- Earth Simulator Proposed Research Project -

EMREREMRESRETHAIRRR I aL—3

REHEE

RTE IEf§ AMAZ BEHRE

£

RIEEE, BSEESC, THED , SEBEA, BOAMEC, FEEEAS
K AMKE BREHRER, HRRRFE BEHREH

SRUFEBHURRAE L I 2 L—2a v ZAVTHOFEATOEAREBREOHE S 2 L—Y 3
VETD., RIRELEAABOEAETY FoO0—¢2 1y FOREICDOWVWTHENTz, 2Rk MHEE
[CEERHIZBASNSIDFEAT7ZNHAEHE LTEHEEBICREL. RSN FEQT L
FERAFDRBZEIRIILF—LHRIANF—Z2EZTENNEOEBREEZHEL., HRERTRIEE
AREL. TDR. RIGRICARNKRET S8 ZE LT S0EMEE L, =, DHIHFE
AF7AFDOEERME XBHIENARE SEMET-, AEORR. ZEAAROERARIIR 7—ILIC
FOTERYABRNGEHT L7V b IO0—LRERD CLIEROARNRL D ENDH 2
f=o Tz, ABXT—ILOEAREIARIZE > THLIPAOONES-OIZEDAEFHFEIT
DRBHIZD AR EFIRES I EBD I ENDMN o=, ThbdIalb—YavhoFonER
(T, EED ANA ZRFOHAFBREBENTHY TV FoO—EDxy FOEEE. £L-E2FARD

MHELZRRAYT S EMNHRT,

F—0—F: RIaRERMAR 2 HEIREDZ

1. [FLHIC

SEEE ALMA SB5EEEIC K > TEOABRMNHET ZHFA
HMICEBIShD LS IZHEoTERI2, 6, 7], 2l
PNFEIATEVWSHRAOHROPTHRET 5, N FET
FEBNEAICK > TIHE L THLEAAIZNIZE
HDERBENHET B, HE LIIENY ORIBE(E
ANED 1/1000 DIEEDEETHD, TOH. HRAHED
FLENCHRDNET (FE) T52 LITE > TRIBEE
BT 5. BT I 5 REEBEHEEHDO-DOICRIRE
FHEICKREMROBKRE L ZERMAE (RIBRERA
i) =WT %,

EED ALNA EEE0ERIZL > TERBDEIADE
BEDEIERERABRMNEMICEIINDIESIZH-T
&z, Bl SN [RIARE RIS (TR OFEERH
FERHIE, MEMNHEL TS EEZONTVS, LA
L. CO&SHBEERBROBATHLIABNEDK S
LTHEELEE LE-OM, FE-REBBIIEBRBDED
B TIRE > = OMEREBASINTULVEL, S,
(1) ERRVHRMBEOABIIHNFEIT7 DEEDENS
AEIZBEHONTWNSZ & EQ ABEDOY A XA 10au KL
TEMSVWDITEESAL#H LNV HTH S,

Ft, ENRERFICIETT Y FoO0—PP Ty &S
HADBHEBEMIR B2, 71, REBRESTY M7
F70O—3 ALMA EREBC K > TEMICERR S NIZLSH
fzo BRERED Ty ETH M DO—XERMAE, T
FIARERMARNSERET HEEZA LA TIND, T b
70—, D1y MERT—ILAKZNE=OIZENERED
ETHLEBNIEETH D, 2L DBHE. BRICKk->TT
k7= Py hHMIET S L ERERTHI LN

REMR, FEYIvb

DFEATHIZENHELTWSEDIHLEE D, 7
Dz, Shodzy b, 7O oO0—H6E2E0KEE
BEOMBOHE BET 5 EAHES, LML, POz
v b T 7 O—OEREHERBIC DL TIERIRD L 512
B DEREMEIRER SN TH Y RBHATH S,

COMETIE, ELREOHABIEFERET 505
FEATHIHLENHETIETOHEI S 2L— 3
DETLD, BRILEE L TERR ST VA EEET S
LEBMET D, UREEOWARTIL. HIZRBEEST
v b, 7o ro0—¢ERMAROMEEERIZOVLTOH
KHE1Tot=, Ff=. &FHD ALVA EZEDERKFEED
Sy bETORIO-OEAESZIAL—Ta U
BERRIDHEITE-2TY Y b, 77 b 7O—DER
FHEEOH ST ERMABOMR EELICOWTEHE
WTHIEAHES,

2. MHAEELEEFE

ERFHRFEATORTHET 5, T #FEIAT
~10" au DARZEEHL ELEAMAEL Y HEMICK
FVOEANBETHY . BEBASh TS, i@
EQBAN CEMBOBKRE RS FEIT OYEN
MEEIL CERINATND, E0EH. BRIShTWS
YRS FEATENRFH L LTHEZTS ],
AFEATEHEBEBICHERET -0 EHEARE
TIREHY &> TVBIEKKRDHT AR EEHEBIICERE
T %, TOHRARIKICERA 5530 > TLN B [EERFARE
EHISREES A 5, BiARE EHIERET—E LT
Bo Tz, BEENY MILEHIZANY bILENF A —5 &

-16-1



Annual Report of the Earth Simulator April 2018 - March 2019

LTEEZITS0.4]. ThiE. BRElchTWdYzy
b7 b7 O—DIRFMEPCEM S EB/RT ST
Hd. HAKRDNMUSI—HRFEBREHREERET 5. 7
IWIRVBEDNBHTERGFER CT=0I2, SMAlER & 7
REROD 16 fEELMSATIZERES Do

ERMBEHDL EACENESALIEEBERIR
FHZOARRRIW > THEZEIT O, 5H— FImA
[CHARERITTVSZRIRFEERLS. SEBEFEIC
&2 T, ERFHEENBELGROOECABNHEHHE
HIZBMICEEORWNI )y FEERSE T, RIREB
FRETEERMMICHRE L THEZITS.

COFETIH K S aL—2ZAVWTERENT
IRiEd SN FEIT7HTRIGENHE. RIGEMRE
500 EDFEEERD/NT A —F TT o1,

3. R

1 RBEMBEROZEAMERLE DR T—ILT
RLTWA[ 4], IbEEANLETIZHRUTNSIEE
ARBES Ty b7 70—, FTERORIZTREINT
WA &S ICHILNCRIBENFEL. FIREZIMUENT

X1 y=0 GO ESAR, &4 Tk
WREfIX SRR D, B TBeD ST EE
DI FDPERIK

WESOLNERMBISHET 5, . Py bDTTIL
KOBERL, ZRAABAENFLREICE YEERICHR
PNEICETFLIHER. BT LEARO—EN DTy b &
LTEEE L 1=1=hTH D, ENTRILF—D—HA T T
Y FDBEFHTRILF—(ZEBEh B0, Dy bk

EHEICEE LY oILEBEZEES,

2 BEAMBECGEL L Yom). Yy NERVE
), 7 U b7 u—(BRRECOER) & BLSIRR
(FHERD D 3 YITHEE

K2 EELCHEETILOIATHEEERLTWNS
[1,4], CORNSERTHEETHLIERTY 70—
[EF, FHEFFOBETRLEEEN Y =y MIRLT
ELVTWLB Z LMD D, 2FY., EEDT7O—LER
D7 O—TEHROARNEL D, Chlt, EERLEEZED
70— ([IARORLREL LGN LERE L TH Y. M
DEBRAE (7 O—HMEkT 25 R) BRI EH S FEsE
EHIZBG TSI EZRLTWS, DY Eal—
LA VDERITAEED ANA EXBOEARKRTIER
{—HL.7Yor70—-¢C Ty OB, M
BROMEEERFRT 5-OICEATH S,

K3 X1,2 1 3RRETNDOSGFEIT Ar—
VD BIFARR A r— L OREE, L OIRED FEE
TEE TR, H. Rk EAEY=y FET U
7 —OE, HEAOBRIIREI IR,

-16-2



K3k K1, 2LBEBZETILOIRTHEEEZTL
TW%, COETITIIHHIZHFED 7 DEEREE K
BEHSOARMN D 80° BT THEZIT =, SHEDE
R. Oy FOBRBARM B HICKESEFT S
EDD otz Thid, AR (DiE#RE) HSEL <IREIL
TWAIEFEKRLTWS, Ff-. ALORIZHZ D&
SN2V y MIk > THESNEARRICE>TKE
HEHEL SN TULVS, fthh, EFTORTRONE L SIC
[EEERFIZIE dipole S EAFKE LT,

(a) (b) ()

8,=10°(T10) ", =5.0x10" cm”
() (e) {U)

0,=85° (T85) 1=90° (T80)

M 4 £7 V2L OREMREOMECGE D
150, HULR O FEEREE 345 2 OBER I ZHSE S
TV, FEio, YO REEESD 7 % ARE)
TRLTWD,

K4l&,. ETILEDOEFMABOEEETRLTLS,
ERMABILEERIZE >TIZ XA 5N TS =HIZHER
BB D AEEEARY MUIZIFZEBEIZHET %, LK
L. HICHFEa7HREL TV S AETEEEMRK
BRETKRIBIZED @) Shd, 7o hkoo—&DTy
MIE>TLOEDHRNEZ K DAEHELHHLEMZE
BlIcEaNd, Fiz. BREEIZK > THOEHOAE
BRIV Ir— T oA0—-FITEEEIhb, &
SHICHBHICEKBT 2ENTREICKIEN NI E
AEHEEECTET 5. TD=H. ABEEHATE
FRRITBARIZK > THEBENME SIS, R4 2
BARBRORZEIEDFEIT OHSEOR E & HABEIEL
ZEERLTWS, ZD1=6, ABROESARAERET
BIE®HIZIE. Py FOTH TR —0O& U AEIZEN
B TOEANEE LD,

Flz. S EFRHIZEEEETTHL7Y Fo0—
ERENT B &M nh o1z [3]., ERKIREL L THHAF
HTERRIND LS HEEEEFH O>ARFTOER
M. FIEERBAIEREIZERL star burst B[R T

- Earth Simulator Proposed Research Project -

DEMHEEZEAEMR I aL—avEaETL. £
DFER. Z<ORETABMNS TV 7 O0—HEEET S
ARENT, ChIE, REZEA THERBBREEIED
LPEREMTHLHCEEEKRLTILND,

4. F&OH

COMETIE. FEBHSRARIES S 2L—Y3Y
2> THFEI7HTORIBEDT K. RIREEB
5oy M7 LD O—0RE., F-XABORE
ERIZDWTERART=,

DI KBRS L FEFITHREEEENFEITICER
P LTEMRBEEHOBATROND LS HEHEE
BRI B ENEES-, 7O FoA—ED Ty FDIEHE
HEMNELDZ E(E, BED AV BEETOEBITE
REhTW3,

Sy hETI R TO-IZDLTIE, FOERBIHEAEIZ
DVWTREDHEFLHofzo T2 LA AL FEEBID S
A LEEEREIL T UFEWSELD2DDUF UL
MRRENTW =, HEEXTEIAEDI O FLA AV E
EREFUADBETH T, chlE, Dy FOHM
FIRE SR T L (RIAE+ 2R A SERE L T, €
D79 r728—EF2zy FMZE>TRAYDHRANES
PO -#ERERET 5L LNSEDTHD, ELMEZ D
EDTY MO FDEIREXKICABEDATRICE—2A VA
LEEZBIEICKH>TEREDHRMEPHIZHLE
MNoEESHD, COESHBHRAESMMEERT7 Y 70
—¢LTHAINDEVWSEDTHS,

A, EEREETILCIE, Py MITU RLA A
Y MR L RIRRICIRIB RSN S BT B0, BERD T
D hIA—FEART OO YIILOFEVABNMENSE
EEREIT 5L LVSEDTHD. COBETIE. Py b+
ET7OFO—FELZEENACEREEBELTESY. O
v hET Y T O—OHREERIEEE TRV, ETl
Rfz&k3I12Vzy FETD M7 O—IEABRBRORIK
LA ERAE (RIAXERAR) OME EEEERL
TW571=6. TORBBETHET D LHNEETH S,

ZDUIal—ave AN EEiEs DRIz L -
TREDHRETH 7o bo0—, Oy FOEFENHE
BISREEDITSHZ EQHE:, A5 ABMEREEZE
FIT. P FEAT7DOIREOBETEEN D T v EEE
D79 R70—%FRT LT ENAHFE, S 4], EE
D7 b7 O—IEHBONGEN SERENIT 5, ARNMET
(&, 4 A MEEA LS W -HFE & PEH R (F &L <
HELTHYHSEODAREVWSHBIZL>TTY
7 0—hEEET 5, ARODILERIEEEE CHEMNIER
THBH=HITA A VEELSBEIZE  HISEORBEN S
25, COMEETIEHSAERENRIEERE LT, £z, M
BONBIEOHRIEEBETHA=DIZ. WG LB
ALTHYEICHSERERL OV SHEICK T, BiE
Ty bHEREIT S,

NNV Ial—YarvhbREon-iHRILESE

-16-3



Annual Report of the Earth Simulator April 2018 - March 2019

D ALMA B35 &L B BRI L BEMTHS[2,6, 71, ALMA
LEREOHAICL > T, ARONEN SERENT HIEET
D bk70—, 7Y 7 O0—00E, E@ATHLTRELE
Mg Sy bETY R O—DEHRARANRLDXIK
BEMNFRASINTWD, SFBENDIaL—ave
CLEREHAIC K> TERRBRO—IHFMEAT I L
Mk,

i

AHAROBUBEHEIL, oL 29 FEMIKS I 2L—4
N FRE EMREREMRERRET HPABME I 2
L— Y ar] [Tk > THRIRS W B FREREEED
ik T2 L—4% (ES) ZAVTITLVELT .

SCHR

[1] Machida, M. N., Hirano, S., and Kitta, H.
"Misalignment of Magnetic Fields, Outflows and Discs
in Star-forming Clouds", MNRAS, 2770 (2019/11)

[2] Riaz, B., Machida, M. N., and Stamatellos, D.
"ALMA reveals a pseudo-disc in a proto-brown dwarf",
MNRAS, 486, 4114-4129 (2019/7)

[3] Higuchi, K., Machida, M. N., and Susa, H. "Driving
conditions of protostellar outflows in different
star-forming environments”, MNRAS, 486, 3741-3754
(2019/7)

[4] Hirano, S. and Machida, M. N. "Origin of
misalignments: protostellar jet, outflow, circumstellar
disc, and magnetic field", MNRAS, 485, 4667-4674
(2019/7)

[5] Machida, M. N. and Basu, S. "The First Two
Thousand Years of Star Formation", ApJ, 876, 149
(2019/5)

[6] Takahashi, S., Machida, M. N., Tomisaka, K., Ho, P.
T. P., Fomalont, E. B., Nakanishi, K., and Girart, J. M.
"ALMA High Angular Resolution Polarization Study:
An Extremely Young Class 0 Source, OMC-3/MMS 6",
ApJ, 872, 70 (2019/2)

[7] Matsushita, Y., Takahashi, S., Machida, M. N., and
Tomisaka, K. "A Very Compact Extremely High
Velocity Flow toward MMS 5/OMC-3 Revealed with
ALMA", ApJ, 871, 221 (2019/2)

-16-4



- Earth Simulator Proposed Research Project -

Star and Planet Formation Simulations

Project Representative
Masahiro Machida Faculty of Science, Kyushu University

Authors
Masahiro Machida™, Kengo Tomida™ , Koki Higuchi®*  Shunta Koga™ and Naoto Harada **
*1 Faculty of Science, Kyushu University, *2 School of Science, Osaka University

We investigated the driving of outflows and jets and the formation of circumstellar disk in gravitationally
collapsing cloud cores using three-dimensional resistive magnetohydrodynamic simulations. To reproduce the
asymmetry and complexity seen in observations, the rotation axis of the molecular cloud core is inclined from
the global magnetic field. In the simulation, both the low-velocity outflow and high-velocity jet emerges. The
low-velocity outflow is misaligned with the high-velocity jet. In addition, the disk normal and magnetic field
direction around the circumstellar disk are not associated with the directions of the angular momentum and
magnetic field of the large scale structure. Comparing the simulations results and recent ALMA observations,
we could unveil the jet and outflow driving and the disk formation process.
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1.Introduction gravitational instability occurs in the disk. The

Recent ALMA observations are unveiling the formation non-axisymmetric structure develops in the disk and the mass
and evolution of circumplanetary disk. Stars are born in
molecular cloud cores. The molecular cloud core gradually
contracts and the contraction stops after the central number
density exceed 102 cm.The mass of the newborn star is
about 0.01 solar mass. Then, the star grows in the gas
accretion phase, during which the circumstellar disk forms
around the protostar and drive high-velocity jet an
low-velocity outflow [2, 6, 7]. However, the driving
mechanism of jets and outflow and the formation process of
the circumstellar disk is now yet understood . This study
focuses on the early phase of the star formation with the
state-of-art star-formation simulations.

t = 301.56 [y1] (¢))

2. Settings and Numerical Setups

Three dimensional resistive MHD Nested Grid code is used
to calculate the star formation process in the gravitationally
collapsing cloud, in which both the molecular cloud core and
protostars are resolved with a sufficient spatial resolutions.

As the initial state, we used a critical Bonner-Ebert sphere.
The rigid rotation and uniform magnetic field are imposed on
the initial sphere. To reproduce the observations, the rotation
axis of the prestellar cloud is adopted to be inclined from the
direction of the global magnetic field.

Fig. 1 Density distribution on the y=0
3 Results cutting plane. at different epochs and
Figure 1 shows the density distribution on the y=0 cutting scale.
plane. The figure indicates that both the jet and outflow
episodically appear near the disk. The shell-like structure in
the outflow is formed due to the episodic mass ejection
form the central region of the collapsing cloud. In the early
star formation phase, the circumstellar disk is massive and the

accretion rate suddenly increases. The jet is powered by the
release of the gravitational energy of the accreting matter.
Thus, the non-steady accretion induces the episodic mass
ejection [1, 3, 4].

Figure 2 shows three dimensional views of magnetic field,
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jet, outflow and circumstellar disk, in which the scale is
different in the left and right panels. The figure indicates that
the configuration of magnetic field strongly depends on the
spatial scale. This indicates that we cannot extract the
information about the magnetic field and angular momentum
vector of the cloud scale from the local structures. In addition,
in the figure, the high-velocity component (red region) is
inclined against the low-velocity component (blue region).
The normal vectors of disk differ in different scale. Since the
magnetic flow is driven along the disk normal direction, we

can know the properties of disk from the outflow and jet.
(b)

Fig.2 Circumstellar disk (orange surface), jet

(red region), outflow (blue region) and

magnetic field lines (blue lines).

we also executed the star formation simulations in different
star-forming environments and showed that the outflow
emerges when the star forming cloud has a low-metallicity
and low or high ionization sources. Thus, the star formation
process shown in this simulation is universally induced in
various environments [3].

4. Summary

There are two controversial scenarios about the jet and
outflow driving. The one is the entrainment scenario, and the
other is the direct driven wind scenario. In the entrainment
scenario, only the jet is driven from the disk, while the
outflow is entrained by the jet. On the other hand, in the direct
driven scenario, both the jet and outflow are driven from the
circumstellar disk. Our simulations showed that, in addition to
the jest, the outflow is also directly driven from the disk. In
the disk outer region, the magnetic field is well coupled with
the neutrals and the wind is driven by the
magnetocentrifugally mechanism. In the disk inner region, the
ionization rate is very low and the magnetic field is not
coupled with neutrals. Thus, no wind appears. Near the
protostar, the magnetic field is coupled with neutral again, and
the high-velocity jets emerges. This is reason why two distinct
flows appear in the star formation process.

When the disk normal differs in different scales, the
high-velocity flow should be inclined from the low-velocity
component as seen in Figure 2. On the other hand, the jet
should be parallel to the outflow in the entrainment scenario
because jet pass the linear momentum to the ambient gas.

Recent observation could detect a significant angle
difference between the low and high-velocity components [7],
which strongly supports the direct driven wind scenario.

Comparing simulations and observations, we could
understand the star formation process. Especially, we could
unveil the driving mechanism of the outflow and jet and the
formation of the circumstellar disk.

However, we only calculated the disk evolution for about
500 years after protostar formation. Further calculations are
necessary to comprehensively compare observations and
simulations, because the existence possibility of very young
objects is low.
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