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- Diffuse ClouddDiza
n=10-100cm-3

ERIMRICKIDERET D ([e]/[H]~104 - 107)
- (Dense) Molecular Clouddiz&
ERIRIMREID FEZEZB TSR0
FEILEBROR (EFER
e.qg.) RAIRMBEAIFYR CR ionization rate: { ~ 1.2 x 1017 g1
DTFEDERE (FFEEIHEXE)
Hy, +cr — Hy,™ +e fl> ﬂN G

H," +H, — H," + H [Ha] ko [Ho]
Hy" +A —— HA" +H N~ 104 DB FEDIHE
HAT +e — A+H €]

— = ~2x1078

ke ~2.5x107°% cm® 57! [H,]
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Ambipolar + ohmig \diffusion

- DFEITHSIRIREANDNHE
- JA DA MBEDRZRK
- 20YIFIESEEN\DOEE

DFHRRDALERIG(A A >-DFRIE) Vaytetetal. 2018

- SUEFRTC(EA A > -DFRIGHIR < ED

- RICRE. A A>-3FRIG: kK~ 109 cm3 st
4/ k ~ 10-10-10-11 cm3 s

- HytZE T UIERIG. EKZERIEME(H,D). etc.



Starburstd®Cosmic-ray Dominated Region (CDR)

StarbustiRFINGC 253
ALMA Large Project ALCHEMI®DF —%4

Integrated intensity (K km/s)
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Harada et al. 2021, ApJ, 923 24
- BUYHCO*/HOC*EE (HOC+H'%L1): 10 - 150

c.f. @1ARE: > 1000
Superbbuble T4F(CIKLY
- ﬁ‘ﬁﬁ@%ﬁ(PDR)(:J:%%ﬁg‘ or CDRDF/E
PDRDIFE. 1KULAV ~ S5HIHE
CDR®MIZE(ECR ionization rate: { > 5 x 10-14 s-1
=> KfEbEED~103%2E



Cosmic-ray (CR) ionization rate
FHEIRICKDDFEDEH
- FEIRTEIMEDBHRD FENED 2 BE
e.qg.) RO EAEIF L CR ionization rate: ( ~ 5 x 1017 51
- DFEDES
- A A > PRSI EDFEFDIERISDERCHE

- CDR (Cosmic-Ray Dominated Region)Z%F DstarburstERa[t>
ULIRGD 7 FHHRADIRfR (CEEE

e.g.) M82, NGC 253 :Acciari et al. 2009; Acero et al. 2009;
Papadopoulos et al. 2010

OH*, H,0*, H;0*%Z{#> J=zCR ionization rateDEE
- BEER (I D FEANTIIHE(CKDERE SR

- A AT HRILF—: 13.618 eV (> H A AAEITRILF—)
- OH*, H,0%, H3O* (EHOH;* EODRIETIES NS



OH*, H,0t, H;Ot4ER-KiEIBTE

e s . KBERIDFENTEHC KD
—T— EEI%R(L_ CJ: 5 Eillf.llﬁ t@gid)'ft?}im E.E%E—C_‘rnfdjb\ (Ip: 13.618 eV )

HMBIREDIGE SPYVANSY Sy
H4cr — H +e H, +cr — H," +e
H"+0 — O"+H H,* +H, — H," + H
H, +O0" — OH'T + H H,* + O — OH" + H,
H, +OH" — H,0O" +H —— H,0" +H
H, + H,0" — H,O0" + H
HsO*+DhfIE
H,0" +e — H,O+H
— OH + H,

OH*, H,O0*, H;O*DEFEEED L FHIRICL B FHXR
DEMEZNERICTTE L DEBEA SHEETE 3



BUAIBI: NGC 4418 & Arp220/ Herschel PACS

NASA/ESA

ULIRG, d =77 Mpc

NGC 4418

Wavelength
52.3-98 um, 104.6 - 196 um
: Velocity Resolutions
. - SDSS/DR14 ~320 km/s (105 ym) - 180 km/s (196 ym)
~210 km/s (52 ym) - 110 km/s (98 ym)

Gonzalez-Alfonso et al. 2013, A&A, 550, A25

LIRG/AGN, d =37 Mpc



OH*, H,0*, H,O+(DIEls5#EAT

+
800 | oH iF Line Eiower a Au
sc—=—a—45 |400 (K) (um) (s
L At OH' 21-1p 436 148696 0.10
600 - enil ||, OH* 23-1, 466 152989 0.18
- iR OH' -1 466 147768 0.048
X Ll 4 + OH* -1, 496 152369 0.14
-~ S JEIE3 5 OH OH* 21-1) 496 158437 0071
% 400 | » OH" 45-3, 2819 76510 1.6
by 200 OH* 4;-3, 2825 76245 15
)
= 3 OH* 4,-3 2855 76399 15
= 3 24 =
3 pH:O 2]2;—|01? 0.0 184339 0.086
200 + ™ PHO0" 2n3-161 01 182915 0073
2l 3 PH;0" 21241y % 00 182640 0.016
150 TIT 711, PH20" 2n3-103 291 105742 046
14— 0 2 pH,0" 22.%-1“.; 304 104719 039
0t}o 1| 0 H O"' oH0"3nl-2p3 891 143813 0.8
2 0Hy0" 3;33-2p3 893 143270 0.7
1500 [ v v — | OO 3pi-2n4 1250 89590 0.9
e oH0" 352114 1259 88978 057
Ha°+ . 0H 0" dgy 3.;% 189.2 145917 0.16
M e 1 oHyO" dsl-3;:3 1898 146217 0.15
1% 1 oH;0" 3;-3 1020 180209 0.083
: 10~ : pHIO" 4,4 1790 178994 0.091
1000 - we—L" ; pH;0* 5,-57 2734 1772712 0.097
< < oHy0" 6,6 385.1 175063  0.10
< 9" pH;O* 7,- T3 5140 172396 0.1
B T pH10" 8,8 660.1 169303  0.12
g 6" I ! 0H;0" 9,-9; 8233 165819 0.3
g e o H.,OF | o610, toms isloee 014
= 900 F 5" T D d 1 3 oH;0% 12;,-12f, 14147 153424 0.17
84— 8 72 etecte pH;0" 5,-4; 179.0  60.164 049
« ] oH;0" 4;-3] 1020 69538 038
4 Pl Blended pH,0* 4,33 1393 70254 0.63
= ot ] H30" 4,-3] 161.7 70.684 0.77
ol o Undetected gu;o' 4:;—3:; 169.1 70827 081
: : ] pHIO" 3;,-23 423 82274 028
0 5 10 pH;0* 3,-27 647 82868 044

Gonzalez-Alfonso et al. 2013



NGC 4418 & Arp220/OH*, H,0*, H,0*

OH* NGC 4418
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Chemical ModelZz{£> JcEGHE DIETE

Reactiol] R:l[c COCfﬁCient 2 1] LA Illll ] LI IIIII 1 il IIIII T FrrTTrT
(cm’s™) 10" Fa) 150 K )
H*+0 —» O* +H ko = 7.31 x 10710 7923 exp{—225.9/T} F 590 K 3
O* +H — O + H ko+m = 5.66 X 10710 T236 exp(8.6/T) o T 7
O* +H, » OH* +H ko, = 1.7 %107 = 10 FArp 220-C, 3
OH* +H, » H,0* +H  konsm, = 1.01 x 107 A EP extended :
H,O" + Hy —» H30" +H  kp,0+u, = 6.4 x 1071° o, - .
H* +OH — OH" + H ku+ion = 2.1 X 1079 ? Nuclear regions |
H* + H,0 - HyO* + H  kyepp0 = 6.9 x 107 o 1E 3
H; +H, » Hi +H ks, = 2.08 x 107° S - .
H; +0 — OH" + H2 kH;’IO:OH* =84 X IO_IO : » :
Hi + 0 - H,0" +H kiziom,0+ = 3.6 x 10717 107! = " ) -
H; + OH — HO" +Hy  kuzjon = 1.3x 107 . A
H + H0 - H;0" + Hy  Kazpo = 5.9 % 107 10% £ b) 5
OH* +e— O +H kot = 3.75 % 1078 T30 - ]
H,0" +e — products  Kipore = 4.3 x 1077 7505 o Lot | |
- m — —
H;0* + e — products kusorie = 4.3 % 1077 T309 E E E
Hf + e — products kizie = 6.7 X 1078 T35 i i i
- o
— — 1 & Nuclear regions =
{5 €7 JL:Brudereretal.2009 & " F . :
NGC 4418 & Arp220 o 7
10 - 'J -
Ionlzatlon rate: Z > 10-13 S-l E 1 .| ll-F. 1 1 lllllll 1 1 lllllll 1 L llllllE
-2 -1 1 2
401710116 1 L 10 10 1 10 10
c.f.)C{~10+7-10+°s* (solar vicinity) Xo x 10° / fy,

Arp 2207T(3dSupernova rate’dx EOFEHFZEE EFE UL
NGC 4418 TI(IAGNMNSDXIERNEERBEERE(XDR)DRIEEMEE



Flux Density [mJy]

AR z = 3.63 TDOH,OtDIEH
St ALMA 134

CO-inferred Rest—Frame Frequency [GHz]
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H2O(211_202)

—

15— . . ]
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- + | ]
10 : H20 (211_202)(5/2—5/2) | B
- | | : ]

- A I ' —
°F , B NHE-D -
: | .' : :
ofF - : =
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RA (J2000) RA (J2000) RA (J2000)

z = 3.63MF4k: H-ATLAS J083051.0+013224 (GO9v1.97)

Observation: ALMA Band 4
O'H20+ (202 - 111): 742.114 GHZ, O'HZO+(211'202): 746.546 GHz

HO*, H3;O*DEBIMN TEN(LZz = 3.6DKRED T F I ADERIAREHIDOMND?



SPICATODI&sT: $RAIFLMZDOH*, H,0*, H;0+H—~R

R0 HIMX PRI (CH T DD F I ADERE
- A~ 60 - 180pm => SPICA/SAFARI

- AGN, starburst,

ULIRGICKDEW LD DN ?

CDRZHfDstarburstt®ULIRG & ZNLAIMIM% & DLEEER

BRI & 53 FAER DRI

- A MRICH T BE

- AGN/Starburstd{tE 21?27
Starburst C HBFTERELITIERDE L WHRMREH END
e.g.) NGC 253, M82 (Acero et al. 2009, Abbo et al. 2010)
(FRART(EIXDRECDRD R DI DNRLY o )

AT SN\ VWYERERE CHOHY, H,0F, H;0+ D& Al
- 300 - 900 GHz(ZHl EWS&EVAIRIREIREFSH 8L D
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Frequency [GHz] APEX/ ,CH.AMP"'
OH* (15 - 04): 909.15880 GHz  sar. B2(Mi] o719

p-H,Ot (11 03/2 ~ 191 3/2): 607.225790 GHz
P-H,0% (11032 = 1o13/2): 607.225790 GHz

(O'Hzo+ (21 1 5/2 - 20 2 5/2): 746546213 GHZ)
X R[DRESH
0-H30% (35 - 24): 396.272412 GHz

p-H;0* (3, - 2,): 388.458641 GHz

SPICAK D BARRIFC(Eu = 43 - 170 K)DEBHEL() RN
Wyrowski et al. 2010, A&A, 518, A26

OH* (15- 0y




g1 2 mEBi=ER CORL BIgeE

Arp220Zz&Al UTciza
N=1.0 x 1016 cm=2, T = 150 K, LTEZARE
OH* (1, - 0,): 909.15880 GHz

IRUNEReRE Al = 3.4 Jy

100- Arp220 /N

10+

108RIon: ~0.2 Jy (S/N = 17) 'R
p-H,0%* (15 935 = 191 3/2): 607.225790 GHz |
0.1:
IRUNFRFBEE AT = 0.2 Jy Pl
108FRfons: ~0.03 Jy (S/N = 6) 001! .l
p-H,0* (3; = 2,): 396.272412 GHz ' wavelongth (um)
IRUNERSREE AT = 0.09 Iy Siebenmorgen et al. 2007
10BFfonsa: ~0.016 Jy (S/N = 5) (EESfEEE: 100 km/s)

= BIRENGER E 72 106 EIfE D CHREBBJEETT Y. »
- EUHIBFRE (~ 755D MR D i E
- B —ARADEHICIERILFIN> RTEEFEA
(e.g. IRAM 30 m EMIRZ{=#%)
- FMLO(Taniguchi et al. 2020)D X S73offraid LERE



= alv')

B TR E DL FEIANOHY, H,0F, HsO+MER AN

- 300 - 900 GHzICtth_E S ERAIT]gEIRERS
OH* (15 - 04): 909.15880 GHz
p-H,O0% (11932 — 1p13/2): 607.225790 GHz
p-H,O* (11032 — 1913/2): 607.225790 GHz
0-H30+ (37 — 2¢): 396.272412 GHz
p-H3O+ (31 — 21): 388.458641 GHz

RO PHI=R(CH T DD FHADERE

- AGN, starburst, ULIRGIC KBiEWEHDH ?
CDRZ#F Dstarburstt2ULIRG & Z NS HI0M% & DEEER

- PIMR(CHITDERE &0 FEmk DR %

- ALMAZfE > Iz @R A RIe RN\ DE




