReNE2 ey oY —2 b B2 5 OREEAEIFS L <, Foasmaiciy e
NAEC 3c B LOFELRT Iy 2 AEE RO (/v ) dEE hi, V1247 Oni QIEHRIMRIC
XEWUWTHRShE XA PRRKIZE S 234 SAT — 4 (Ohta et al. 2016) 226, MROY 75 —@
ErREFHB 2EETE L, FL 2y b ETRERBEOEREM? S -2 5830 F 7(5E 0.87 mm #F), A
FABE 21 mm ), Q AV F (HECS mm ) 0L ItBET 24D, A XOREVWLZ L HEE
HRAZHLTHAFCBRBLTWASHLTVILEALASIDS, Y1 XRBLAELA NOHBIEZ, FA K
SyZREULHITHMTOXA MREOERE LTHRGITHBENTED, VIA7T O ZBI 5 XA
FFSvTOFEEEERLTWS, SheeJRAUMMIE. V1247 Ori BRIz Y > S22 v v Ol
BESURBBERAELR D HD 1353448 THHIMI M TE D, WEILHRNTH I TEEN S5, L
AULLEHS, FELEARC SR RERESABRORUAOMNSLETHS,



Constraints on the Lyo luminosity function
and cosmic reionization at z = 7.3

with Subaru/Hyper Suprime-Cam
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Abstract

The Lyo luminosity function (LF} of Liye: emitters {LAEs) has been used to consirain the
neutral hydrogen fraction in the intevgalactic medium (IGM) and thus the timeline of cosmic
reionization. Here we present the results of a new narrow-band imaging survey for z = 7.3
LAEs in a large area of ~ 3 deg” with Subaru/ Hyper‘ Suprime-Cam. No LAEs are detected
down to Ly = 10%2 erg 5! in an effective cosmic volume of ~ 2 x 10° Mpc®, placing
an upper limit to the bright part of the z = 7.3 Lya LF for the first time and confirming a
decrease in bright LAEs from z = 7.0. By comparing this upper limit with the Lya LF in
the case of the fully jonized IGM, which is predicted using an observed z == 5.7 Lya LF on
the assumption that the intrinsic Ly LT evolves in the same way as the UV LF, we obtain
the relative IGM transmission T{5a1(7.3)/T{5M (5.7) < 0.77, and then the volume-averaged
neutral fraction xu;(7.3) > 0.28. Cosmic reionization is thus still ongeing at z = 7.3, heing
consistent with results from other zy; estimation methods. A similar analysis using literature
Lya LFs finds that at » = 6.6 and 7.0 the observed Lye LF agrees with the predicted one,
consistent with full ionization.
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Testing cosmological models by observations is one of the major themes in astronomy today. The
ACDM model, which successfully explains various observational results, has several theoretical prob-
lems such as the coincidence problem and the fine tuning problem. Modified gravity models have
been proposed to solve the problems. In order to test the cosmological models that still have not
been dismissed, the ongoing blind spectroscopic survey of the Hobby-Eberly Telescope Dark Energy
Experiment (HETDEX) aims at measuring the Hubble parameter at z = 2.8 to an accuracy of 1%
based on the large-scale clustering of 1 million Ly emitters. However, the HETDEX pipeline detects
a nmumnber of contaminants as well as real emission lines.

In this thesis, we present a classification method based on machine learning techniques of convo-
lutional neural networks (CNNs), Uniform Manifold Approximation and Projection (UMAP), and
support vector machines {SVMs) to distinguish between real emission lines and contaminants. By
making use of our visual classification results for emission line candidates detected in early data prod-
uets of the HETDEX, we train a CNN model to classify whether the candidates are real or not. By
combining a UMAP+8VM classifier as a complementary technique with the CNN model, we develop
a machine learning-based classification method that achieves a high completeness value of 95.5% with
a small contamination rate of 7.4%. Our classification method significantly reduces the amount of hu-
man effort and ensures reproducibility compared to visual classification, which is frequently adopted
in previous work. We apply our classification method to the latest HETDEX survey data, vielding a

sample of about 1.7 x 10° emission line sources over a 145 deg? sky.
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FHMBII B S X —reg2— N AV BOBEE (Streaming Velocity; SV) PHEEEIC R IETHE
AOEEERET L, SV IRIRERRIIBWT, ¥—0 ¥4 —3 oD —WTO) A OB HIHEZ 104
TEH-0, BEAEELERHRNHZ. SV AURERRIRITTHEI VW, F—rv4—I=np—2A
T WOREOEACFHWIIHA SN T E AN, BENAAEOR Ty —VOBIZ 2T+ FI@ o
TRk, ,

TIT, AMETHE, ERFETAZLL 2 0—-A7 vy FURAT =V TOMEBBEIZ OWT, RHNENE 2T
ok, HBOFHERMIHARS OO TERBRIZ SVOARI I LTI TERLE, 8 RQECT -2
—IZNO—OEFMIONT, REMODKRERNE Y I ab—Ya v L, BREATAZOMED, €0ME
THEEINAWREOHBAA 2MAL, BEIIHA-T, HEEofEI—- RIRBEMA, LOEBBEOT 2
ab—YaVEAERIIUA £k HEREROBIRCS A -7, TRATOTTFLIR L THERTEIH—WEE
RSB DM 7 N TV A AR I L7,

HEOHER, SVOREXMNHUES, F— 224 —2 20D~ EBHRARBTERIAL DO RERIC
BERETAEMPHE I egrot £, SVHAKIWIEY, BB ABRNOE HFEEASOE RN
U, BRI h2BHBEORKEL RS AR edgork, B KEROBMBAHERLABE, B2
—H—DEFETH S SMBH OIRFERE L RBAHENHD. T517, SVIRIVIERY, HABDOBEREHE/bIC
BFS, Hy STl L BEHOBRETRIBHEASSAY, BEINDITAEIREH - 7147 AV M- &V
WM THEN L, BERVAZEIEBICHBL P TR I ad ok, PRULBBET AL, 9
FEMCHEBOAAEPIEHRRE 2R T LEALNL LY, BHEFLRIRHAR TSy 25— VLR %
BT AFEEEERESL. £/ SVHAFEELRAVETF L, SV PBRICASVET NS, BEREHELTWS
HEREFREVNEBERS Sy 70T R AT OMEBLAL. BERHRT 2 RERIIOWT, HEENED 6 1%
REIZAEL< A2/ (182My, 131 Mg DT & 1027 Mg , 782 Mg OL7). 1S3, EHEBRIZSWT
BROFEHEFMETELILLST, LROEHBICHS T S ERFEOELINFEL 25, SV REBOY S v
ZR—VERNHAIE NS Z X AR T RS,
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£ OETOHFLMTIE, 1pc® BIROIER T 3 v 87 FREED S Ly ~ 1038 Bergs™! 2125
HRZTANF 2L, FEEIZHS HCHEBAEET 5. 2 OMRERISEBRTE (Active
Galactic Nuclei; AGN) & MEIEN5, AGN LR ZHECHEAUPLHEB Y I a2l — Y vink sl
WEAEEL. ThoREX SEEOBENBOIRBICSETELAZ EMHbhoTW3, LhLIh
E CTOMMMNZMETIET T v 2 R— NV AOEEEERIEE BVIRIETH 2 BER B RO A
AHaThHo7, TOREBEORLMEOEREEELNITT B I LI, AGNH—T F 2Lk % 3
TEDIIBBERYRTHB, FILRFEIMCSI3BYOCERT S v 7 A — L EROIFEI D
Mo,

POMEDBREI© REE T D B b AR 71— 7 & LT Faraday Rotation Measure(RM) 235 3, RM
E77 77 —REZETHEEONAOEE, BWHOKREX, HEERE PV -ALEYERTH D,
ChEAWS I L THREMNBOIRIEN R iz 2 hFE L EEMICHET A 28 tE 3,

APETIE, 7TXA YA OBREMEETUE (Very Long Baseline Interferometry; VLBI) T&
% VLBA(Very Long Baseline Array) & AW T 4 7 7 — kb 1 BUSRIT (Narrow line Seyfert 1
galaxy; NLS1) @ 1H 0323+ 342 O iR % B i B R R % 7 o 72, NLS1 IS TRYED 5 Yz
HFWT FWHM(HB) < 2000kms™! T [OIII}/HS < 3 DREHERE>, FOHLEART Sy k-0
BRITHEHE (Mpy ~ 10578 M), BEFREREBFOEHEMO AGNTH S, ¥ HbIT4H
{3 1H 03234342 1235 H U7, 11 03234342 13 VLBI TIREIT % 2 NLS1 Osh THEH36/% (2 = 0.061)
[ZHFEL. PORALCEMSREIN TV 2D (1 I VA =1.2pc), LTS5y 72 F—NETID
B AWM T 2 10X RETH B, B2l ORFERNT— X 0|4 L, 1H 03234342 07
Zw A= 10pc BINOBEEMECEFERMEZ v 22 2B LA, EEYIab—Yay
WRIZE b, BERARSHAOTOMMEREEERTADA Y 70—%7 I b7 —ZHENTNWE I L
MBHS MR ol, Lo THAMETERM MBI EFIIAE ARSI L 2FHL T, SHICFEs O EE
RG22 DI KRB R (1 » NV ) TRM %3k,

A VY K RM BIEOFER, 12, 15, 23 GHz #IZBWT 1H03234-342 D 75 v 2 R —55 0.1 pe
FEEHEN-EIT RM OKE &A% 1.2 x 10%rad/m® 2R SNz, Z0O RM O ldEBAOpE S S 3
RV E D AGN OFEE (LLAGN, Quasar, BL Lac) EHIEL T 10 ~ 100 8K &\, X &5 I2AR
RTFIRBEOAERUOF— 2 2AVWTHRINEROBEARZ PLEZHZEL, YrZutnri
WETFNTIAvTF A VI F53ILT. ZRETTRDFIHNIBEOREIFROIZ2IZRIIL
7ze TNEAWTERIT7HBOEFEEDTMEIT>72. TOKBR. NLSL 2 ZMEBOIRENRT
BLEZHNTWS MIT(LLAGN) % 3C273(Quasar) & B L T ~ B0 BFZE 21O R4
HEARET N, 2k RHD(Radiatiation-hydrodynamical) & 3 2 L — ¥ 3 > CHBEEFFESE O ol
AT OMOBEEREFO>REOLO LB U THERBIIREVWLWSIRBEIVYRAF Y N TH B,

AWEIZ & D, RAZBRUNEMIAEA TV ARAWEBERMGEER 28> AGN L ZOBE 2005
PZTB700E—FEHANTIeWTER, ZEL, AFECRIO7rSTF-HiER2 L2067
A2V =D& DM EER (BEREEY, BERC L THEIEhiY s Rizod) %
BETBHICEEL TV, % EREUE, SREOI V. VY73 VEOBAIzE b 2hiiEs
PILTERENRD B,
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FHOERZA MUSHFEL LTEXLONT S AGB Bid, HEORMZEEY LTXA 2 - T2 2
FABNRTVAY, TOAS=ZXLAOEMRREHTH L, FAPIIELNE AGRBED L 3 &2 MRS
WEEZFHOX A MO TIHCEETH D, RBOMTRITL, X2 ML oESE 2 75100 1000
He#A2 X RENcE o PRFIRRRC X2 ERFAEIDETH 5, AMETHRFRIIMEXHETSH S
AKARI 8 X U* WISE o7 — 4 2#a&hE. T HE TR ZEIR THETEL b o - SRR SMSE R
Fe 22 Lz ZOF— Z3BRIEMD 1300 Bizks0n, DEEAMEAHAEAZHICELA XA McEb A
7: AGB EQZNIHERAREL T3, 16 0HRARARERRIF— 2 280, hlEOTENRF— 28 H0a 2
L THIFIFRAD O-rich AGB £ 176 Kk OH/IR B 28 KizowT, PHFEMASTOTRIRIFE KDz, Dk
3 2% { ORBETHMFIMROZELI DN TEAN L DRATEN D T TH 5. HE 18 i HOLRIRIE Arsm
LEDRME: OfEMERANAE T5, XA MUAROIETRE 25 W3 — W4 /A T B8 Ay, W RFET 3
ZeMbhirot, X5 IOBGRRREDERPENE— FlolkeFiclhTor e B L=. ACB E0EF
HR2ZEY 2B ESF T ENL 2R, Aigon GPLEONEEERISGHEERST s v dth oz,
BLEXD, AGB EDH A MG TR 2 DIZHEERCHIL WS Z AR Eh s, ZoREERS| ST
TAA=Z L2 LT, REERIKEIY, REECRIGREMET U-TH R F SRR HE 42 2 FIE <
b, ThifoTIDEL DX R MBS B TREEMEZ S5,
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FHEBELMDE TKOE] ThHokeTHE Y FNAVERIIE., PEYA 7 0EEERSN (CMB) %
BAHOFEE UCTHUMZHBIEX , BROFERONAT X1 LA0RBE LTHIIIN:, LrL, #
DE LS TH 2 M EBEECEHEEMEE, S 5IERLYEOETERT. ThoZ3WAL, W6
EORFEZTHPET 08I 7L -2 avERTHE,. ZOEHZRIATIREHOFERE. /2
CMB o#fllch s, RIREHRPFRT HEBELES, KEEATr -V ZE2REGHREO B £~ F/9<
2—2v¥r LT, CMBREO®DSFIZHAEI NS, ITHIZREOEMCEAITERE T, (RGOKET & B
FGRA=RTHDITVIN-AAT— (r) OREHRTES, INET, WET Sy M 74 —LTIOERTC
BHiE-IWa0id, 2000 €125 Lo n=BMO Planck 18 HFI B ThH 3, HERIE, HEER
HERE A ERE ORI & K IB-HFRE = Lagrange (L2) SCTHEL, KAK - KHROSREN
vy FEMNHDTER L. LirL, HFI BBIC X 2WAlF— 2z, #BETER S nwFEEROFESH
BELEIZEENTWE, BRAT - P oFEREBSZRETI I TRERBCEIF LM, Ttk
BF—AOELPERELY, RAZORAEEAMOEZLRBIETRES Db -7, 2020 HERHBYE
T EIFPETH S LiteBIRD #EE, BU< L2 STHERGHS2EAVT, KAEATr—LVO B
- FEBAEZTOHBEHFETH S, r ORFERES 1073 DLTFEIMRBI vy vERIE, GVWEE
ETRBEHEOFELERREL, 17—y a v EROME % TEEICT 5, Planck #iEDHEM S, F
HROBEOME P REEREO 1 DTHEZ L IWAS»TH S, BE. LiteBIRD HEIXREEMIZSH
B, FEHBICEZMEOERNLFMET bR TWRY, £, M SEESITEERIEA LB
F—REEDEIIMBTAEY (BITF—2OREEBTII vy a VOB ET Y ZVMBMT) X
BgXnhTwiy, Tho2HEATERMIZTS R, BENLBRZEELABRAT— 25845
ETHD, ARLIFZINS OPEIZE DS,

BEMTIE, BTD420M8%2T o7, 1 2EE, LiteBIRD R X 3 HAINRANF 20 32
L—3 a2 TH3, LiteBIRD HEDL TOBPEREFRT CMB (BETFR4EEOEAMN). RN
G, BSR4 X, TEHBE2 S TEARXBRANT - X 2 WD THERL L, BFOMBERABIESE,
BOERAF v U PRHMES, SHEMBTICHTAIRHBORESLS TN, BRATRIEENRY I 2
V—=avF—RThHd, 220, FEHHBOMEOERWIEMCH S, End-to-end TREMT 27z,
L2 BB 3EEHARS MR SBEETADIAAF-FEYy VEERIEL, BEBETEHOBEY
%7z, LiteBIRD TR TR WA HELEBHRERL, BUNRRAHIHUTEENLIEE:2T 5,
YH—TH B, FHMIIHTHREEZRARL LD, F-GBEFLVEE- TERESEE VL, ZTHhTHE
EFEEHRAIC L DRRAT -2k, WMEAF Yy VERNEFEEFERBLTEERES Yy 7120, AFERAT AR
2 MV EEHL, BREHBIZIZES - ESEMETE2ERTHML -, —HokBs, SarmT
DHFML b, AF—Y v IFHME2RET L, BREBS LD +HMILREZedbhok, FHEOH
T, EXTA3EAARICBEEZRFO200REBROESESVHAVONLY, FHREIEVE—F
CLTESLZL L 2DODMHBEFTAMIZBIBEELTVWE I LS, SELELSHTWA I EHBEEY
LHESPIZ LA, B, FEROPELEFBTA-OOWERSERL, ZO9RAFEML~. 3 2HIE.
BEF-XNEOBRHTHSD, 1 DEOWMRTCHBAEYIaV—YavF—22TICLT, 3y vio
FUXNMBETTOIF—RAOTF AV a v FRERET 2, FYA—-a3 T, BWEBSERL.
WENTFUEINE /A XeBRETELIRTFVENTANEERE LA, 7F05/FURNEROK
AFIvILrIRFULAMN)EBESREL, BAUF-2BORS Y L X ECHRELF — X EMER
ERELR. MRAIF—2OWMR-y oY —2HBE LT, AMEHETENTE 2EERERD L, B
FRPRREROMBETH B I L 2FALT, FHLOELE2/BLLTAZ T, BERTF—XER
RESBBRBTERTELZLERUE, 428, BETFYILVNEBOT AN EFVOERTH 5,
M22o0WRT, IviarPF VAN MERFERT REREPHHRI NS, ZhdiN—-FIz7T
EHAETRTNELR S, FPGA & CPU M—{&{kL % Zync 2 \W5 F A1 ADOEHFNLA— K% H
WT, EEHERL:,



ZEN-BEICNT IR LEERFONZNHE DM

FHEET 35-196123 rhEEHRE

ERA DB EVHRNGE (1) 2RO (BREHRE) THY. TOSLOM 1/3 11— (A48
A=) ORI AR T SRR =2 BT WA I MBS T W3, £, bhbho&EDLE
DN S — & WS — 2 B oW PRI RE I N TVWS, ZOL 5 CHRAIEERICIFEET 53—
IR OIS FRE T H Y, FAOHBINE % HENIE S EMHEL DT, Fr A7 EEF LA LA
OFAFRBLISVWTHELBRREE 222 515, BIZRBA—IZRE RLAOF REHEERIIE T
%, 100 pc FIEA D 10 pe BIANIRET 2 BEELFAAFHEO—>TH L LEL LML, N A—D
ok HAITET S MBI SIIA TRV, BEDONAEY I 2LV a I LBHET, RS-0 H
ATHBEARF M H B EKER 77 v 28— (Super Massive Black Hole; SMBH) %2 O 500 B
EMZEEET ToubITRIEFHEE (Central Mass Concentvation: CMC) 0B #EMINER L, ERMINL
7o CMC 2pEAS—% WS 2 2 2 T SMBH OB BIZERE#H T2+ U4 (PBEA—2 CMC O
AR U ) BEBINT VD, o A—BERHENGPTOF A MEFE AV EBEIHEILY, 4
WA AEA-2E 25 B -2 AHEE (T, ZEA-HREUER) ORIt eEkicEyd
LHEMMEEADOHD, LAL, NEVII V-2 a il kW e il omE+ilix ¢4, SMBH o
PRI E A — B ERE I RIE T RN E P S - R R T 2 A ENERIIFEI W TV RN,

AR T, FABAL L o THAMINL BT h00 CMC % Plunmer B CEFNALLEA LA LT,
TEA—ERPEROZEEE T A MFRETHEEU A, ATWETR, A—E2 RS-0 — VD
HAEI ZEHA-AEORER £ RO TV, —H, AR TCHETTLH 55 10 pe IBEON S 24EE
AR U CMC 2 EMT 254, OB A REMSHEE L, FORERDOMBEEED 1 A4 At
DN S Z el hd ok, ¥ 510, CMC OEBMINCAE > THG# R 0B AT a5
HER/S—DREIICHEHT S8 150 pe T THEHT 22 S, OMC HEREBEL TV BIETREA—O
W RBUERE SR Y B R THY hus,

FHARDHERIL, FITHED L S II B/ S—OWRPED TR L I —DBRFRE I THRELLO
TRES, WAL NARATHRET S CMCHRIZLASKEFT I L2RTEOTH S, Thid
TRERNS—TE— A A~ SMBH BE-RE A VoS TR0 NGy I ab—Y s vl
< TPOHE/S—--SMBH 3k 7V 21 S LT, PR T 70 —F 050 A Bz XA KRR &5
ZELEDNTHBLERAD, £l ZOX5 A+ O BOIEOHEICE T R — 2 CMC #E{LoBFEL2m
B45sZ yid. JASMINE #t&@ (EZXXE JASMINE 70¥x 2 b)Y 2k 3RKONBAO L85 V48
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Hex B RSRRMR ST HhA 2 90, BICEHAERIHRIRE (Luninous Infrared Galaxy: LIRG) 1355
RBENENEED e8P Twh, FOERDS LIRG OB ofigs, \ibE{krimy 2 LT
TS S,

RACRUERY BERROMIZIIEE R EENFEET2 C EAMSNTED, Z4% Star Forming
Main Sequence (SFMS) ¥ FER, FRIEMEMEILENSBL, BEHEAEEE Y BERASEEEOMIbE
HOIBIA 5 2 Z 2 H14% » T # 7= (resolved SFMS), LIRC D EBHSLBHRY— o BRI
RS el LIRG ORMEZE LR FERhD b 3,

ERAENAERLT 3 T hBEROU o LT, BRR©LoEEARSEZ TV, HE. HEE
AR OERERSHIM R AT 2RTBIBREH D, T2 —3>a itk ThiEM
ORERDBONTHS, TNRIFANRLOEEEAI X > THTFHAOTASS SR SR, FRIZL-T
ERRENAEEL SN 2 RENTREN TV S, LIRG OBBHES L CiRmELoEEER oM R
B0, FRETE Paa BRERCTENORBRRE2BHE L, ¥ &ITBAZHEIC X o T merger
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Abstract

We investigate supennassive stars as part of the direct collapse hlack hole lhiypothesis
aimed at solving the early universe supermassive black hole problem. Population III
supermassive stars in the mass range 3.5 — 6 x 107 Mg are simulated from hydrogen
burning to the point of dynamical collapse using a post-Newtouiau steilar evolution code.
A leliwin core forms which is unstable due to the general rvelativistic instability. At that
time, the star begins to contract, but is stabilized for a further ~ 10° years by subsecuent
nuclear buming. At dynawical collapse, a general relativistic hydrodynamics code is
emploved to determine the fate of the supermassive star. One of our models explodes
due to rapid alpha process nuclear burning. We identify the criterion for this explosion
to be the amount of heliw present in the core at dyuamical collapse. The rest of the
models Collﬁpse to black holes. For the last few secouds of the collapse. a version of
the Lydrodynamics code with neutrino transfer is used to determine the neutrino light-
curve prior to black hole formation. We find that a diffuse neutrino-sphere forms for
all models, as well as an apparvent horizon. The neutrino-sphere forms well aliove the
apparent horizon, which only encompasses a few percent of the supermassive star mass
wlen it foris. The early formation of the apparent horizon is due to the contribution
of trapped neutrines to the gravitational mass of the core. We identily entropy as the
primary parameter for determining the characteristics of the coilapse. In particular, the
neuntring haminosity and neutrino-sphere radius both increase with entropy. and this result
is it opposition to that found by previous works which examined higher mass supermassive
stars (~ 5 x 10° AMg).



