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AHoranng

Kypcbr 36e3doobpasysane e npeaHasHadeH 3a CTYJAEHTH OT MaruCT'bpcKara mporpama ,Ac-
TPOHOMHUS U aCTPOGU3UKA", HO MOXKE Jia IPEJICTAB/ISIBA UHTEPEC U 3a TAKUBA OT JPYI'U CHEIU-
AJIHOCTU C WHTEPEC K'bM TEOPETHIHWTE W JYUCJIEHW MMPEIN3BUKATEICTBA HA 00JIACTUTE HA 3BE3-
noobpasyBane. llenra HA Kypca e jga U3rpaju Iga/JI0CTHA IPEJCTaBa 3a MPOIECUTe, Ipe3 KOUTO
BB3HUKBAT 3BE3/IUTE, U JIa U3J0KH HAKPATKO ChbBpeMEeHHATa TeOpHus Ha 3Be3/1000pa3yBaHe.

Nzcnenpanusara B obJacTTa Ha 3Be37000pa3yBaHETO Cca U3KJIIOYUTETHO WHTEH3UBHU Ipe3
MOCJIE/IHUTE JIECETUJIETUsI U TOBA HE € CJIydaitno. Ta3u HayvdHa 00J/IacT € ¢ NEeHTPAJIHO 3HAYCHHEe
3a actpodusukara. [IpeBpbIaneTo HA MeKY3BE3IHUS Ta3 B 3BE3/U ONPE/IE/Isi CTPOeKa HA Ta-
JIAKTUKUTE U TAXHATA e€BoJIoIus. Upe3 npeodbpa3yBane Ha sjipeHaTa eHeprus Ha ra3a, OCTaHa
ciaen ['oneMus B3pUB, TO3U HPOIEC OIpeJiesisd CBETUMOCTTA HA TaJaKTUKHTE U Hall-BEPOATHO e
obycioBu peitonn3anusaTa Ha Beenenarta. OrpoMHaTa 9acT OT XUMHUYHUTE €JTeMEHTH — BKJIIO-
YUTEJIHO Te3H, OT KOUTO € U3IrPAJIEHO HAIIETO TSJI0 — Ce ce cuHTe3upasin B 3se3aure. CbIlo Taka,
MPOTECHT Ha 3Be3000pa3yBaHe € HEPA3PUBHO CBbP3aH ¢ Bb3HUKBAHETO W PAHHATA €BOJIIOIHS
Ha TJIAHETHUTE CHCTEMH.

Kypcbr uma getupu pasesia ¢ pa3andeH o6eM. Y BOIHUAT pas3/iesi IpecTaB/IsgdBa 3al03HaH-
CTBO ¢ (peHOMEHOJIOTHATA Ha 3Be371000pa3yBaHeTO U OUepTaBa BayKHUTE MOMEHTH B PA3BUTHETO
na reopusita. CjieiBa rojisiM pasjiest, IMOCBeTeH Ha (PpU3ndecKuTe MpOIecu Ha 3Be3/1000pa3yBa-
HETO, C yJapeHue BbPXY ChbBPEMEHHUTEe W3C/AeBaHUsA. | pPeTusiT pas3/ien HACOUYBA BHUMAHHETO
K'bM ODEKTUTE W CTPYKTYPUTE B 00JACTHTE HA 3Be37000pa3yBaHe, KOUTO Ce W3ydaBar 10 HAD-
JIIOJIATEJTHU ¥ CUMYJIAIMOHHYU JaHHHU. B mocye aus pasjiesn ca pasriie/land IJIaBHATE MpobieMu
IIpeJl CbBpeMeHHaTa TeOPHUs U Ca MOCOYeHU HSIKOU TEeHJICHIINU 3a HeffHOTO pa3BHTHE.

Kypebr e nomnecen B jgocrbina dopMa, ¢ WIIOCTPALUA OT CbBPEMEHHU HAOJIIONCHUS U
YUCJICHU CUMYJIAINN, KAKTO U C'bC CIENUATHI KOMEHTAPH BbPXY MO-CJI0KHUTE (busndecku ¢e-
HOMeHHU. B nmpuiokeHusiTa € IpuBeIeH CIUCHK Ha W3MOJI3BAHUTE ChKpalleHns. B Tekcra 4ecTo
ce ynorpebdsBaT aHIVIOE3UTHUTE CbKPAIIEHHs, C OrJIe]] Ha IMUPOKOTO UM U3I0/I3BaHe B HAYYHATA
JIITEpATypa U Ha MeXKIyHAapO HU HaydHH (opyMu. OOIONpHeTuTe ObJTapCKu ChbKPAIIeHHS Ca
3ala3eHn.



Yact 1

Habironareann ocHOBI M TeOpPEeTUYHU
chbOOparKeHu s



JlHec MozKe J1a ce KaKe ¢ YBEPeHOCT, Ue 3Be3000pa3yBaHeTO € MOBCEMECTHO SIBJICHHE U €
HPOTHYAJIO HPAKTUYECKH 1IPEe3 IsjiaTa eBoJiious Ha Beesienara — pasiojiarame ¢ orpoMen 0poit
Ha6JIIO,ZLaTeJIHI/I IMOTBbP2KACHU . ETO KaKBO IIOKa3BaT JaHHHUTE KbM MOMEHTA:

3Be31000pa3yBaHeTo € 3aI0THAIO0 MHOTO CKOpO ce [otemus B3puB. Makap e He MOKeM
Jla HabJII0/IaBaMe I'bPBOTO IMOKOJIEHUE 3Be3/I1, BTOPOTO IOCTEIIeHHO CTaBa JIOCTbIIHO.

3Be3uTe BUHAIM Bb3HUKBAT B TAJAKTUKH U B MpoTOoraJakTuku. [Ipu ToBa ce Hab/o1aBa
KOpeJiamus Mex/y 00JIacTuTe Ha 3Be3/1000pa3yBaHe U JUHAMHUKATA HA TOJIEMU CKAJIU:
B JMCKOBHUTE TaJIJAKTUKU 3Be371000pa3yBaHETO € C'bCPEJIOTOYEHO B CIHPAJHUTE PhKABH.
[Tonsikora e 0bycI0BeHO OT PHUJANBHA TepTypdalnst oT OJM3Ka raJakTHKa.

[obasino, B rajakTukuTe 3Be3/1000pa3yBaHeTo Kope/upa J100pe ¢ paslpejieeHueTo Ha
mosteky taust Bogopo (Ha) u He TosikoBa 106pe — ¢ pasnpe/ieJieHHeTo Ha aTOMHUST BOJOPOL

(Hr).

JloKaJHO, 3Be3/1MTe BH3HUKBAT B MOJIEKYJISIDHU O0stany (BuIHMO 000COOEHHU CI'bCTSIBAHUS
or Hy), gecto B rpynu (kKymose). MogennpaneTo mokaspa, de MpOnechT Ha Bb3HHKBaHE
Ha 3Be31u e Obp3 (0T MOps/IbKA HA JUHAMHYIHOTO BpeMe Ha CpejaTa).

O6paTHOTO BBb3AeHCTBHE OT HOBOBb3HUKHAJINTE 3BE3/IM € MHOIO BayKHO 3a OIpeJIe/IsiHe Ha
nmapaMeTpuTe Ha mpoieca: e(PeKTHBHOCT, CKOPOCT U T.H.

Mextyssesnara cpeja’ (MC) e wbpsudHuAT pe3epsoap Ha raJakTUKUTE, B KONTO ce PakK-
JIaT 3BE3/IUTE U B KOUTO T€ BHACAT €HEPrus, UMITYJIC 1 XUMHUYECKH oDoraTeH MarepuaJi. Taka Ts
Hrpae KJIIY0Ba POJis B IMUKbJIA HA MAaTEPUITa U, OTTYK, 32 H3rPaK/IAHETO Ha €/HA ChbIJIacyBa-
Ha KapTUHA Ha 0Opa3yBaHETO W eBOJIONHATA Ha rajakTukute. /lunamukara na MC ompemens
MOMEHTa U MeCTaTa Ha 3Be3000pa3yBaHe. 3aTOBA € YMECTHO J1a 3al0THeM ¢ 00IIa HHMOPMAIIHS
3a Heiinara (pusuka u HaAOJIIOIEHUSI.

'B mayunara mareparypa ce usnonssa gecto cbkpamennero ISM (InterStellar Medium).



I'1aBa 1

Mexk1y3Be3Ha cpejia B raJJaKTUKUTE

HabmonaBaiiku HebGeTo B sicHa M O€3JyHHA HOII, JIECHO MOXKEM Jia Pa3JUIUM XapaKTepHUTE
TBbMHH 00JIaCTH, 3aKpuBaIu Ha MmecTa uBunara xna Miaeunus [Inr. ToBa ca obmamm or ras u
1Ipax, KOUTO €KpaHUpaT CBETJIMHATa OT JdaJICYHUTE 3BE3/1U. C oMol Ta Ha CbBPEMEHHHUTE Ha-
3eMHH W CATEJINTHU TEJECKONH MOXKeM Ja Hab/rogaBaMe Te3n O0eKTH B IMHPOK AWANA30H OT
€JIEKTPOMArHUTHUS CIIEKTHP: OT PAJIMOBBLJIHUTE YaK JI0 BUCOKOEHepruitHuTe rama-iban. Kpa-
cuBoTO n300pazkenue Ha MbriasgBuHaTa NGC 2174, moydeHo ¢ KOCMUYECKUAA TeIeCKoI "X bobr’
pa3kpuBa MOPGOJIOTUITA ¥ PA3HOOOPA3HETO OT CTPYKTYPH, XapaKTEePHU 3a Ta30BO-IIPAXOBUTE
komiuiekcu B [ajtakrukara. /loOpe uzBecTHo e, de nponecure Ha 3Be3/1000pa3yBane B Miednust
II'bT U APYTruUuTe rajlakTuKm Ca TACHO CBbP3aHU C T€3U T'bMHHA 06.}18,].[1/1, CbCTOAIIN Ce IMTPEeAUMHO OT
cryaen Bogopos B MostekyaHa dbopma (Ho) n mexayssesnen npax. Ciies 3anmodBane Ha IPOIECH
Ha 3Be3/1000pa3yBaHe, 0OpaTHOTO Bb3JefCTBUE, KOETO MJIAJINTE 3BE3/JU OKa3BaT BbPXY POIU-
TeJICKaTa UM Cpeja, cTaBa 3HauYnMO. V3 rbaBaHeTo Ha MJIAINTE MACHUBHU 3BE3/IH € JTOCTATHIHO
MOIIHO, 3a Jjla HOHU3KMPaA OKOJIHATA CPe/ia, Chb3/laBaiiku JIOKaJHU 00JIacTH OT ropelia HoHu3upaHa
mia3ma.

1.1 KoMioHeHTH Ha MexKAy3Be3JHaTa Ccpeja.

Jsanbr Ha BOgOpoJa OoT Macara Ha Hamara [anakruka e 70.4%, to3m na xenms e 28.1%, a
BCHYKH MO-TexKKH ejeMentu (“Merann”) monpunacsar 3a easa 1.5% ot mes. Macara na MC e
npubausurenno 10-15% or macara na lamakruanma guck. MC mma HAKOJIKO B3anmMOIeHCT-
BaIll¥ CM KOMIIOHEHTHU: MeXK/Iy3Be3JleH ra3, mpax, J’bYeHne U MAarHUTHO TOJie, KOeTO MPOHU3BA
OCTaHAJIUTE KOMIIOHEHTH U UM OKa3Ba CUJIHO BJIMSHUE.

Mexxkxny3Be3ieH ra3

['azoBaTa kommonenta Ha MC e cbhepegoTodyeHa IPEJIUMHO B FaJaKTUUHUTE JUCKOBe. TpyaHo
e 7a ce ONeHW ITbJHATA Maca Ha ra3a B |alaKTHKaTa; ONeHKHTe codaT croifnocTn ~ 1019 My
(Kalberla & Kerp, 2009). Tousima yacr or obema na ISM ce naja nHa fioHu3MpaHus ra3, HO
Ha Hes ChOTBETCTBAT ejaB 0KoJo 25 % or macara Ha rasza. PasupemeneHnero Ha ra3a € CHJIHO
HEXOMOT€HHO, KaTo IMIbTHUTE 30HK (06J1a1n) WMaT MHOTO MaIbK MPUHOC 3a 006emMa, HO MHOIO
C'bIECTBEH 3a MacaTa. [[pubausuresiHO MOJIOBHHATA OT II'bJIHATA Maca Ha ra3oBaTa KOMIIOHEHTA
zaema camo 1 - 2% or obema Ha MexKay3pesgHaTa cpena. [a3bT B Te3w o0Jamd € IpeauMHO
nox dpopmara Ha HeyTpaiaen aromen Bogopox (HI1). O6ranure ca J0CTATHIHO MIBTHH, TAKA
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e GOTOHHUTE, CIIOCOOHH Ja HOHM3UpAT BOJOPOIHHA ATOM, C€ eKpAHHPAT YCIIENIHO OT THHKHUTE
LHOBbPXHOCTHU CJIOCBE.

Tazosute noronu B MC ce xapakTepusupar ¢bC CJO0XKHHU elpoMaliabHu jpuzkenusd. 3me-
peHuTe JUCHEePCUH HA CKOPOCTHTE 3a Pa3JUYHHM CTYJICHH O0JAlU ca THINYHO CBPbX3BYKOBH
(raxomko km.s™!; Tummana ckopocT Ha 3ByKa 3a MO ¢ o< T2 ~ 0.5 km.s™!). UscieapanusaTa
HA OTJEJIHH Ta30BU 00JIAIM CBUIETEJICTBAT 34 BUCOKA JUCIEPCUs HA CKOPOCTHUTE B TAX. Tummd-
HOTO BpeMe Ha KHBOT Ha obJiamure € oT HopsabkKa Ha 10 Munmona romuau. Eaxpomamabaure
aBuzkenus Ha rasosure noronu B MC ce mopazkjar upe3 BHacsHe Ha eHeprus oT u30yxsa-
IATE CBPBXHOBH, YPE3 MOIIHUTE 3BE3HU BETPOBE M/Wau OT JudepeHnnajsHoTo BbpTeHe Ha
lanakrukara. Taka ce 3axpaHBa eIHa KaCKaJla Ha TypOyJIeHTHATA KHHETHUIHA €Heprus OT IO-
aemure (L ~ 100pc) kbM no-maskure pazmepun ckaau (L < 0.1pc), g0KaTo ce JOCTHTHE JIO
JIACHUTIAIIAS.

Mexk1y3Be371eH npax

BuanmMoro nmouepBeHsBaHe Ha CBETJIMHATA OT 3Be3/IUTE MpH IpeMuHaBaHeto it mpe3 ISM un daxk-
TBT, 4€ TO3U e(PeKT sICHO KOPEeIupa ¢ KOJOHKOBATA ILTHTHOCT HA BOIOPO/IA, & HE C PA3CTOSTHUETO,
rOBOPSIT 3a HAJIUYHMETO Ha JIOIMbJIHUTEIHA KOMIIOHEHTA Ha cpejaTta, odyciaBsiia abcopOiusTa B
MMUPOKN YEeCTOTHU JIMANA30HN. XapaKTepHUTe 0COOeHOCTH Ha abCOpOIMOHHATA KPWUBA, HATPH-
Mep H3IbKHAJOCTTA Ha 217.5 nm, ca KaTo HpaBUJIO JOCTA IMHPOKH U CJAEI0BATETHO HE MOTaT
Jla ce JIbJKAT Ha MOITbITAHETO OT aTOMHU U OTJAeTHH MoJekynau. OcBeH ToBa, H3MEepPEHHTe KO-
JMYEeCTBA HA eJleMeHTH B JjiokasHata ISM mnokassar, de Hsikom or TsxX (Hampumep, Si u Fe)
ca 3HAYUTE/IHO MMO-MAJIKU, OTKOJKOTO crbHUeBuTe. Ul Hali-ceTHe, 1eKOMIIO3UpPAHUTE CIIEKTPHU B
MIR u FIR moka3par moBceMecTHO HaJWYNe HA HEMPEKbhCHATO, KBA3WIEPHOTEJHO U3/IhbiBaHe,
OTHOBO B J00pa KopeJsaliys ¢ KOJIOHKOBaTa ILIBTHOCT Ha BOIOpo/ia. KaTo B3eMeMm mpeBu, 1 BCU Y-
KO Ka3aHO, Hajara ce M3BOJBT, Y€ OCBEH ra3 B WOHM3UpaHa, HEYTpaJIHA U MOJEKy/IHa (opMma,
MEK/Iy3Be3/IHATA CPeJla UMa OIEe €/IHA, KOMIOHEHTa, OOUKHOBEHO HAPUYAHA NPAL.

[IpaxoBuTe dacTunm HMOTIBIIAT W pa3ceiiBaT CBeTJIMHATA OT 3Be3auTe. 1oBa € T.Hap. ek-
cmunkyus wa abaernero B MC, kosTo e mo-edeKTUBHA TPU MAJKHA ThIKUHA HA BHJIHATA.
Tounara 3aBHCHMOCT Ha €KCTUHKIIUSATA OT JbJ2KHHATA HA BbJIHATA HOCH MHMOPMAIHS 33 ChC-
TaBa W pa3Mepa Ha IIPAXOBUTE YACTHUIU, KOUTO B3AMMOJEUCTBAT C JBIEHHETO OT 3Be3auTre. B
I'bPBO NPHOINZKEHNE abCOPOIUATAa aHTUKOPETHpa ¢ IbIKAHATA HA BbJIHATA — TOBA IOJCKA3-
Ba, Y€ YaCTHIUTE ¢ MAJIKU pa3Mepu (pasceiiBaiiy edeKTUBHO B yJATPABHOJIETOBUST M OITHIHUS
JIHANa30H) ca B MHOTO MO-TOJIEMH KOJHYECTBA, OTKOJKOTO ejipuTe. [lopai eKCTHHKINATA 3Be3-
JIATEe, KOUTO HAOJI0JaBaMe IIpe3 TOIsIMO KOJMIECTBO MeXKJIy3Be3/eH Ipax Mo Jbia Ha 3peHue,
U3IJIEK AT TO-UYepPBEHH, OTKOJKOTO BCBIMHOCT ca. To3um Hab/oaaTe/leH edeKT e MO3HAT KaTo
nouepsenasane (reddening) u e eHO OT JOKA3ATEICTBATA, Y€ MEYKIY3BE3IHOTO MPOCTPAHCTBO
€ U3I'b/JIHEHO OT MaTepPUAJHA CPEe/a, KOSITO B3aUMOJIEHCTBA C JIbYEHUETO.

3aBuCHMOCTTa MOKe J1a Ce KaJuOpupa 9pe3 CbOTBETHUTE W3MEDPBAHUs U € OWUjIa W30 I3BaHa
3a U3BeZKJIaHe B MMOAPOOHOCTHU Ha pas3lpe/ie/IeHHeTO Ha IpAIIMHKUTE 110 pa3Mepu. EaHa or Haii-
paHHHTE U BCE OIlle IMHPOKO MUTHPAHH paboTu Ha Ta3d TeMma HpuHaIIekn Ha Mathis et al.
(1977). Te BbB3UpOM3BEXKIAT EKCTHHKIMOHHATA KpuBa HAa ISM B muTepBana 0.1 — 1 pwm cbe
cmec oT chepudHu rpadUTOBH U CHJIMKATHU 3bPHA C Pa3lpeje/ieHne 10 Pa3Mepu:

N(a)da o< a™**da , (1.1)

K'bJIETO @ € PAJANYCHT Ha MPANTUHKATA, BAPUPAI MEXKLY Omin = D0 N U Gy = 0.25 um. Jlecno
MOZKe JIa ce BU/IU, Ye TIPYU TaKaBa 3aBHCHMOCT B IIbJIHATA Maca Ha Mpaxa IpeodJajaBa MpHHOCA
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Ha TOJIEMHTe MPAIUHKH, JOKATO B MhJIHATA 0N — Ha Majkute. [lo-chbBpemennute Mosjenn
HMOTBbPKABAT Ta3W KapTUHA.

[IbsinaTa Maca Ha paxa TPYJ/IHO MOXKE JIa Ce OIEHH CaMO 4Ype3 u3MepBaHus Ha abcopOIusi-
Ta, HO B KOMOMHAIMS ¢ N3MepBaHusITa Ha IbTHIaTa Ha u3vepnBane (depletion) Ha pazianannTe
eJleMeHTH B cTylaeHaTta ISM, MoxkeMm j1a mpecMeTHeM HaJeKJTHW OTPAHUYEHUS. 3a JOKAJTHATA
ISM ce monydaBa, We mbJHATA Maca HAa METAJIUTE, HAJTUYHU B MPAINTUHKATE, € MPUOJTH3UTE-
HO ¢’bIIATA KAKTO I'bJHATA UM Maca B rasza. CiejoBare/Ho Ha 1paxa ce naja okoao 1 % or
mwbaHara Maca Ha [SM. 3aroBa, xoraro ce ommTBaMe jia MOJEIUPAMe TOINJIUHHOTO U XUMUU-
HOTO TIOBeieHne Ha ISM, mpaxbr e urpae He MO-MaJIKO BaXKHA, POJIs, OTKOJKOTO METaJIUTe B
ra3oBaTa KOMIIOHEHTA.

Pasznpenenenmero Ha MexKTy3Be3IHU MpaxX CJIe/Ba TOBA Ha ra3oBaTa KOMIIOHEHTA B lamak-
tukata. Toit e 1006pe cmecen ¢ raza B MC, KaTo cBoiicTBaTa Ha MPAaXOBUTE YACTHUIM 3ABUCSIT
JIO TOJISIMA CTEIleH OT HeroBaTa ILIBTHOCT. XapaKTEePHUTE pa3Mepu Ha HPAINIUHKATE BapUpaT
OT YacTH OT HAHOMEeThpa (XapakTepHWsi pa3Mep Ha HIKOU TOJEMH MOJIEKYJH) JIO OKOJIO eJInH
MuUKPOH. Pa3mnpeaenennero nm 1mo pa3Mepn obade CUIHO 3aBUCU OT CBOWCTBATA HA ra3a, C KOWTO
ca IpUMeCeHU, KaTo 10 MPABUJIO TOJeMUTe TPAXOBU YACTUIU HACETISIBAT MO-TTHTHATE 30HU HA
MC. Ilpu namuumero na onpesenenu ycaousg B MO HacTbIBa rpaBUTAIIMOHEH KOJAIC, 00pa-
3yBa Ce MPOTO3BE3/1a, KOATO Pa3BUBA, MPOTOILIAHETEH JIMCK. TaKa MezK1y3Be3/HUsIT IIpax CTaBa
OCHOBHHSIT MaTepuas 3a obpasyBaHe Ha IJIaHeTH (WJIM HA TBBHDIAM A1pa Ha Ia30BH IJIAHETH) B
Te3U JTUCKOBE.

Habmonenndara na MexKay3Be3aHUs Ta3 MOKA3BaT, Y€ ChAbPKAHHETO HA HEMAJTKO TEYKKU
enementu (Hampumep, C u Si) € MHOrO MO-HUCKO OT W3MEDPEHOTO TIPU CIHHUYEBH W3CJIEIBAHUS.
W3riexxkia, de juncBamyTe KOJIUYeCTBA TPAOBA /@ ThPCUM B CAMUTE MPAXOBU YACTUIU — U3-
caenpanero uMm (T.Hap. elemental depletion) moxke maze moseve mudopmanus 3a coiicTBara,
CTpOeyKa M ChCTaBa HA MEXKIy3BE3HUs TPAX, KAKTO W 32 POJISITAa HA MPAXOBUTE YaCTUIN B
riobamauTe coiictBa Ha MC.

MaraurHo noJie

MarautaoTo nosie Ha MC e cHIHO HEperyJasipHO W B TIobajIeH IJIaH, OPHEHTHPAHO YCIOPEIHO
ua lamakruunng guck. Cpegaara My cusia (MHIYKIHs) € OT mopsiibka Ha 1 UG, 10KaTO aMILim-
TyaaTa Ha (QIAYKTYaIUuTe Ha 10JIeTO e OT nopsabka Ha 5 WG. Te3u cToitHOCTH ca 3HAYUTETHO
MO-HUCKH OT U3MePeHnTe Ha TMOBbPXHOCTTA HA 3eMsTa, HO BCe MaK, IOPaId FOJeMUTe BpeMeBH U
MPOCTPAHCTBEHU CKAJIM B MEXKIY3BE3HOTO MPOCTPAHCTBO, MAIHUTHOTO I0JI€ UI'PAe 3HAYUTETHA
poJist 3a auHaMuKara u cTpykTyparta Ha MC, Karo Banse Ha IBUKEHHETO HA BCUUKH 3apPeIeHU
JACTHUIM, PA3IPOCTPAHEHNETO HA KOCMUYHATE JIbIU M CBOMCTBATA HA HOHU3MPAHUS ras.

Bce ome mamame nmbaHo paszbupane 3a npousxoja Ha MarauTHoTo mnoje B MC. Cmdara ce,
Je OCHOBHHAT MEXaHM3bM 3a MO IbpKaHe Ha IOJeTO € TypOyJeHTHOTO JAMHAMO, Upe3 KOWTO
YacT OT KMHETHYHATA €HepPIrusl Ha TYPOYJICHTHUTE JIBUKEHUsS HA (4aCTHYHO) HOHU3UPAHUS Ta3
ce MPeBPbBINA B €HePrHus Ha MArHUTHOTO I10JI€. 3eMHOTO MAarHUTHO IOJIE Ce C¢'b3/aBa U MOIIbp-
’Ka OT 1o100eH MeXaHW3bM, AeficTBalIll B TEYHOTO spO Ha Halmara 1aHera. TpsiOBa obade ma
ce orOeslekn, 9e MeXaHH3M'bT Ha JUHAMOTO (DYHKIMOHHPA CaMO IPH Bede HAJMIHO MATHUTHO
oJie, T.e. TOil MOzKe J1a MOIIbprKa U YCUIBA Coulecmeysau,u, MATHITHA HoieTa. Taka BbIpochT
3a Hpou3xoa Ha MaruuTHOTO 1ojie B MC octaBa orBopeH. EHO OT mpeanooKeHusTa e, 9e To
IpeacraBjgdBa OCTaTbK OT MAal'HUTHHU I110JI€Ta Ha II'bPBUTE 3Be3,ZLI/Il, IIpeMUHaBallly IIpe3 Kpaﬁ—

LCriopen ¢bBpeMenHUTE KOCMOIOIMYHI PE/ICTABH, TOBA € Hafi-paHHoTo oKosienne (T.uap. I1I-To nokosnenue)
3Be31u B LamakTukara, Bh3HUKHAIN 0KO0 100 Mumuona roawuu cael [omeMus B3pUB.



1.1 KoMmoHeHT Ha MeXK/Ay3Be3JHaTa cpeja. 4

HHUTEe eTalu Ha CBOATA eBOTONUd. /Ipyro mpeanoaoxKenue JIOMycKa MO-CKOPO N3BbHTATaKTHIeH
npou3sxo/| Ha MarHuTHOTO 1nojie B MC — cMsira ce, 4e TO € yHACJ/IeJeHO OT MArHUTHO I0JI€, KOe-
TO Beve e CbIIeCTByBaso npu obpasysanero Ha [amakrukara (Widrow et al., 2012). O6mupen
npersies Ha Ta3u npobiemarnka Moxke Ja ce orkpue B Durrer & Neronov (2013).

PaaunanuonHo moJie

XUMUIHOTO ¥ TEPMOJNHAMUIHOTO ChCTOsSTHEE Ha Tasa B ISM ce onpeensT Hail-Bede OT B3am-
MOJIEfiCTBHETO Ha Ta3a U Ipaxa ¢ Mexk1y3Be3Horo paauanunonno nose (ISRF). Tyk Tpsabsa na
oTOeIeKIM HAKOJIKO BaxkKHHU (paKTOpa:

o XUMUYHOTO ChCTOsIHUE HA ra3a (HUBOTO HA HOHU3AIMS, ChOTHOIIEHUETO HA ATOMHUSI K'bM
MOJIEKYJIHUSI a3 U J[P.) 3aBHCH OT CKOPOCTTa Ha (hOTOMMCOIMAIMS HA MOJIEKYJIUTe U Ha
doToitonn3anus Ha aTOMHUTE.

e TepMOIMHAMHIHOTO CHCTOSHHE HA Ta3a 3aBHCH OT CKOPOCTTa Ha (OTOMOHM3AINNS U HA
¢dOTOETEKTPUYIHO HATrpsiBaHe, T.e. Ha M30MBAHETO HA €JIeKTPOHM OT IPAIIHHKUTE IpU ad-
copbrug na UV ¢doronn.

e TepMOJMHAMUYHOTO CbCTOSIHUE HA [IPaxa Ce ONPeJIeJis MOYTH U3IS/I0 OT OAJaHCa MEeXKLy
abcopbnusita Ha Jbiernero or ISRF or mpamuuknTe n TOMIMHHOTO TPEW3/IbIBaHe HA
HOI'bJTHATATA €HePrHUs.

Pajuanuonnoro moje B MC IOKpHuBa I'bJIHAS €JI€KTPOMATHUTEH CIEKTbp, KATO B Pa3/IHd-
HU Juana3oHu mpeodaagaBaT pa3andnn u3roununu. B CabaueBaTa okomnoct, ISRF nma mect
koMronerTH: (1) TaJakTHIHO CHHXPOTPOHHO HM3JIbYBaHE OT PeJATUBUCTHYHH €JIeKTPOHH, (2)
kocmudeckn MUKpoBbIHOB oH (CMB), (3) nudpadepseno u FIR emucust or marpetu ot 3Be3-
qure npamuHky, (4) cebp3ano-cebp3anu (bb), cebpsano-cobomuu (bf) u cBoGogHO-CBOGOIHN
(ff) npexomu B ifonmsupanara miazma? ¢ T ~ 10* K, (5) usnbusane na 3esaute u (6) penrtre-
HOBO M3/IbyBaHe oT ropemata miasma (T ~ 105 — 10° K). [la pasriegaMe HaKpaTKO IPHHOCA
HA TE€3M KOMIOHEHTH:

e B MUKpOBBL/IHOBUS JMANa30H OCHOBEH MPUHOC MMA KOCMHUYECKUIT MHUKPOBBJIHOB (hOH
(KM®), u3rb4eH B KOCMOJIOTHYHATA, €II0Xa HA PEKOMOMHAIMS U HPEThPIISI Y€PBEHO OT-
MecTBaHe Hopa/u pasmupsaBaneTo Ha Beemenara. CnekTbpbT HAa KM® e MHOrO 61M3BHK
JI0 TO3U Ha abCOIOTHO YepHO Tsao ¢ Temmeparypa Toyp = 2.73 K. Tasu Temmepary-
pa € 3HAYUTE/JIHO 1O0-HUCKA OT TUIUYHHUTE TeMIEepaTypu Ha rasa W Ipaxa B JIOKaJHaTa
MC. 3aroBa, Bblpekn BuCOKaTa MIBTHOCT Ha eHeprusaTa Ha KM®, obMenbT Ha eHeprust
MeXKJIy Hero M Te3u KOMIIOHEHTH Ha CpejiaTa He ce 0Tpa3siBa 0cOOEHO Ha TeMIeparyparta
nM. 3aroBa KM® me urpae cbiliecTBeHa poJid B II0CTHUS eHepruen Oananc na MC B
Mneunus mbT win B ApyruTe ranakTuku. Obade B raJakTUKHATe HA TOJISIMO 2 TeMIepa-
Typara u exepruiinara mwirbraoct Ha KM® ca jjocra 110-BUCOKM U 3aBUCHAT OT Y€PBEHOTO
oT™MecTBaHe choTBeTHO 1o 3axonuTe Tovp X (14 2) 1 ucys o< (1 + 2)% B Tosu cayuaii
KM® uma rojisiMo 3HaveHue 3a peryJanpaHeTo Ha TePMOJMHAMUYIHATA €BOJIIONKS HA ra3a
U Ipaxa.

e B undpauepsenara obaacr (5 < A < 600 wm) npeobiajaBa TOITMHHOTO H3JIbUBAHE
HA MEXK/ly3Be3/HUs 1pax: okoJo 2/3 or HeroBara eneprus ce majgar na MIR u FIR

2Tlonsakora ToOBa, ce HAPUYA HEOGYAAPHO ATUEHUC.
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(A > 50 pum), ¢ mogudunupan uepHorenen cuekrbp (Bxk. Yacr 2.1). Ocrasamara 1/3
Hail-Bede ce M3JIbU4Ba B IOC/IEI0BATEHOCT HA OTJIMIATEHE MAKCUMYMHU Ha JIbJZKHUHE HA
BbjaauTe A = 3.3, 6.2, 7.7, 8.6, 11.3, 12.7 um. [Tocaeaaure ¢chOoTBETCTBA HA BHOpPAIM-
OHHHU TPEXOIN Ha T.HAD. NOAUYUKAUNHU apomamuy es2ae60dopodu (polycyclic aromatic
hydrocarbons, PAHS): rojieMu opranuatu MOJIEKYJIH, Ch/IbPKAIIN €/IHH UK [oBeYe OeH-
30JI0BH IPHCTEHH.

e B mnaii-6sim3kara nndpadepBena 06,1acT, KAKTO U BbB BHIUMA M YJITPABUOJIETOBA CBET/IH-
Ha 1Ipeo0s1a/laBa U3IBbIBAHETO Ha 3BE3/IMTE, KATO IPUHOCHT HA IO-MACUBHHUTE 3BE3JIH €
3HAUUTENeH B yaTpaBuosiera. Obade B 30HH ¢ MpeodIaIaBall HeyTpaJeH ra3, nMa CUIeH
HEeJOCTHUI' Ha 3BE3HU (bOTOHI/I C eHepruu, HaAXBbDJIAIIU ﬁOHH3aHHOHHHH IOTEeHIInaJI Ha
Boziopoza (13.6 eV) — Te ce MONTBIIAT OT BOJAOPOJHUTE ATOME, KATO ' HOHU3HUPAT, W TAKa
He MOraT Jia IPOHUKHAT JbJI0OKO B Te3u 30HH. CKOpocTTa Ha (POTOETEKTPUIHO HArPsIBaHe
€ JYBCTBHUTEIHA K'bM eHepruara Ha (OTOHUTE B MIHPOK JHana3oH, KaTo (G € MOIXOJIAIT
mapaMeThp 3a ONMeHKa Ha MPUHOCA Ha 3Be3THOTO M3MbUBaHe 3a eHepruu 6 — 13.6 eV:

~ u(6-13.6eV)
~ 5.29 x 10~ ergem—3

Go (1.2)

Haii-3Haunmo Bb3eiicTBIE BHPXY MeXKIy3Be3HUs Ta3 OKa3Ba paauanuoHHOTO moje B UV,
Bucokoenepruiinure UV doronun npuyuuHsBar GOTOROHU3AIMS U TAKa BAULAT HA XUMHSITA U
CTPYKTypaTa Ha MOJeKy/aspHuTe obsanu. T'bit KaTo MOTEHIUAIBT HA HOHU3AIUS HA BOIOPOJI-
HUS aTOM ChOTBETCTBA HA (POTOH C IbJIKWHA Ha BbhjaHaTa or 912 A, doToHUTE C eHEPIUH TO/I
Ta3u rpanuna (T.e. or JlaliMmaHoBus KOHTHHYYM) 6bp30 ce abcopbupar B MC u ca B HUIIOKHU
KOJINYEeCTBa B 30HUTE C HEyTpaJeH BoAopoi. ETo 3amo camo aToMu ¢ MO-HUCHK HOHU3AIHO-
HEH MOTeHIIHaJ MOTaT ja ObJaT HOHW3MpaHW B HeyTpaJaHaTa cpeaa. TakbB aToM € HampuMmep
BBIVIEDOJIHUAT: OCHOBEH M3TOYHWK HA €JeKTPOHHU B HeyTpasHara cpega. Ocsen ¢oroitonusa-
nuonau nponecu, UV doronn obyciaBaT u ¢oroesekTpuder edekT, orjessiHe Ha eJeKTPOH
oT npaxoBa 4actuna. OcBobojIeHUTE MIPH JBaTa THIIA IIPOIECH eJIEKTPOHHU IMOJydaBaT dacT OT
U3JIUIIHATA eHeprus Ha (POTOHA, KOATO IIPeJaBaT upe3 cObCHIN Ha Fa30BUTE YAacTUIU. Taka
dboroiionnzanusaTa (B 30HUTE ¢ fouu3upan ras) u GoroedeKTbT (B 30HUTE ¢ HEYTPAJEH Ta3)
upe3 UV-doronu ca npeod.iajanBall MEXaHU3bM 3a HarpsiBaHe Ha ras3a.

VarpasuosieroBute (OTOHM UTrpasiT BaxKHA posist u 3a ¢aszosara cerperanust B MC. Te ce
abcopbupar OT MPAXOBUTE YACTUIIA W OT APYTH CJIOKHU MOJIEKYJIN W TaKa TPUUWHSABAT JIHCO-
nuamnugaTa uM B ooBuBkuTe Ha MO. B pesynrar Ha TOBa, MOJEKYJIHHSAT ra3 ce KOHIEHTPHPA
HpPEJIUMHO B IEHTPAJTHUTE 30HH Ha OOJaluTe, eKPAHUPAHU OT IMOBBPXHOCTHHUTE CJIOEBE, KOH-
10 ca B aromHa ¢asza. [lle nanpaBum npersies na orgesnaure dasu Ha MC BbB Bpb3Ka CbC
CTPYKTypaTa Ha HeyTpaJHuTe O0JIAIH.

Kocmunuecku jrbum

ToBa e TpaIUIMOHHOTO HAMMEHOBAHUE HA YACTHIHN C PEJATHBHCTUYHH, BUCOKOCHEPTUIHH Jac-
tunu, Haii-Bede aapa (~ 99 %) u manku kommaecrsa eekrponu (~ 1 %). dnpara ca npeaumuo
nporonu, ¢ npumec or ~10 % a-wacrunu u ~ 1 % anpa Ha mo-TexXKu enreMenTH. Emeprunre
Bapupar B mupok guanason: or 100 MeV g0 max 1 TeV (Fig. 2), karo mbianara enepruiina
IUIBTHOCT € 6sim30 2 eVEm ™, KOeTo e HAKOJIKO IMbTH T0-MaJKO OT CPeIHATA MIBTHOCT Ha TOI-
quanarta eneprug B ISM. ETo 3a10 KOCMIYECKHATE JThUM UTPAAT BayKHA POJIA B I'bTHUS eHCPIUCH
bamanc Ha rasa. OrpoMHATa 9aCT OT KOCMUYECKHUTE JTHUU C HAH-BHCOKH €HEPIHU Ca CBbLP3aHU
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¢ MarHUTHOTO TOoJie Ha [a/jlakTukaTa M 3aTOBA MPETHhPHABAT MOCTOAHHO pa3ceiiBaHe B HEWHUS
JUCK. HO Ta3u IIpUIUHA MO2KEM Jld OYaKBaMe, Y€ JIOKaJ/IHaTa UM 1IIJI'bTHOCT Ha €eHeprudra TpH6Ba
Jla ce OTJInYaBa ¢ NpubJIM3UTETHO paBHOMEPHO pasipeaeienne. HabrogeHnsiTa Ha KOCMUIECKH
JI'bYM C €HEPTUMn OT NOpdAabKa Ha TeV, T.€. HEIIOBJIUAHUN CBHIITECTBEHO OT BSaHMOﬂeﬁCTBHH CbhC
C/'bHYEBHS BATDHP, IOKA3BaT, Y€ HHTEH3UTHT UM B OTIpAaBHA CHCTEMa B IOKOMW, CBbP3aHa CbC
CabHIETO, e MOYTH H30TPONHO Pas3lpejiesieH, B ChbIIACHE C IPENOI0KEeHNeTO 33 XOMOIeHHO
I10J1€ Ha eHepFHﬁHaTa ILJI'bTHOCT.

H'prOHaLIaJ[HO KOCMHUYECKHUTE YaCTHIHU Ca 6I/LHI/I U3TEKJIM OT 3B€3JU B Pa3JIMYCH CTa,ZLI/Iﬁ
HA TSXHATA EBOJIONWS, a BIOCTEJICTBHAE CA OWIN YCKOPEHW 0 PEJaTHUBHUCTUIHU CKOPOCTH B
pe3yJiTar OT MHOIOKPATHO pa3ceiiBaHe MOPaJi HEPEeryaspHOCTHTE HAa MeK/Iy3Be3JHOTO Mar-
HHATHO IIOJIE , TIOPaJId TPOMEHIUBO MATCHUTHO IOJI€ BCJIEJCTBHE HA MATrHUTOXHUIPOIMHAMUYIHA
(magneto-hydrodynamic, MHD) typ6ynenraoct 8 MC wiu nopaau yaapuu (bpoHTOBe, TOPO-
JEeHn OT I/I36yXBaHe Ha CBP'bXHOBH.

CHeKT'bp'bT Ha KOCMUYECKUTE JI'b9U PA3KO CllaJa K'bM I'OJIEMUTE €HEPIUuH. BaTOBa OCHOBEH
HIPUHOC 3a HarpsABaHETO " ﬁOHHSaHI/IﬂTa Ha ra3a UMAT YaCTHUIIUTE C Hal-HUCKN CHEepIrun: S
100 MeV. 3a cbKameHne Ta3m 9acT OT CHEeKTbpa Ha KOCMHUYECKHUTE b € U3BeCTHA C Hall-MaJ K1
mopoOHOCTH. YacTunm ¢ TaKMBa €HEPruud He MOraT Jia IMPOHHKHAT B XeaunocdepaTa, mopajiu
B3aMMO/IEHICTBHETO UM CbC CABHYEBHUS BATHP. 3a Jla Ce ONPEJIeIN CKOPOCTTa Ha HoHU3aIms,
JUbJIZKAINA Ce Ha TsIX, Ce W3MO/13BAT HENPEKH TOX0/M, OCHOBAHU HA OTPDAHWYEHUS OT XUMUIEH
XapaxkTep.

OcBeHn upe3 npeku HaOJIIOIeHS, KOCMIYECKUTE JIbIU MOraT Ja Ob/laT u3yvdaBaHU Ipe3 TAX-
HOTO B3ammoieiicTBue ¢ BemecTBoTo Ha MC. Hampumep, Taka MoxKe Ja Bb3HHKHE MOTOK OT
raMa JI'bi4d, KOUTO MOraT Jdad 6'b,ZLaT perucCrpupaii U u3cCJ/ieJBaHu. KOCMI/I“IGCKI/ITG JI'bdu MOratT
Jla HOHU3UPAT U MOJIEKY/IUTe B MexKjy3Be3auute objamu. Taka itonnzamnusta na He e oT oco-
OenHa BakKHOCT 3a Mperkara or xumudau peaknun B MC. Habmogenusra va MoseKyTHU fHOHN
kato Hj naBa jgombimnuresnna undopManud 3a cleKTbpa Ha KOCMHYECKOTO JibdeHue (IIpeiuM-
HO 3a HHCKOEHepruifHaTa JacT OT CHEKTbpa, KOITO € ¢ OCHOBHO 3Ha4YeHHe 3a HOHM3aIlugaTa Ha
mostekyiure B MC).

1.2 ®a3um Ha MexXAy3Be3JHUS ra3

TepMoAMHAMUYHOTO ¥ XUMHIHOTO ChCTOsIHHE Ha Ta3oBaTa ISM OOMKHOBEHO ce OmMHCBAT Upe3
Opos Ha Heitnute (paszu. Temneparypara Ha pa3/udIHUTE KOMIIOHEHTH HA CPejlaTa ce U3MEHsI OT
10 — 80 K B xuraguuTe Mosekynsapuu obsamu npes ~ 10* K B Hil-obumacrure 1o 10° — 105 K
B ocrarbiuTe oT cBpbxHOBH (SNR). KoHnenTpamunure ¢bIio BapupaT B IMHUPOKH MPAHHUIA: OT
10> — 10" cm™ B monekysapuu u H11-061amu g0 1 — 50 ecm ™ (H1-061amu) g0 ~ 1074 cm™ B
SNR (ra3 ot koponases Tu). [Ipo6aeMbT 33 YCTORIHBOCTTA HA TAKUBA OOEKTH HJIH ChCTOSTHUS
ce pasriiexia BbB gazosume meopemuvru modesu. ChiiecTByBaHETO HA MHOIO(MA30Ba Cpe/ia
€ Bb3MOXKHO CaMO IpHU MPHUTOK WM OTTOK Ha €Heprusi OT cucremara. B m3ompana cucrema B
paBHOBecHe MOZKe Jia ce pa3BHe caMo eJIHO(a30Ba cpejia. [JIaBHUAT U3TOYHUK HA €HEePrus 3a
MC ca B3puBOBeTe Ha CBPbXHOBHU, KATO TOPEIIUIT a3 U3II'bJIBA CbIIECTBEHA YacT OT OJIU3KOTO
MeZKTY3Be3IHO MIPOCTPAHCTBO.

Enwn panen n mupoxousmno3Ban moaen Ha ISM e aBydasauar momen, mpeanoxken ot Field
et al. (1969). OCHOBHOTO IIPEIIOIOKEHHE €, 4e ATOMHUSIT I'a3 € B TEPMOMHAMIIHO DABHOBECHE,
KaTO CbHIIECTBYBAT MIHPOKW AUANA30HW Ha HAISITAHETO, 33 KOUTO Ca BH3MOXKHHU YCTOINYNBH
pemenns. EJUHEAT cbOTBETCTBA Ha CTyAeH U BILTbTHEH ra3 ¢ 1 ~ 100 K, napeuen cmydena
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neympanna cpeda (Cold Neutral Medium, CNM), a apyruar — na Tonba audysen raz ¢ T ~ 10
K, napeaen monaa neympanna cpeda (Warm Neutral Medium, WNM). Taka mozeabr onucsa
XJIQIHU TJIBTHYU 00J1aId, TOTOIIEHH B TOPellia n pa3pe/ieHa MexK/yod1aqdHa cpeja. /IBere das3u ca
B OTHOCUTE/IHO PABHOBECHE 10 HAJISTAHUS U MPEXOIBT MEXKIY TSIX MOZKE /1a 0'b/e T0CTa PI3bK.
[a3bT mpu MexKJIMHHU TEeMIIepaTypH € TOILIMHHO HEYCTOWYHMB M B 3aBHCHMOCT OT ILTHTHOCTTA
CH TPOIbJIZKaBa Jia ce OXJiaxK/a, jokaTo craHe dacT or CNM, miu ce HarpsBa u pa3pexk/a,
karo crasa yact or WNM.

PasnoBecuero Mexkjy jBere ycroituuBu ha3u ce yCTAHOBSABA IPHU OaJIaHC MEXK/ly HarpsiBa-
HETO OT CBP'BXHOBH WM OT MJIQIW 3BE3IM W OXJIAXKIAHETO upe3 JbieHueTo’. Ako cpemata e
U30TEPMHUYHA ¥ B Hed UMa (DIYKTYallud Ha ITBTHOCTTA, TO C€ OKa3Ba, 4e MO-ILTbTHUTE 0bJIa-
A ce OXJIazK/IaT Mo-ObpP30 U CTaBaT OIIe MO-IIbTHU MOPAJId MaJaHeTO Ha HAJAraHeTo. 3a Jia
n30erHeM MPe/INoMI0KEeHUeTO 33 XUAPOUHAMUYIHA (DIYKTYyaIuu, TpsadBa j1a mpueMeM KBa3HCTa-
MUOHAPHO ¢beTosHme. Torasa, pu MOCTOAHHO Hansrane umame n x 1/T. Ho konnenrpanusra
HA CBOOOHYM YACTUIM 3aBUCHU CHJIHO OT JIOKAJHATA TeMIepaTypa. 3aTOBa K'bM XapaKTepHCTH-
KNTe Ha CTAIMOHAPHOTO ChCTOSTHUE TPsiOBa jia ce MpHOABAT W CKOPOCTHTE Ha OOpal3yBaHe u
pa3pyllaBaHe, Ha Bb30yKJIaHe W JIeAKTHBAIUS Ha OTJAEJTHUTE YACTHUIM M TaKa Ja Ce HOJIYIH
yCJIOBHE 32 dematinto PasHOGECUE.

[Ipu orunrane Ha BcuYku Te3u (PAKTOPU MOXKE J1a CE€ HOJIYIU OTHOIIEHUETO MEYK/Ly HaJIsi-
raneto n mwrbTHOCTTAa B MC. PaBHoBecue mex ity ¢asurte ce Hab/f0aBa MPH JUCKPETHU TEM-
neparypu u mwrbTHOCTH. [[prMepen pe3yarar or Takbe Mozen e nokasan va @ur. 7 3a mageHo
HasiArane P, ¢bIecTBYBAT TPH PABHOBECHU KOHMUIYPAINH: IBe YCTOWIUBH (3a Nng U N.) U eTHA
HeycToitunBa. MexkIMHHATA € HeyCTOWINBA, ITOHezKe Mpu PIyKTyaIrus Ha obeMa K'bM IO-BUCOKA
KOHIIEHTPAIUsI HAJISITAHETO CIa/a CHPSIMO TOBA Ha OOKPbzKaBaIlaTa cpejaa u 00eMbT KOJIAICuPa
K'bM KOHIEHTpAIus Nn.. Il 06parHo, aKO OTKJIOHEHHETO € K'bM IO-HUCKH KOHIIEHTPAINH, HaJIs-
raHeTO HAapPACTBA CIIPSIMO TOBA Ha CpejaTa n 00eMbT ce PA3NINPsIBa /10 JOCTUTAHE HA, ChCTOSTHIE
n=ng.

[Tpu runuanu vagranus 3a MC lg(P/k) ~ 3.0 nosyuaBame 3a mapamerpute Ha jaBete hasu:
T =9000 K, n = 0.1 cm™ (ropema mexyobaauna cpeja) u T = 35 K, n = 30 cm™ (xsiaun
obsann). B mpudasnus modes ce oraura u HAJIMYIMETO HA MHOIO IODEII] a3 OT KOPOHAJIEH THII,
KaKBOTO Ce MOTBbPIKIABA MPU P/l HAOIIOAEHNST OT MEKOTO PEHTTEHOBO W3/ IHIBaHE, TEHEPUPAHO
B rojisgsM obeM paspejieH ra3, u adbcopormonun junun #Ha O VI TakbB ra3 ce u3xBbpJ/id NpH
B3pHUBOBe Ha CBPbXHOBH. Mexauauoro cherosgaue ¢ 1' = 5000 K e meycroituno. Ousnvanure
XapaKTepucTuKu Ha paszute Ha ISM ca obodmenn B Tabdmmma 1.1.

daza T ny Ob6emen gakTop
[ K] [cm ™3] Ha 3aI'bJBaHe
Monekymaa 10 - 20 10% - 10° 1%
Crynena Heyrpasna (aToMHA) 20 - 100 20 - 50 4%
Tomna HeyTpaHa 6 x 10> —10* 0.2-0.5 30%
Toma fonn3upana 8 x 10? 0.2-0.5 15%
Topemia fionnsupana, 106 0.0065 50%

Tabsnma 1.1: @usnann croiicrsa Ha dasnure Ha MC mo Ferriere (2001). O6emuure dhakropn Ha
3ambiBane ca B3etn oT (Stahler & Palla, 2005).

OTBopen ocTaBa BBHIPOCHT JOKOJKO n30poenuTe mer dhas3u MOTaT jia ce pa3rpaHudaT ejgHa

3 MaraurHuTe HOJIeTa CHIIO MOTAT J13 JOIPHHECAT 33 YCTOHYUBOCTTA HA ObJIaKa.
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ot npyra. B knacudyeckus aBydazen Mojenn u MHOTO oT Heroute pasmuperus, CNM n WNM
Ca HAI'bJIHO pasrpanudumu (a3u B PABHOBECHE 110 HAJIATAHUS, KATO MEJUSIT aTOMEH BOIOPO/I
ISM npunazmiexku Ha HAKOA 0T Tax. Habaomaremnure manaum 3a HI obade ropopsar, de peal-
HaTa KaAPTWHA € JaJjied MO-CJI0XkKHA. Bede pasmosarame ¢ HaJeKHU CBUJIETE/ICTBA, Y€ HEMAJIKA
4acT OT aTOMHHS T'a3 € B TOIJIMHHO HEYCTOWYNBO CbCTOAHHE, C MEXK/IMHHA TeMIIepATypa MK Ly
CNM u WNM. Ocsen ToBa, camuar ¢dakxt, ue [SM e cuino TypOy/IeHTHA, MOJACKA3Ba, Y€ JIBY-
dazHuAT MOEN IPEJACTAB/IABA IPEKATCHO ONPOCTsiBaHe. A TypOyJIeHTHOCTTA Ce 3aBHKIA OT
pa3noobpasHu (pU3nYHU MPOIECH, CPE/l KOUTO TOILIMHHA HEYCTORINBOCT, 0OPATHO Bb3/AeiicTBIe
OT CBP'BXHOBH M MPUTOK HA Ta3 K'bM TaJaKTHIHUS TUCK. EMEKTHhT 0T Hes € MOCTOSTHHO pa3Mec-
BaHe HA ra3a W pa3MHUBaHe Ha IpAHUIUATE MexKy oTiaennuTe ¢as3u Ha cperara. Ha possgra Ha
TYypOyJIEHTHOCTTA 3a CTPYKTypupaHero Ha ISM um Ha MexaHHU3MHUTe Ha 33 BHKBAHETO U IIE Ce
cupeM mo-moapobHo B Yact 7.

Meranunanocrra B ISM urpae Bazkua poJist 3a peryjupane Ha HeifHaTa TepMoguHaAMuKa. V13-
MEepBaHETO HA Ta3W BeJuYWHA B MJIedHHST T CTaBa Ype3 PA3JIUIHH METOIU: OT ONTHIHUTE
emucuonun juann [OII] u [O M|, 3aexno ¢ H, n Hg Moxe 1a ce HATOXKAT OTPAHHYICHUST BHPXY
KOJINYeCTBOTO Ha Kucaopoj B [amakruanure H 11 ob1acTu, a oTTaMm Jia ce mpecMeTHe U II'bJIHATA
MEeTAJUIHOCT Z, 38 KOSTO Ce IIpeIoiara, de 3aBUCH JTUHEHHO OT KOJTHIeCTBOTO Kucaopo. JIpy-
ra Bb3MOXKHOCT € jia ce uznosssar abcopouuonnure UV jimHuN B crieKTpuTe HA pKu (DOHOBU
3BE3/M 34 MMPECMATaHEe HA KOJMIECTBATA BHIJIEPOJ, a30T, KUCJAOPOJ U APYTH TEKKH €JIeMEHTH.
MetannanocTTa MOYXKe J1a Ce ONpeen U Mo CIeKTpuTe Ha MJaan, MmacuBHu B 3Be3mau. [Topa-
JIM KPaTKOTO BpeMe Ha »KUBOT Ha Te3W ODEKTH, Ta3W OIEHKa e J0CTa OJIM3Ka JI0 HACTOSIIOTO
JIOKAJTHO KOJIMYECTBO HA TEXKKHUTE eJeMEHTH.

CoueraBaiiku nHdOpMaNusTa OT T€3U PA3JIMIHE METO/M, MOYKEM Ja CIJIOOUM JIOCTATHIHO
JIOCTOBEPHA KapTHUHA 32 PA3INPE/ICIeHNeTO Ha MEeTAJINIHOCTTa B Ta30BaTa KOMIOHEeHTa Ha ISM.
Onenkure Ha Z oT crnekTpure HAa B 3Be31m m or HII obsacTtn moka3BaT HAJIWYHETO HA €IPO-
Mamaben pajuanen rpajuenT —0.04 dex.kpc™' ma meranmunocrra B ISM (Maciel and Costa
2010). MeramuuanocTTa B T.Hap. [lenTpanna monekyasipra 3oua (Central Molecular Zone, CMZ)
B Mileunusi wbT € OKOJIO JiBA I'bTU HO-T0OJIsIMA, OTKOJIKOTO C/IbHYEBATA, & BbB BHHIIHUTE 30HU
na [asaktukara Tunumyanara Z e ¢ 1M0-HUCKA CTOHHOCT. CpaBHEHMETO MEYKJIy HMPECMETHATUTE
KOJIMYeCcTBa Ha OTJIeJTHUTE eJIleMeHTH OT cuekTpute Ha B 3Be3am m ot UV abcopbrmonuu Jiu-
HUM pa3KpHBa, Y€ MOBEYETO eJeMEHTH JO ToJisaMa CTelleH ca M34YepllaHd B rasobara daza, a
TOBa II'bK HaBeXKJIa HAa MHUCHJTA, Ue Te ca IIPeMUHAJIN B MEXKJy3BeJIHHS IpaxX. Eiemenrure c
BHCOKH TeMIlepaTypu Ha KOHIEH3aIlds MO-JIECHO Ce CBbP3BAT B MPANIUNHKHUTE U TOBA, OIPEIe s
[O-TOJIIMATA UM CTENEH Ha M3YepIBaHe B ra30BaTa KOMIOHEHTA.
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Habionenust Ha xJjiajiHa MexK/1y3Be3/1Ha
cpena

B obmus ciayuait Mexkjy3BeHuTe 00J1allM, B KOUTO IIPOTUYA 3Be3;1000pa3yBaHe, ca CTY/IEHH.
3aroBa MOBEYETO TMOAXOAM 3a TAXHOTO M3ydaBaHe M3WCKBAT HAOJOIeHWS B WH(padepBEeHUs,
sub-mm u pajuoauanaszona. VlHTeprperanuaTa Ha pe3yJTaTUTe XU He € TPUBUATHA — 3 Ja TH
pazbupaMe MPaBUIHO U 3a JIa BHUKHEM BbB (DeHOMEHOJIOTUITA HA MeZKIy3Be3HUs a3, TpaoBa
na pasbupaMe J0CTATHhIHO PUBHKATA HA IIPEHOCA HA JILICHHE.

Bogopoabr e Hali-pa3npocTpaHeHudT eJleMeHT U ce HaOJII0aBa JIeCHO, KOraTo € B aTOMHA
dopma. Ocobeno ymobeH e mpexobT B CBPBXTHHKATA CTPYKTYPA HA BOJOPOJTHUS ATOM C A =
21 cm (1.4 GHz): o ¢beTosiHEE € TTapaJieTHi K'bM TAKOBA C aHTHIAPAJIEHE CIITHOBE Ha TPOTOHA
u ejeKTpoHa. EHeprusra, cboTBeTcTBaINa Ha Ipexoia, e 1 K, Taka ye ¢bOTBETHOTO HUBO MOKe
Ja Obae Bb30YIEeHO JOPU B MHOTO cTyaeHu cpean. [Ipm temmepatypu okono 100 K cpeanoro
BpeMe MeX/ Iy JiBa yjapa Ha dactunia e ~ 500 yr, a eHeprusita, KOsITO MOYXKeE Ja HMOCJIYXKHU 3a
Bh30yKIane e < 1072 eV. 3aroBa moBeYeTo aTOMH Ca B OCHOBHO ChCTOsSIHHE. Bce mak HUBaTa
Ha CBPBbXTbHKATa CTPYKTYPa B OCHOBHO C'bCTOAHHE Morar jia 6baaT Bb30yaenu. [Ipexoabr

pte t—=pte L+y(6x107%eV)

e 3a0paHeH, ¢ BpeMe Ha yKHBOT Ha MeTacTabmanoro HuBo 11 x 10% yr. Ho Tbit KaTo wbaansar
6poil BOIOPOIHU ATOMH B CTHJI6 ¢be cedenne 1 cm? u Bucounna 1 pe e mo-rossam ot 108, mpexo-
JIBT ce peaau3upa B JOCTATHIHO MHOTO caydan. Taka emucus B tuHusTa A 21 ¢cm ce Hab01aBa
B Mueunuda IIbr 1 B MHOro Osim3ku ranakrtuku Jgunuara A 21 cm. Tosa gaBa Bb3MOXKHOCT 1a
ce CTPOSAT KapTH Ha pas3lpejie/IeHHeTO Ha HeyTPaJHUs BOJIOPO/, a CbIIO KPUBUTE HA BbpPTEHE
Ha CIHUPAJHA U HEIPABUIHU T'aJaKTUKH.

Obaue pu BHCOKUTE ILTHTHOCTH, XapaKTEePHU 3a 30HUTE Ha 3BE3000pa3yBaHe, BOIOPOIBT
e B Ipeo0d/1a1aBalio MoIeKyTHa (popMa, ITpeKn HADIIOAeHNs Ha KOSITO Ca M3KTIOUUTETHO TPY/I-
. B ToBa MOkeM jia ce ybeaum OT cxemara Ha eHepruiinuTe poranuonnu Husa Ha Ho (Dur.
2.1). JByaroMHHUTe MOJIEKY/IH WMAT TPH TUIA Bb3OyJeHH HUBA: €JEKTPOHHU (Bb30yzK/JaHe Ha
eJIMH WK TIOBeYe eJIeKTPOHHN ), BUOPAIMOHHN (CHOTBETCTBAINN Ha BHODAIMN Ha JBeTe s/pa) W
POTANMOHHY (CHOTBETCTBAINN HA BbPTEHETO HA JBETE sijipa OKOJIO ODIIMsI IEHT'hD Ha MacutTe). B
o0mug caydail e IleKTpOHHUTE HUBA Ca C Hail-BUCOKa €Heprusd, a POTAMOHHUTE — ¢ Hail-HuCcKa. B
caydas ¢ Hy mbpBoTo BB30yaeno nuo J = 1 e poranuonuo, ¢ eneprus 175 K mo-rossima ot Ta-
31 Ha 0CHOBHOTO. [Topajn HuCcKUTe TemepaTypu B crbereHara MoJekyssipaa [ISM (T ~ 10 K),
TaM MOYTH HsMa MOJIEKYJIM B TOBa Bb30yIeHO checTosinue. [Ipu ToBa, OT chobOpazKkenus 3a Cu-
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Qurypa 2.1: Exepruitnun poranuonnu HuBa Ha moJiekysaara Hy.

MeTpHd U3abIBaTenn npexoan ¢ AJ = 1 ca 3abpanenn B xomosapenu' mosekyan xkato Ho.
Bebinoct, HiMa eJIeKTPOHEH PoIec, upe3 Koiiro moJekyina Hy ¢ weuerno J (ortho-Hs) ga ce
npeobpa3yBa B TakaBa ¢ 4eTHO J (para-Hs) u obparTno, 3a110T0 MO3BOJIEHUTE MIPEXOJH Ce Olpe-
JIeJIAT OT CIIMHOBETE Ha sijapaTa. ToBa oOyc/aBs Jurncarta Ha emucus Ha Hs ot tunm J =1 — 0;
Haii-HuCcKoeHepruitnata e J = 2 — 0, KodaTo obade e MHOTrO cJjiaba, MOHEXKe € OT KBaJIpyIOTHA
koHduryparmus. Otre mosede, HEBOTO J = 2 e ¢ mesn 510 K Ha ocHOBHOTO, T.€. Ipu aHCAMObJT
B paBHoBecue u npu 1 = 10 K, dpakmusara Ha MOJTEKYIUTe B TAKOBA Bb30YIEHO ChCTOSHHE €
enpa ~ e 21010 ~ 107221 C jpyru aymu, B eMH MOJIEKYJISPEH 0OJIaK MPOCTO HIMA MOJIEKYJIH
Hy, criocobum j1a uzrbusat. Bucokara uMm Temneparypa Ha Bb30yKIaHe Ce JIbJIXKH Ha MaJIKaTa
UM Maca: IIPU KBAHTOB OCIAJIATOP WK POTOP I'bCTOTATA HA HUBATA Bapupa C IpUBEIeHATA Maca
o 3akona m~ /2 |

CrenoBaTeHo, HAOTIOIEHUATA HA MOJEKYTHUS BOIOPOJ TPAOBa /1a € OCHIIECTBIBAT KOC-
BEHO, 4pe3 KopeJupall ¢ Hero uaaukaTop. CaMo B MHOTO PEJIKH CJIydand Ca Bb3MOYKHU MPEKU
HAOJII0/IeHNs — HAIIpUMep, npu HajmdneTo Ha apbK UV u3rounuk na 3ajeH (poH, BbpXy 4HTO
cuekTbp ce Hacaarsar UV abcopOnuoHHu JTUHWUH.

2.1 NzabuBaHe Ha IIpaxa

[IbpBUAT MHANKATOP Ha MOJIEKYJIEH Ta3 B 3Be31000pa3yBaniuTe 00/1aIi, KONTO H3HUKBA B yMa,
e TOILIMHHOTO M3/'bIBaHe Ha MpalInHKuTe. ['a30BuTe 00/Iau ca BUHATH IPUMECEHH C [PaxX, KaTo
ra3br € TBbpJIe Jajied or JokaaHo repmognaamuano pasaosecue (LTE, Local Thermodynamic
Equilibrium) u #e uzrbuBa Tomnmuuno. [Ipaxbr obaue, Harpat or UV u3rbuBaHeTo Ha OJU3KH

LCbeTosIm ce OT aTOMU OT €UH €JINHCTBEH eJIEMEHT.
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rOpeIy MACUBHU 3Be3/u, nMa Tomnuauo uzrbuBane B MIR. (ToBa mma ocoGeno 3uadenue 3a
OXJIAZKTAHETO Ha obJracTuTe Ha 3Be31000pasyBane.) [Ipu Te3u yciioBust MozKe jia ce pecMeTHe 1
TeMmueparypara Ha npaxa 1y. AKo mpremem, de mpaxoBaTa JacTuia € cheprudHa u ce HaMuPa Ha
pascrosinre [ o1 3Be3ja ¢ Temieparypa 1, u paanyc R,, To OT paBeHCTBOTO Ha MMOIbJIHATATA W
U3/'bIeHaTa eHePIuu 3a eJUHUIA BpeMe U OT IPeoaraeMoTo paBeHCTBO Ha MOITbIIaTe/ THATA
U U3IbIBATETHATA CIIOCOOHOCT HA YACTHIIATA MOYKEM JIa MOy UM

1/2

R, /

Ty=07T. (% (2.1)

[IpenBu mapamMeTpuTe HA MACUBHUTE 3BE3IU U PA3CTOSHUITA, ChOTBETCTBAIN HA THITHIHU-
Te pa3Mepu Ha 00JIacTUTe HA 3Be3/1000pa3yBaHe, TUIIMYHUTE TEMIIEPATYPH Ha IIpaxa ce OKa3Bar
MeZK/y HSIKOJIKO JIECeTKH JI0 HSIKOJKOCTOTHH KeJBHHA. Heka orbesexkuMm, de B n3pasa (2.1) He
durypupa paszmepa Ha dactunara. Cbc cbimara GOpMyIa MOXKEM Ja ONEHHM TeMIepaTypaTa
Ha 3eMmdra, HarpsHa ot CabHIeTo, n ga noaydum 280 K.

Cera ga pasriemaMe 00JaK C IIBTHOCT p U jJeOelnHa S, IPUMECeH ¢ MPAIIUHKH C TeMIIe-
parypa 1. CmecTta uMa HEIPO3PAUHOCT K, KOSTO CE IbJIZKU IVIABHO HA IPAIMUHKUTE, OCBEH 3
YeCTOTH V, ChOTBETCTBAIIM Ha PE30HAHCHU a0COpOIuU B ra3oBuTe aroMu u MoJjexky/u. [Ipu sub-
mm HabIoeHns, THIHYHUTE cToifHOCTH Ha k, ca ~ 0.01 cm?.g~!. 1 Tbit karo Ha mpaxTHKa
HOKOII 00/1aK HMAa IOBBLPXHOCTHA MIBTHOCT X > 100 g.cm™2, MoKeM CIOKOHHO Ja To IpHe-
MeM 3a ONTHYEeCKH THhHBK. B TakbB ciaydail cobCTBEHOTO M3/IbUBaHE Ha 00JIaKa ce MPecMsITa
siecHo. [Ipu npeanoioxkenne 3a JIOKAJTHO TEPMOJAMHAMHYIHO PABHOBECHE, XapAKTEPH3UPAIIO Ce
¢ Temiieparypa 1, OTHOIIEHHNETO MEK/ly U3/IbiBaTe/iHaTa CIIOCOOHOCT HA €JMHUIA Maca ra3 j,
lerg.g™'.s7L.st™!| u menpospaunocTTa £, Mme Obe pasHO Ha GyHKIUsATa Ha [L1aHk:

2h13 1
2 exp(hv/kT)—1"

ToraBa ypaBHEHHETO HA J'BYMCTHs MIPEHOC 38 ONTHYECKH ThbHKUs npax (7, < 1) ce oupoc-
TsIBa!

(2.2)

[u = BI/(T) (1 - exp(_Tu)) ~ TI/BV(T> = K:l/pSBV(T) = K/VEBV<T) ) (23)

Taka or m3mepBane Ha crnenuUIHASI THTEH3UTET HA U3TBIBAHETO [, OT HpaIIHHKATE B 00aKa
U [IpH TO3HABaHe HAa TeMIepaTypara W CBOHCTBaTa Ha MPAIIMHKHTE, MOYXKEM J1a OIPEeIeTHM
KOJIOHKOBATA IJIBTHOCT Ha Ta3a 3a Besika HacodenocT (beam) Ha reseckora.

[Ipu mpenmosoxkenne 3a CTEMEHHA 3aBUCHMOCT Ha HEIPO3PAUHOCTTA OT YECTOTATa K, X
(v/15)P, xoero e onpasaano LB FIR u cybmmamverposua amamason (Planck Collaboration
XVII, 2014), emucusra Ha mpaxa ce MOJEIUpa ¢ T.H. “MOJUDUIUPAHO T€PHOTETHO” WU “CHBO-
TeIHO M3IBUBAHE ChC CpeJieH crernduueH HHTeH3UTeT:

4

J,  B,(Ty) (1)ﬁ . (2.4)

OOUKHOBEHO ce IpueMa, Je cpeaHara Temieparypa Ha mpaxopure dactunm e 1o ~ 20 K,
a CIeKTPATHUST TMOoKa3aTesa [ A 2, KATO OCTaBa CIHOPHO JAJH TOW 3aBUCH OT TeMIepaTyparta.
[Ipu pabora c¢bc cbBpeMeHHH HabJogaregHu JaHHd or Herschel, [ obukHOBeHO ce dUKCHPA,
a MOTOK'BT OT BCEKH MUKCEN ce anpokcuMupa 1o dgopmyra (2.4), karo T' u 3 ce Bapupar Karo
cBOOOIHM mapaMerpu. IIpuMepHo m300pazkKeHne, MOJYUEeHO Upe3 Ta3d TeXHUKA, € MOKA3aHO Ha
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Qur. 2.2. OcHOBHaTa HETOYHOCT € B MO3HABAHETO HA HEMPO3PAYHOCTTA Ha Mpaxa U Ha TeMIle-
parypara Ha raza (B pamkure Ha (HakTop 2-3), KOATO OT CBOsl CTPAHA MOPAaXK/a HECUTIyPHOCT
B TpaHC(i)OpMaL[I/IHTa OT €eMHCHUd Ha ITPpaXa KbM KOJIOHKOBa IIJIbTHOCT Ha I'a3a. BCGKI/I OoT ABaTa
dakTopa Moxke ja Objie mogmodopeH oT HAOJIIO/IeHNST B IMUPOK CIIEKTPAJIEH JUaNa30H, MO3BOJIsIBa-
U eTHOBPEMEHHO alpOKCHMHUpaHe Ha KOJOHKOBATA ILTHLTHOCT, KPHBATa HA HEIPO3PATHOCT HA
mpaxa u Ha TeMreparypata Ha npaxa. C uscrpesBanero B opbuta Ha carenura Herschel (2009
I‘.) TaKUBa Ha6J’IIO,H,eHI/IH CTaHaXa B'b3MOXKHM — HMHa4e€ 1PpU AbJI2KHHM Ha B'bJ/IHATa OT HAKOJIKO
CTOTHH HIN TE€ Ca HEOCHhINECTBUMMA OT 3€eMHATa IIOBBPXHOCT.

Q@urypa 2.2: Kapra Ha n3rbiBaHe Ha Ipaxa B MoJIeKyasgpHug obak Rosette. M3o0pazkenune, mo-
siyaeno ot HaOsogenus na 250, 350 u 500 um ¢ uacrpymenta SPIRE na kocMudeckust Tejieckorr
Herschel (http://sky.esa.int).

2.2 EKCTUHKIUY HA IIPaxa

JIpyr Bb3MOKEH OAX0/ 38 HaO/I01eHns Ha XJaagHaTa [ISM e uamepBaneTo Ha abcopOIusiTa HA
doHOBHM 3Be3/1H, IPUUYMHEHA OT npaxa; oOnkHoBeHo B IR juamnas3on. B cpaBHeHue ¢ TOILIMHHOTO
W3bUBaHe Ha Mpaxa, TYK UMa pejl MPeaInMCTBa:

1. 3Be3,ZLI/ITe UMaT MHOI'O IIO-MOIONHO M3JI'bYBaH€ CHPAMO IIPpalllMHKUTEe U MOraT Ja Ce Ha6-
giogaBar B NIR, Bmecto B sub-mm. 3aroBa MOxKe Ja MOCTHTHE MHO20KPAMHO N0-000pa
PE30AI0UUA HA KAPTUTE.
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2. Twit KaTO HEMPO3pPavYHOCTTA He 3aBHUCH OT TeMIlepaTypaTa, HeCUTYPHOCTTA TMPHU KOHBEp-
TUPAHETO K'bM KOJIOHKOBA ILJIHTHOCT € CbhIIECTBEHO I0-MaJKa.

3. Ormre noBede, KpuBaTa HA HEMPO3PATHOCT B nHpPadepBeHaTa 001aCT € MO3HATA, € J0CTa
0-7100pa TOYHOCT, OTKOJIKOTO B sub-mm. ToBa Bogm 70 ome mo-HaIeK/IHO OIpee sHe
Ha KOJIOHKOBATA, IJI'HTHOCT.

CbieBpeMeHHO TPsIOBa J1a ce MocovYaT U CJAeIHUTE HEJIOCTATHIM Ha MOAXO0IA:

* OrHOCHTE/IHO BUCOKATa Hernpo3padnoct B IR orpannyaBa mpuaoKuMOCTTa My KATO IISJI0
J10 audy3uu 06/IacTH; B CI'bCTEHUTE 30HHM CBETJIMHATA Ha (POHOBUTE 3BE3J/M € HAI'bJIHO

eKpaHupaHa.

*x 3a JIa ce MoCTpou J00pa KapTa e HeoOXOJIUMO O0raTo M sICHO BHAMMO II0Jie OT (DOHOBU
3Be3/IM, a CAMO HIKOJIKO O0JIAIli MMaT FeoMeTpHs, IMO3BOJIgBaIla TOBa. BeposaTHO Haii-
JOOpHSIT HPUMED 3a IPUJIOKUMOCTTA Ha 1MOJX0/a e Mbrissunara Pipe (Qur. 2.3).

Galactic Letitude

4 3° a0 1° o 35490 3580 35 356°
Golactic Longitude

®urypa 2.3: Kapra Ha ekcrunknuns Ha npaxa B MmbrysiBuaara Pipe (Lombardi, Alves, & Lada,
2006).

2.3 MoJieKyJIHU eMUuCcun

[osigma gacT oT mo3HAHUATA HU 3a ra3a B 00JIaCTHTE Ha 3Be37000pa3yBaHe ce JbJ2KaT Ha HabJTio-
JIeHUs Ha, MOJIEKYJTHHA eMucuu. KopeKTHITe H3MepBaHus ¢a, JOCTa CJI0KHHU, 3aI0TO IIPeIIM0oIarar
MOJIeJIMPaHe, ¥ MHTEePIPeTalsaTa UM ChIo He e jiecHa. VI3ucKBa ce u rojsiMa mpenu3HoCT, Tbii
KaToO JIHMHUUTE MOoraT Ja 6%;(&1“ JA0CTa dPpKHU B CpaBHEHHE C U3/ I'bYBaHETO B KOHTUHYYMa. BO,ZLG—
ma poJis B m3ydaBanero Ha [SM B rajmakTukn m3sbH MecTHaTa rpyna urpasT W3CJIeIBAHUSITA
Ha poTanuoHHuTe JuHUN Ha Mosekydata CO, Thil KaTo mocjaenHuTe (3aeJHO ¢ U3JIBUBAHETO
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ma Ct B 30HE ¢ aromen BOMOPOa) ca HAl-TE€CHO JETEKTHPYEMH €MUCHH OT CTYJIEHATa CPEIa.
Hait-upocrara usyrpuBaiiia cucreMa € 4acTuiia ¢ TOYHO JIBe €HePIruiiHu HUBA ¥ TO3U (pusnvecku
IpUMEpP HU JIaBa JOCTATbHYHO pa3bupane. Ha mpakTuka 1mo-mHTEpECHU 3a HAC €A MOJIEKYJIUTE,
nopa/iu mpeob/ialaBaHeTo HA MOJIEKYJIHUS T'a3 B CI'bCTEHU CPeJI, K'bJETO MPOTHYa 3B€31000pa-
3yBaHe.

Koedunmmentn Ha AjiHmaiin n1 ygapHo Bb30y2KIaHE

Hexka pasrieziame ra3 ¢ KOHIEHTPAIUS Nx, ChCTOAI Cé OT ATOMH WA MOJIEKY/IH OT THI X [pH
remueparypa 1. 3a npocrora e npueMeM, ue Y4aCTHIMTE UMAT CAMO JIBE HUBA C eHepruiiHa
pa3JInKa E, KaTO KOHHOEHTPAIUWUTE Ha TE€3UW B OCHOBHO U BbHB B%36yﬂeH0 HHUBO Ca CBHOTBETHO
no 1 np. AKO ra3br € B TOIUIMHHO paBHOBeCHe, TO CblyiacHO dbopmysara Ha Bosmman ny /ng =
exp(—FE/kT) u cborBeTHO

no=nx/7Z , ny=nxexp(—E/kT)/Z(T),

kbaero Z(T) = 1+ exp(—FE/kT) e crarncrnveckara cyma. Bb3MOKHUTE M3IBIBATETHU TTPe-
XOJM MeXKJIy HHBaTa MOraT ja ObJIaT: CIIOHTAHHA eMHCHs, CTUMYJIHPAaHa eMUCHs 1 abCopOIus,
ONHICBAaHU ChC CHOTBeTHHTE KoedurmenTn Ha Ajinmaitn. OOMKHOBEHO B 00JACTUTE Ha 3BE3JI0-
obpa3yBaHe MOXKeM J1a IpeHeOperueM CTUMYIHpaHaTa eMHCHS U abCOpOIusTa, Thit KaTo (hoHO-
BOTO PaIUAIIMOHHO [OJIE € TBbPJIE CJIab0 U YecToTaTa Ha Te3H IPOIECH € IMPeHeOPerKIMO MaJIKa.
M3kmr0uenne npeacTaBIsiBaT CJIyIanTe:

e Koraro onTnunara jgebennHa Ha JUHHUTE CTaHe OTPOMHA B OpodAT (GOTOHH, KOUTO Ce
MOTTBINAT W pa3ceiiBaT B CpeJaTa, HapacHe 3HATHTETHO;

e Koraro decrorara Ha pasrie:kJIaHus MPeXoJ ChOTBETCTBA HA MHOTO HUCKA €HEPTHs U
B3aumoyieiicrugra ¢ ¢poronn or KM@ cranar cbiecrBeHu.

Cnonrtannarta emucnsi 1 — 0 ce ommcepa ot koedummenTa Ay ¢ pazmeproct s~ 1, KaTo cKo-

pOCTTa Ha 3aTUXBaHe ce ompesess 1Mo ¢popMyaaTa;

dn1

% = —A10n1 [CmiB.Sil] s (25)

se

T.€. XapDAKTEPHOTO BpeMe Ha (€KCIIOHEeHIMAIHO) HaMalsgBaHe Ha yactunure Ha HuBo 1 e (1/A50)
s. Bpemenara 3a 3aTuxBaHe IpH MOJIEKY/INTE Ca OOMKHOBEHO HE IMOBEYE OT HAKOJIKO BEKa, KOETO
e J0CcTa MaJIKO B CDaBHEHHE ¢ PA3/IMIHUTE XapaKTePHU BpEMeHa, CBbP3aHN ChC 3Be31000pa3yBa-
HeTo. 3aTOBa, aKO CIIOHTAHHATA €MUCHU € €IMHCTBEHUAT IPOTUYAII IIPOIEC, BCUUKH MOJIEKYJIH
e IpeTbpIaT Obp3a JeaKTHBAIMSA 10 OCHOBHO HHBO U €MHCHS HSIMA Ja ce HaOJ0IaBa.

Obaue, B CI'bCTEHUTE 30HU HA 3BE3000pa3yBaHe yIapuUTe MKy JaCTUIHTE Ca JTOCTATHI-
HO YeCTH, 3a Ja MO IbPKAT HACEJeHHe OT Bb30yJIeHH MOJIEKY/IU. 3a HPOCTOTA Ie Pa3IjieaMe
caMo yJapu MexKIy HpUMepHHUTe AByaToOMHH MoJiekyan u Ho. OnpenensineTo Ha cKopocTTa Ha
BB30YIK/IaHe MOPaIu yAaph IpejCcTaB/lIgBa J0CTa TeXKKa 3ajada HAa KBAHTOBATa MEXaHHKA; C
N3KI0YEHNe HA HAl-IPOCTHTE CAyYad, He € Bb3MOKHO TOTHOTO [PEeCMITaHe JOPU Ha €HepIHii-
HUTe HUBA HA OTJE/IHA H30JTHPAHa MOJEKYIa, KAMO JIH B3aNMOIEHCTBHETO MEXKIY COMBHCKBAIIN
ce MOJIEKYJIH IPH ITPOM3BOJIHI CKOPOCTH W B3aUMHHU OPHEHTAIMU. A TOYHHTE HPECMATAHUS Ha
JecToTaTa Ha yAapuTe ca M0 HPUHIUI HEBb3MOKHHU — IIPUOSTBa, Ce WIH 0 MPUOJIMKEHWST, WK
Ji0 JlaboparopHu ekcriepumenTn. Hampuwmep, decto ce npejmnosara, qe 9eCTOTUTE HA CObCHIN
¢ Hy u ¢ Bomopoaan aTomMu ca CBbp3aHH ¢ HIKAKDB IOCTOSHEH KOeMDUIIHEHT.
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Heka ckopoctTa Ha BBH30yZKTaHEe OT OCHOBHO HHBO MOPAIU VIAPH MeXKIy dacTunure X u

H2 e:
dm
dt
K'bJIeTO KOe(PUIIUEHTBT ko1 € ¢ pa3sMepHOCT 00eM BbpPXY BpeMe U B 00Ius caydail € pyHKI Ha
KHHEeTHYHATA TeMIepaTypa Ha ra3a 1, Ho He U Ha KOHIEHTPAIUITA HA BOJOPOIHUTE MOJIEKYTH

= koinonu, [em?s7] (2.6)

cex

nH,-
Ako o3HaUMM CHOTBETHHS KOE(MUIMEHT Ha yIapHA JeaKTwBamus ¢ Kijg, TO CKOPOCTTa Ha
JIeaKTUBAIMS TTOPAIN yIapH Ie Obe:

dn1

dt

Bpwb3kara mexny ko; and kyg e mpocra. /la pa3riegaMe 30Ha ¢ OrpOMHA ONTHYHA jJebe/TnHa,

IpaKTHYECKH HempoHunaeMa 3a (OTOHHTE W 3aTOBa 0e3 3HAUYMMA pOJsd HAa PaJIHAllMOHHUTE

nporec. AKO ra3bT € B PABHOBECHE, CKODOCTUTE Ha YJAAPHO Bb30OyKjiaHe u Jeaktusanus (yp.

2.6 w 2.7) e 6GbIAT PABHU W TPOTHBOIOJIOKHHU MO 3HAK, CJEI0BATENHO N, (Ko1no — kioni) = 0
u ot popmysara Ha Bosimvan mosydaBame Bpb3Ka MeXK/1y KOeDUITUEHTUTE

= —kyning, [em s, (2.7)

cdex

]{501 = k‘lg exp(—E/k;T) ) (28)

To3u aprymeHT e IpuIoXKUM €THAKBO JI00pe 3a n3dpaHa JIBOiiKa HUBA B II0-CJI0XKHA MOJIEKY/Ia,
¢ TIOBeYe OT JIBe HUBA. 3aTOBA € JIOCTATHIHO JIa TO3HaBaMe CKOPOCTTa Ha yJIapHO Bb30yKIaHe
I JIeaKTUBAIN MeZK/Iy BCEKH JIBe HUBA, 3a JIa TPecMeTHeM U CKOPOCTTa Ha OOpaTHHUs MPOIIEC.

KputuviHa miIbTHOCT

I[Ipu cTaTHCTHYECKO pABHOBECHE Ha CHCTEMATa C JBe HHBA, CKOPOCTTA HA 3aTHXBaHe HAa BBH30Y-
JIEHOTO HHUBO, KOSTO € CyMa OT CKOPOCTHTe Ha Bb30yzK/JaHe U JeaKTuBanus e Oble HyJesa.
[Ipu 3amecrBane or cborBernuTe ypasHenus (2.5)-(2.7) ussexgame dopmynara:

"L = exp(~E/kT) . ;
Un 1 + Alo/(klonﬂ2)

Jlecno ce Bkaa pU3MICCKHs CMACHI Ha TO3M M3Pa3: aKO PaJUAlMOHHATE MPOLIECH Ca, pe-
HeGpexkuMu crpsamMo 6post Ha yaapure (A10 < kjgn), TO OTHOIIEHHETO MeKJly HACETEHOCTUTE
Ha HuBaTa e 6;u30 10 Boammanosoro exp(—FE /kT'). C noBuimasate HA IPUHOCA HA JIBICHUETO,
T.e. mopumasane Ha Ajg/(kion), dpakmusTa Ha aroMuTe ¢ TOpPHU BbH3OYJIEHH HABA HAMAJSBA
~ HaCeJIeHOCTTa Ha MOCJCAHHTEe e CyOTOIIMHHA. T'bil KaTo YecroTaTa Ha yJApPUTE 3aBUCH OT
IU'BTHOCTTA, & M3J'bYBaTe]HaTa JeaKTHBAlUs He, GaJaHChT MEXKy Te3W JBa MpoIeca ce Oll-
pejiesist OT IUTbTHOCTTA. YI00HO € Jia BbBEJIeM HAKAKBA KPUMuUwHa nAsmHocm Neiy = A1o/k1o,
Ype3 KoATO Ja 3aIHileM FOPHHS H3Pas:

" _ exp(—E/kT) !

- . 2.9
N 1+ neit/nm, (2:9)

[Tpu mrbTHOCTH MHOI'O HAJL Nerit, HACEJIEHOCTTA HA HUBOTO 111 Objie 01130 10 BosmvanoBara
CTOWHOCT, JOKATO B 0OpaTHUSI Caydail Bb30YIeHOTO HUBO Iie O'bje ¢ mo-Majka HacejgmeHoct. Ca-
MaTa KpUTHUYIHa IMJIHBTHOCT Ce ,He(bI/IHI/Ipa TPOCTO KaTO IMJIBbTHOCTTa, ITPU KOATO U3JI'bUYBaTC/ITHUTE
U yJIapHUTE JeaKTUBAIMKA HA TOPHOTO HUBO MPOTHYAT C €JIHA U ChINA I€CTOTA.
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Tos3n IIponec Ha TepMaJu3alldd UMa BaKHH CJIE€ACTBUA 3a €EMUCHHUTE B MOJICKYJIHHU JIMHUU.
MOH_[HOCTTEL Ha U3JI'biBaHe€ OT €/Ha MOJIEKYJ/la €:

L . EAloTll . — EA exp(—E/kT)
—_— = = ... = 10

nx nx Z(T) + 7/Lcrit/nHQ

TaKa Ipu HUCKa IIJI'bTHOCT BCAKa MOJIEKYJIa UMa IIPUHOC KbM U3/I'bYBaAHETO, IMPONOPIIMOHA-
JIEH Ha OTHOIIEHHETO MeXKIy ILITHbTHOCITAa K'bM KPUTHYHATA ILIbTHOCT. Heka orbenexkmm, de
TOBa € OTHOIIEeHHEe MexK/y napTHbopu B yaapure (Hg), a He MIBTHOCT HA M3TBIBAIIUTE MOJIe-
KyJin. H'])J'IHaTa CBETUMOCT Bapupa KaTO I'OpHOTO OTHOHIEHHE, YMHO2KEHO 110 KOHIEHTPaludTa
Ha W3/bYBaIiuTe MoJieKysau. [IpakTudeckara 1mos3a OT TOBa €, Y€ pPa3IudHHA MOJIEKYJIH Tpa-
CUpaAT pa3JIMYHU IJI'bTHOCTHU Ha T'a3a B TlaJIaKTUKUTE. MO.HeKy.HI/I C HUCKa KpUTHUYHa IIJI'BTHOCT
JIOCTUTAT JIMHEeH PeKUM IIPH HUCKA ITBTHOCT, U T'hbil KATO IMO-TOJISIMa JacT OT MacaTa Ha ras3a
€ CbCPeIOTOYEHA B TO3U PEXKHUM, T€ TPACHPAT HAM-ITHPOKO pa3mpoCTpaHeHATa Ta30Ba KOMIIO-
HeHTa. EMucugaTa Ha MOJEKY/TH ¢ BUCOKM KPUTHYHHU ILTHTHOCTH IIE C€ OIPEIesst B IO-TOISIMA
cTeleH OT IIJI'bTHUA a3 U 3aTOBa Td TpaCHPa NO-PeAKHTE 30HU Ha BHCOKa IIJI'bTHOCT. Pa361/1—
pa ce, OIEHKATa € JIOHSK'bJIe KAUeCTBEeHA, Thil KATO IPEXoabr OT pexuma L/nx o nyg, KbM
L/nx ~ const He e 0cobeHO pa3bK. Bee mak OTHONIIEHUSATA MeK/y CBETHMOCTUTE B JIMHUHU C
PA3/IMYHN KPUTHIHHU ILTHTHOCTH IPeACTaBIABAT TBbP/e BaykKeH NUArHOCTHYEeH HHCTPYMEHT 33
MOTy9YaBaHeTO Ha ISIOCTHOTO pasmpejeneHne Ha mabTHocTTa B [SM.

HO—FOpHI/ITe IpecMATaHuAd Ca HallpaBEHU 3a OITUYHO T'bHKa €eMUCU . AKO JIMHUATA € OIITUYHO
nebesta, Bede He MOYKe JIa, Ce TIPeHeOPersaT MpoIecuTe Ha CTUMY/INPAHO U3IbIBaHe n abCopOIus
U He BCUYKH U3/bieHn (poToHH mie HamyckaT obsaka. Jluauure Ha CO 0OMKHOBEHO Ca ONTUYIHO
nebesn.

JnHaMudHa U TeMOepaTrTypHa CTPYKTypa Ha rasa

AKo emMuCcHOHHATA JTMHUS € ONTHYHO ThHKA, T MOXKe JIa Ce U3MOJ3Ba 3a H3CIeIBaHe Ha JIu-
HaMU4YHATA U TeMlIeparTypHa CTPYKTypa Ha rasa. B To3wm cjiydail nmupuHara Ha JIMHUSTA Ce
onpejies Hali-Bede OT paslpeeeHNeTO Ha CKOPOCTTa Ha M3JrbaBamure MoJekyan. Ousudec-
KaTa KapTWHA € J0CTa NMpocTa. [a mpeamnososkum, ue pasnpeeaenneTo Ha CKOPOCTHTE B ra3a
1o 1pua Ha 3penme e Y(v) , re. [(v)dv = 1. 3a ONTHIHO THHKA JUHASL, IPU TPEHEOPEIKAMO
MAJIKO €CTeCTBEHO pAa3IIUpeHHe U paslinpenne mopaiu epeKTH Ha HAJATaHeTO, eMUCHATA IIe
uma opma Ha I-PYHKIUs B OTIIPaBHA CHCTEMa Ha ra3a B 1OKOi. Karo Mexkijy ckopocr u dec-
TOTa IMe MMa €JHO3HAYHO ChOTBETCTBHE. Taka M3/'BYBAHETO Ha a3, JBUIKEI Ce ChC CKOPOCT
v cupsiMO HAOJIIOIATE/Is 10 JIbda Ha 3peHue, mie Obiae ¢ decrtora v =~ 1y(l — v/c) , Kbaero v
€ 4ecToTara B IEHTbpPa Ha JUHUATA B OTIPABHA CHCTEMA, K'bJIETO MOJIEKYJaTa € B MOKOii, a
v/c < 1. B To3u cay4vaii npodurbT Ha quHEATA ce onucBa TpuBnaaHo: ¢(v) = ¥ (c(l — v/wy)).
[Tpodurbr ¢(v) e NPAKO u3MepBaeMa BETUUNHA U OT Hesl HEIIOCPEICTBEHO MOy IaBaMe Pas3-
HPEJIEIEHUETO 110 CKOPOCTH (), KOETO Ce JIbJIZKM Ha TOIJIMHHU M HA, HETONJIMHHU JIBUKEHUS B
raza. TONIMHANTE IBMXKEHUSA ce OMUCBAT OT MaKCyesIoBo pasnpeieeHue o CKOPOCTH U MOPazK-
nar Makcyeios 1podut ¥ (v) o< exp[—(V —Veen)?/0,], KbAETO Veen = 19(1—T/¢) , a U e cpeanaTa
CKOPOCT Ha Ta30BHTe YACTUIM 10 JTbda Ha 3penue. [upunara ua aunusra o, = kT/u/c ce on-
peJiesis 1o razoBaTa Temieparypa 1’ U cpejHara Maca Ha U3IbUBaliaTa MOJIEKYIa fi.
Herommmanure J1BUKEHUS IIPEJICTAB/SIBAT €IpoMaliabHu OTOIU B Ta3a U MOTAT J1a OPOJIST
pa3HooOpa3Hu pasnpeaeJeHnus M0 CKOPOCTH B 3aBUCHMOCT OT JIBUZKEHHETO Ha 00JIaKa KaTo Is-
J10. 3a YKAJIOCT IOPH CJIOKHYU HETOTIMHHA JIBMKCHUA TeCTO TTOPaKIAT PasnpeIeaenus nogo0Hn
Ha Makcyesiou, npocto nmopaau IlenTpasinara rpaHdvHa TeOpeMa — CKOPOCTHTE Ha JOCTATHIHO
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roJisiM Opoii CTOXaCTUYIHU TOTOIH KJIOHAT KbM [aycoBo pasmpejenenue. [Ipumepn 3a pasmpe-
JIeJIEHUsI IO CKOPOCTHU, U3MEepeHu B jiBeTe Ojim3Kku obsiactu Ha 3Be3ji000pa3ysane Ophiuchus u
Perseus, ca nokazanu na Qur. 2.4.

Ba ga onpeaennm gaan mpodUIbT Ha

JlaJieHa JIMHASL OTPa3gBa IMPEJIUMHO TOII-
JUHHYU WM HETOILTHHHU JIBUZKEHUS, TPI0- .
Ba JIa OIPEJIEJUM TeMIIepaTypara 1o He3a- 5
BucuM HaduH. TOBa 4YecTo ce mpaBu 4Upe3
HAOJTIO/IeHNsT Ha TI0BeYe JIMHWH OT CbINO-
to BemectBo. Popmyna (2.9) mokassa, |e
CBETUMOCTTA B OINpejie/ieHa ONMTUYIHO ThH-
Ka JuHug e (DYHKIUS Ha TeMIepaTypara
T, IJI'bTHOCTTa 1 1 KOHHEHTPAalluATa Ha U3- 1
JILYBAIIH MOJIEKYJIN Nx. AKO HAOII0ZaBaMe
TPHU NPEXo/ia B €JIHA U CbIIE MOJEKYJIa, II1e 5
nMaMe CUCTeMa OT TPHU HEe3aBHCUMHU ypPaB-
HEHUS C TPU HEM3BECTHU, KOSITO MOYKEM Jia : '
pemuMm 3a n, nx u 1. Ilpu Hskon moJsexy- [
JIA, C OTJIeJ] Ha CTPYKTypaTa HA HUBATA WM, 250
Ta3W TEXHUKA JIaBa HEIBYCMUCIEHU Pe3yJI- : |
taTu. Hail-mssecTnuar mpumep 3a ToBa € o | |
aMoHgaKbT NHs. :é

Ophiuchus

Trun (K)

Tpyaaoctu ipu pabora ¢ JaHHA
OT MOJIEKYJIHU €MUCUU

PR T— PR PRS-

[IbpBara TPyAHOCT € CBbLp3aHa C ONTUY- -3 0 3 10 13 20
p Py p . Qurypa 2.4: Paznpendfibnsty mo ckopoctu oT Hab-
HaTa Je0e/IMHA: [OBEYETO OT HAl-CHTHHTE

) mogenusa B 2CO (rvuka gumug) u BCO (meGe-
JINHUM, HA Hail-pa3lIpocTpaHeHHTe Belec- .
na auHus) B Mosiekyaspaure obmanu Ophiuchus u
t8a B ISM, ca ontuuno gebeun. B TakbB

cydait HabJIIOIeHUATa, Ca, IIPeICTABUTE THH Perseus.

CaMo 3a MOBBHPXHOCTHUTE 30HU HA 00JIAKA,

a eMUCHsITa OT HETOBOTO SI/IPO € eKpaHnpana. Bce mak nenHa nadOpMaIus MOXKe Ja Ce U3BJIetde
1 OT ONTHIHO Jebenn JUHUU, HO IO MO-cJoKeH HadnH. [lle ce BbpHEM Ha BbIpOCa, KOTATO
pasriexgame pasmupeaenenuero Ha GMCs Ha rogemun mamadu.

Broporo ycioxkenue e cebp3ano ¢ xumudHus cberaB. OOpa3yBaHero u pa3pyliaBaHETO HA
Mostekys B ISM e ciioxken mpobJieM, KaTo KOJWYECTBOTO HA BCEKH €JIeMEHT W/ CheINHEeHHe
B 00K Caydail 3aBHCH OT ILTBTHOCTTA, TeMIeparypara W paadaldoOHHOTO ToJje B rasa. [1o
KpaminaTa Ha 00JIanuTe HIKOH MOJIEKYJIH MOXKe Jia JIMIICBAT, 3al0TO Ca JUCOMUAPAHE OT MerK-
ny3BeanoTo UV m3abusane. Ilpu roseMu mIbTHOCTH M HECKH TEMIIEPATYPH MHOTO MOJIEKYJIH
[OJIENIBAT 110 IIOBbPXHOCTTA Ha Hpamuukure. 1ToBa Bazku ocobeno 3a CO — decTo ce ycTraHOBSIBA,
ge MaKCUMYMH Ha IJI'bBTHOCTTA Ha KapTHU HaA IIPAaXOBOTO U3J/I'b4BaH€ CHOTBETCTBAT Ha JIOKAJIHU
vuaIMyME Ha u3abaBanero Ha CO. ToBa ce abiku Ha m3depmBareTro Ha CO B razoodpas3HO
CbCTOAHHE B CI'bCTEHUTE 30HH Ha objamuTe u obpazysaneTo Ha Jieg or CO BbpXy MOBbPXHOCT-
Ta Ha MpAIIHHKATe. 3aTOBa TPAOBA Ja Ce BHHMAaBa OCODEHO A IPOMEHHTE B MOJIEKY/THHTE
eMUCHY Ce JbIKAT HA MPOMEHN B TePMOJMHAMHUYHHUTE MAapaMeTpPH Ha Ta3a (KaTo IILTHOCT U
TeMHepaTypa) WJin Ha IIPpOMEHU B KOJIMYEeCTBaTa Ha U3JI'bYBallluTe MOJIEKYJIN.




I'1aBa 3

MeHoMeHOJIOTUA HA HAOJIIOIaBaAHUTE
00eKTH

3.1 CrpykTypa Ha MOJIEKYJHHIS Ta3 B TAJaKTUKNTE

O6110 pa3mnpeaeneHne

Haii-gecTo n3nomsBanugaT HAOTIOAATEIEH THANKATOP HA MOJEKYIIPHUTE 0O ca POTAIUOH-
uute auann Ha CO. Te ca moaxomdanu 3a 1esiTa 1Mo Tpu TIaBHU MpudnHU. [[HpBO, MoeKy1aTa
CO e nait-paznpocrpanenoro cbeaunenue B [ISM cien Hy. Bropo, HeiitnoTO pasupejiesienue sicHO
KopeJinpa ¢ ToBa Ha Hs. Haii-cerne, nuckoenepruiinure i HuBa Moratr jia O'bJiaT Bb30YJAEHU MPH
HUCKWUTEe TeMIlepaTypH, XapakTepHu 3a MO, u cbOTBeTHUTe MPEXOIHu MeXK/1y TdX ca HabJIro/1a-
emu B pajuoananasona. Hampumep, auBoro CO J =1 e ¢ eneprus ensa 5.5 K Ha 0OCHOBHOTO.
Bewmuaocer mosekymata CO e OCHOBHUAT OXJIAUTET HA MOJEKYTHUS Ta3 W ChbOTBETHO HEHHO-
TO BB30YKIaHe onpejess rasopara remieparypa. (Ilosede 3a Tosa e ropopum B Hacr 6.1.)
Heitnara emucust Moxke ga ce m3mos3Ba 3a omnpegensine na macure za MO (Hacr 12.1). Cb-
orHOIeHneTo mo Macu Mexkay HI u Hy B Mieunua nbT u Ha raJakTONEHTPUIHE PA3CTOSHUS
non ToBa Ha CabHIEeTo e rpydo 70:30. Ppaknuara HA MOJEKYTHHS T'a3 HAPACTBA PA3KO KbM
FanmaxkTuunnsg neHTbp u KaoHu KbM 100 % B MonekyngapHus npbeTeH Ha ~ 3 kpe, a mocie
cuaza 10 ~ 10 % KbM raJakTONEHTPUYHN PA3CTOAHUSA, CPDABHUMHU C Haurero. B apyru Oinsku
raJIAKTUKHU TPOTIOPIUUTE BAPUPAT B IMMUPOKHU rpanunu: or modtu duct H1 g0 mouru usnsio Ho.

Mexy3Be3anara cpeja B TaJJakKTHKH C Tpeod/1a1aBalll aTOMeH ra3, KaTo HaIlaTa, Ce Xapak-
TepU3UpaT C MPeJUMHO BIAKHECTA CTPYKTYpa, KATO MAJKU MOJIEKYJISIPHU 00JIaIu ca Pa3mnoJio-
JKeHHM OKOJI0O MAKCUMyMUTe Ha pasnpejaenennero na H1. B ramakTuku ¢ egpomaniabna compasi-
HA CTPYKTYypa MOJIEKY/ISIDHUST a3 TPacupa MHOrO J00pe CnupajHuTe PbKaBu, HAOJIOLaeMu
B ONTUYHUS Juana3oH. Tunuanu npumepn ca nokasanu Ha Pur. 3.1. (Pusndecknre npuanHu
3a aCOIMUPAHETO HA MOJEKy/asipHust ra3 u HI1, kakto u mexay MO u cnupajaaute phKaBw,
ca MHTepeceH IpeaMer Ha 00CHbXKIaHe, HA KOWTO Iie ce BbpHEM MO-KbCcHO.) KakTo Jjmam or
H300pazKeHusATa, MOJIEKYJTHUSAT Ia3 B TATaKTUKUTE (MM 30HH OT FaJAKTHKH) C IPeodia aBalil
H1 o6ukHOBEHO € TpynupaH B AUCKPETHU ODEKTHU, HAPEUEHU 2U2GHMCKY MOAEKYAAPHU 004G
(Giant Molecular Clouds, GMCs). B Muiednusi bT TeXHUTE MaCH JOCTHIAT JIO HIKOJIKO MH-
mmona M, 10KaTo JoaHATA rpaHuna e mone Hakonko 10% My. Obaactu Ha mpeobIia1aBalno
MOJIEKYJIeH Ta3 ca MO-0e3CTPYKTYPHH.
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@urypa 3.1: Pasupeenenne Ha MosekyaHus ra3 B ragakrukure: a) GMCs (kpbraera), jgerek-
tupann B guauara CO(1 — 0), nanoxkenu sbpxy H1 kapra na M 33 (Imara et al., 2011); b)
kapra Ha emucusita za CO(1 — 0) 8 M 51 (Schinnerer et al., 2013).

O6savHu CTPYKTYypH

GMCs ne ca cdepudnm, a UMaT CJIOKHA BBTPENIHA CTPYKTYpa — YECTO CHJIHO BIAKHECTA H
HEXOMOI'€HHA, ¢ MHOXKECTBO OTJeJIHU Cr'berBanus (clumps), karo rosisima dacr or macara e
CbCPEIOTOYEHA B pa3peleHn 30HH, & MHOI'O MaJIKa — B CHJIHO crbeTenn. CpeaHara ImIbTHOCT Ha
razal, rpacupan or 12CO, e ~ 100 cm 3. Tunnunure pasmepn na GMCs ca geceTkn pc — oba-
KbT Perseus, mokazan na Qur. 3.2 e MaaIbK CIpIMO IOBevYeTO mogo0Hu B ['amakTukara. 11306-
pakKeHHsI C BHCOKA Pe30JIIONUSA ca moydeHn camo 3a 0u3ku u maakn GMCs. Hait-macuBuure
HaceIdaBaT T.Hap. Moaexyaapen npscmen.

Ha cnoxuara crpykrypa na GMCs, Buguma #a kaptu Ha CO emucuuTe, ChbOTBETCTBA, CJI0K-
Ha CTPYKTypa U B MPOCTPAHCTBOTO HA CKOpOCTUTE. THNUYHATA JUCIEPCHs HA CKOPOCTHUTE Ha
Te3u 0GeKTH e JI0CTa [O-ToJifIMa OT TOIJIMHHATa CKOPOCT Ha 3ByKa cs~ 0.2 km.s ™! (1pu remuepa-
typanaraza T = 10 K). 3a uscieBane Ha pa3npe/IeIeHHeTO Ha Ta3a MpH PA3JIHIHU [LTHTHOCTH
B PPV npocrpancrsoro (Position - Position - Velocity) Morar ja ce n3nosi3Bat pa3jinyHu WHIH-
KaTOPH — 3a BCAKa TOYKA HA Kaprara Ce MOJIydaBa CIEeKTbD, KOHTO HU JaBa Pa3lpeleeHHeTO
1o paguannn ckopocru (Pur. 3.2).

KombuanpaHnoTo n3cieBaHe mo HIKOIKO MOJIEKYJISPHI WHINKATOPA ChIO HY /IaBa TPeICcTa-
Ba 3a CTPYKTYypaTa M0 IIBTHOCT U 10 ckopocT. Hampumep, o pannu ot TpuMmepuun PPV ky6ose
ma emucuaTa B 2CO n 3CO moxkeMm 1a ouepTaeM H30-MOBBPXHEHE, KaTo mociaeganTe B -2CO
06uKHOBeHO Cbirbpzkar Te3n B BCO, Tbil KATO I'bPBOTO CheJMHEHNE TPACHPA 110-Pa3PeeHns
ra3. Haii-001110, oT oBbpxHOCTTA K'bM “TeHTbpa’ Ha obJiaka ce HabJIFOgaBa IpaJiMeHT Ha ILIbT-
HOCTTa, HO MOP(OJIOTUATA HUKAK HE € TPOCTA.

Ako pesosonugaTa Ha n300pazkeHHSTa HU IMO3BOJIABA Ja pasrjenaMe IIO-MAJKHTe CKaJ,
mwIbTHOCTTA HapacTBa 10 10° — 107cm ~%u moBede, 10KaTO MacaTa HaMaJdBa 10 HIKOIKO CIbH-
4deBu Macu. Takuba obJiacTu, HapedeHn OOMKHOBEHO “‘sijipa’, ca HApe/eHu OOMKHOBEHO B U 110
NpoTeKeHne Ha BJIaKHA OT pas3pejaeH ra3. MopdoJiorndHo Te ca 1m0o-cKopo cdepouiainm, 3a
pas/jnKa OT OOBUBAIIKMTE T'M CTPYKTYPHU, U CE CMsTa, Y€ MOoraTr ja Obaar MpeaiecTBeHUIN Ha
oTeHN 3Be3au win 3Be3uu Kynose. (I1e pa3sriegame no-nogpo6Ho Te3u obekTu B [asa 14.)

TIpecmernara KaTo 4acTHO Ha MACATA U IPHOJU3HTEIHHA 0HEM.
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®urypa 3.2: Kapra na rurantckust MoJiekyJispen objiak Perseus no emucus *CO (2 — 1) (Sun
et al., 2006). B ropuusi manes e nmokazaH WHTErPUPAHUST 110 BCHYKH CKOPOCTH WHTEH3UTET, & B
JIBE KOJIOHU TI0-JI0JTy Ca KAPTUTE, TOJYYeH! B PA3THIHE CKOPOCTHU KaHAIU (B CKOOH ca yKa3aHu
JMATIA30HATe 110 CKOPOocTH B km.s™1).

Ho sapara ne ce pazrpanuyaBar caMO KaTo HPOCTU, CHPEPOUJIAJIHUA CI'bCTIBAHUA, HO U KATO
10JIO0HU, MPOCTH CTPYKTYPU B IIPOCTPAHCTBOTO Ha CKOpocTute. /lucrnepcusita Ha CKOPOCTUTE
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B TIX IO-CKOPO cyO3ByKoBa — 3a pasymuka oT GMCs, KbIeTo T € CHJIHO CBPbX3BYKOBa. ToBa
JIMYW OT TOIJIMHHOTO pPa3liMpeHue Ha JIMHUUTEe, CpaBHUMO C OYaKBaHOTO OT 4YUCTO TOIJIMHHHA
JABUZKCHUA.

3.2 MHWMuaumkaropm HaA 3Be3/1000pa3yBaHe

Hanpasuxme o0y mperjies Ha cpejara, B KOATO Bb3HUKBAT 3Be3gaure. Cera HeKa ce CIpeMm
u Ha (HEeHOMEHOJIOrusiTa Ha O0EKTHUTE, HeIOCPEeJICTBEHO IPe/IecTBalll 3Be31000pa3yBaHeTo,
KaKTO W Ha MJIQJIUTE 3BE3JHW HaceJeHns. Bucokara CBeTUMOCT Ha MOCJEJIHUTE TTO3BOJISIBA Ja
ru HaOJ/TI0JaBaMe U U3BbH HallaTa [‘ajJakTuka, a cbIlo Ja OIeHUM TIXHOTO Bb3/eifiCTBHE BbpPXY
3a00MKAIAIIATA TH MEXK/IY3BEe3THA CPEIa.

IIpea3Be3gau M IMPOTO3BE3THN 00EKTHU

AKo 3Be371000pa3yBaHeTo 3aI04YBa OT CI'bCTEHO Ia30BO K'bJI0O, ECTECTBEHO € JIa ThPCHM TaKbB
00eKT B 00J1aK, KOMTO e CTYJIeH U He ChAbpKa IMeHTpaJieH TOYKOB M3TOYHHK. I1loM Bb3HUK-
He LPOTO3BE3/IA, U3JI'bYBAHETO U HOCTEHEHHO Il Harpee o0Jlaka, JOKATO Ia3brl IIe aKpeTupa
BBbPXY Hes, KOETO IIe JIOBeje 10 HaMaJigBaHe Ha HEIpO3padHOCTTa. B KpaiiHa cMeTKa 0OBHB-
kata me crane mpo3padyna B NIR n jgake B onruunust jguarma3on, MO3BOJISIBAWKE bPBU MPEKH
HabJro/ieHns Ha 3Be3/1aTa. OcTarbaHo oOpa3yBaHue OKOJIO 3Be3/aTa € aKpenHOHeH JIUCK, KOWTO
IIOCTEIIEHHO C'BINO Ce MONTbINA OT Hesl U YaCTUYIHO ce pa3ceiiBa. OOpa3yBaJara ce 3Be3/a ca CBU-
Ba U momaja BbpXy [maBHaTa mociaegoBaTeHOCT. Ta3u 00IIa TeOpeTHuIHa cXeMa e 3a7J0:KeHa B
OCHOBaTa Ha “CTaHapTHATa Teopust” Ha 3Be37000pa3yBaHeTo, KOSATO Iie onuirem no-gaouay (Hacr
4.2). Ta e mogkpenena or Hab/IOIaTEHA JUATHOCTHKA B HH(GpaYePBeHUst U B CyOMUIMMETPO-
BUs Jauana3oH. [Ipuseenara nadbogaTena Kiacudukaius TpsaoBa Ja ce pa3riekaa IMo-CKOpo
KaTO OpueHmup 3a OTACTHUTE €BOJIOIMOHHY eTalll Ha €JINH IIPe3Be3/IeH U IPOTO3BE3/1eH 00EKT.

e [Ipedsse3dno aAdpo: Bb3HUKBA B cI'bcTeHN 30HM Ha MO, B KOUTO caMOIpaBUTAIUITA HA/I-
JleJisiBa HAJl HETOIJIMHHUTE MEXaHU3MU Ha IO/IPbKKa (MOTOK HA MAIHUTHOTO 1OJI€ HJIH
CBP'bX3BYKOBA TYyPOYJEHTHOCT).

e Jamasmuena npomossesda ¢ akpeyuoren duck: oopMs ce U HapacTBa B IEHTHbPa Ha KO-
Jtaricupair oosak. HabsroiaBar ce B cyOMusimMeTpoBusi U nHpadepBeHns JIHala30H 10-
paJjiu MbJIHOTO €eKpaHupaHe Ha MacuBHaTa 0OBUBKa. /la pasriemsamve sapo ¢ maca ~ 1 My,
HA0JII0/[aBAaHO B €MHCHH Ha Ipaxa WJIH Ha MOJeKy/au. Koraro B meHTbpa My Bb3HHKHE
3Be3/a, T Ie ObJe ¢ MHOTO MaJjKa Maca M CBETHMOCT U 3aTOBa Ine Obje B ChCTOAHHE
JTa, HArpee CaMoO MAaJKO KOJHYeCTBO Ipax W TO B HemOoCpeacTBeHa Oam3ocT. Taka B mb-
HOTO W3/IbYBAHE HAN-TOJISM 51 1€ UMa TOILIMHHATA €MHCHsl HA IIpaxa IIPU Heronara
paBHOBecHa Temneparypa u SED Ha u3rouHmKa ImMe m3riexk/1a KaTo TOBA HA MPEIXOHUS
€BOJTIOIMOHEH eTall.

Ho uma w apyru b3moxkuu naaukaropu. Hanpumep, nabaogasanoro N-pdf mma MmaOTO
OCT'BD W Hepas/ejaeH MaKCUMyM. /Ipyr XxapakTepeH WHIUKATOD € HATUINETO HA M3TUIAHe
Ha BerecTBo (outflow) pajmaano oT HeHTbpa Ha APOTO U MPOIBIKABAIIO HIKOIKO JICHA.
Takua 6UIIOJIIPHU CTPYKTYPHU C BUCOKU CKOPOCTH MOTI'AT Jla ce HADJIIOJaBaT B MOJIEKY/IHU
emucun. Herpeku cBujieTesicTBa 3a TX € JIETEKTUPAHETO HA MOJIEKYJIHU €MUCHU C BUCOKHU
HUBA Ha Bb30yXKaHe, HanpuMep JuaugTa SiO(2 — 1), Koo 00UKHOBEHO ce HabJIr0/1aBa



3.2 NnapukaTopu Ha 3Be31000pa3yBaHe 22

! 1 ¢ Temmepatypa nakonxkocrorun K. Eamn-

B ra3, JBHUZKEII e ¢ HAKOJKO aeceTkn km.s™
CTBEHO KOMIAKTeH 00eKT ¢ Bropa KocMmuecka ckopoct = 100 km.s™! moxe na yckopu

raza B MO 110 TakuBa CTOHHOCTH.

e [Ipomossesda c axpeyuorern duck u OUNOAAPHO U3MUYAHE: 3BE3THATE BETPOBE U U3IbU-
BaHe mpoOuBaT OOBMBKATa 110 POTAMOHHATA OC HA CHUCTEMaTa M Cb3J1aBAT MOCTOAHHO
OWIOJIIPHO U3IBIBaHE, KOETO HaKpasl BOIM 10 pasceiiBane Ha oOBuBKaTta. OOEKTHT Be-
4Je ce HAOJIOJaBa B ONTUYHUA U OJU3KUs uHpadepBeH guana3on. Karo kpurepuii Ha
pa3rpaHUYeHHe CIPIMO MPEJIXOIHHS eTall JIHeC ce MpueMa CJIeTHUIT: CyOMHIIMeTpoBaTa
ceetuMocT (3a A > 350um) na nague nox 0.5% o mbianata 6oJoMeTpHYHA CBETUMOCT. B
npakTuKara obade 1mo-4ecTo ce u3loJ/3Ba JApyra HabJ/oaemMa BeJmdnHa: 60J0MeTpuIHaTa
Temueparypa Tiel, OlpeIe/ieHa KaTo TeMieparypara Ha abCOTIOTHO YEPHO TSLIO ¢ 9eCTOTa
Ha W3JIbUBaHe, ycpeJaHeHa 1Mo MOTOK, paBHA Ha ompeaeaeHaTa mo Habmogaanoro SED:

[ vB,(Tyo)dv B JvF,dv
[ B,(Tha)dv [ F,dv

(3.1)

Koraro nporo3se3zara gocruruae Ty, = 70 K, 1a ce kiacudunupa Karo 00eKT 0T KJIac
I (Bk. coresBamaTa 4acr), HO-HATATBIIHATA I €BOJIONUS ce onpegens or Heitnoro SED
B nH(padepBenns auana3on. Ha mo-panHan craaun HeifHaTa MpaxoBa 0OOBHBKa € TOJIKOBA
OITHYHO Jebesa, ye HaOI0ZaTe/IAT M300IM0 He BUXKJAa HeifHaTa (orocdepa, a peruct-
pUpa caMoO TOILTMHHATA eMHUCHUs Ha mpaxa. Tbit KaTo paamychbT Ha OOBHBKATa € MHOTO
MO-TOJISIM OT TO3U Ha 3Be3/aTa, a cBeTUMOocTHTe UM paBHu (mpaxbT e B LTE), Lays; ¢hoT-
BETCTBa Ha 1O-HUCKa TeMIiepaTypa U CbOTBETHO IIO-I'OJIEMU A'bJIZKUHU Ha B'bJIHATA A OT
JIpyra CTpaHa, HelMPO3PAaIHOCTTa HA MPaXa HAMAJISBA C A; TaKa W3/BIBAHETO C€ OTMECTBA
KbM JIbJ2KAHHA HA BbJIHATA, K'bJIETO IPAXbT € ONTUYECKH ThbHBbK U HallycKa obekTa. Hab-
JIIoJaBaMe He 3Be3Ha, a “‘mpaxoBa ¢orocdepa’. Taka KoJIOHKOBaTa ILTLTHOCT Ha IIpaxa
OKOJTO 3Be37aTa € IPOIMOPINOHATHA Ha OTMECTBAHETO HA MAKCUMYMAa Ha U3IBIBAHETO K'bM
[O-TOJIEMHU IbJIZKWHE, 34 J1a HAILYyCHE TO ODEKTA.

O6ekTu ¢ makcumymu Ha SED, pasmno/iozxenn 110-0/1130 10 ONTUYHASA JUAIA30H, Ca B I10-
HalpeHasl CTaJuil Ha eBOJIIONHUs, 3aI0TO Ca 3aryOu/in mO-rojigMa 4acT OT OOBUBKUTE CH.
[Tpu T}, = 650 K Beue roBopum 3a obekT ot kjaac I, T.e.

o Muada 36e3da ¢ (npomo)naanemen duck u nowmu 6e3 066u6Ka: OOBUBKATA € HAIIBJIHO
MOTHJIHATA, OT 3BE3/aTa WK Ce € PA3Cesiyia OT OOPATHH MPOIECH. 3aTOBA TS € Bede OMTUIHO
TbHKA BbB BHIUMHUS JIMANA30H U MOXKEM Jia HaOJI0JaBaMe IIPsSKO 3Be3HaTa arMocdepa,
T.e. YepHOTeTHO m3abiBaHe ¢ m3aumbK B NIR m MIR, KoiiTo mpeacTaBigBa mpuHOC Ha
TOITHS Ta30B aucK. TakuBa 00EKTH ca MO3HATH CBINO KaTo Kjaacmuecku Tun 1T Tauri.
[Tonezke JIMCK'BT UM BCe OIle UMa 3HAYUTE/IHA Maca, [pejioJara ce, 4e ToBa € eTairbT, Ha
KOfiTO nporuva oOpa3yBaHeTO Ha, IJIAaHETH.

e Maada 36esda ¢ pasceticaw, ce uau onmuyecku monsk duck: The final class is class III,
which in terms of SED have a;r < —1.6. Stars in this class correspond to weak line
T Tauri stars. The SEDs of these stars look like bare stellar photospheres in the optical
through the mid-infrared. If there is any IR excess at all, it is in the very far IR, indicating
that the emitting circumstellar material is cool and located far from the star. The idea
here is that the disk around them has begun to dissipate, and is either now optically thin
at IR wavelengths or completely dissipated, so there is no strong IR excess.
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However, these stars are still not mature main sequence stars. First of all, their temperatures
and luminosities do not correspond to those of main sequence stars. Instead, they are still
puffed up to larger radii, so they tend to have either lower effective temperatures or
higher bolometric luminosities (or both) than main sequence stars of the same mass.
Second, they show extremely high levels of magnetic activity compared to main sequence
stars, producing high levels of x-ray emission. Third, they show lithium absorption lines
in their atmospheres. This is significant because lithium is easily destroyed by nuclear
reactions at high temperatures, and no main sequence stars with convective photospheres
show Li absorption. Young stars show it only because there has not yet been time for all
the Li to burn.

CraTucruka Ha MJIaa 3BE€31HUN HaCeJIEHUA: B Mieynusa I'bT U1 U3BbH

Young stars tend to be born in the presence of other stars, rather than by themselves. This is
not surprising: the gas cores from which they form are very small fragments, ~ 1 M, inside
much larger, ~ 10° Myclouds. It would be surprising if only one tiny fragment formed. The
smallest scale we can look at beyond a single star is multiple systems. When we do so, we find
that a significant fraction of stars are members of multiple systems — usually binaries, but also
some triples, quadruples, and larger. The multiplicity is a strong function of stellar mass. The
vast majority of B and earlier stars are multiples, while the majority of G, K, and M stars are
singles. This means that most stars are single, but that most massive stars are multiples. The
distribution of binary periods is extremely broad, ranging from hours to Myr. The origin of the
distribution of periods, and of the mass-dependence of the multiplicity fraction, is a significant
area of research in star formation theory. C pa3snpenenennero na myajguTe 3BE37U 110 MacCH,
napedero IMF (Initial Mass Function), me ce 3aunmaem no-nogpo6uo B Hacr 18.

B raaktukunre n3BbH MecTHATA IPyIIa HE MOZKEM 1A IOy IUM CIEKTPH U JT0pH (HOTOMETPHUST
Ha oTaenHu 3Be3au. Jla mpemmosoxkum, de 3uaem (Hopmupanara) IME dn/dm, c¢be cpeana
3Be3jiHa Maca M. AKo cseruMocTTa’ Ha 3Be3ja ¢ Maca m 1 B MoMenT t e L(m,t), To obmara
CBETHMOCT Ha 3Be3JIHO HacejeHue ¢ Opoit IV, obpa3yBaJio ce eJHOBpeMeHHO B MOMeHT t = (), 111e
Obe:

= N*/L m,t) —dm (3.2)
0

Heka cera pasriejaMe Iisijia rajJakTHKa ChC CKOPOCT Ha 3Be31000pasysane® M, (t). Torasa
3a 00IaTa CBETHMOCT Ha 3BE3JHOTO HAcCeJeHHe, KOETO € HAJINIE KbM HACTOSIINSA MOMEHT g,
OT CBIECTBYBaHETO Ha IaJlAKTHKATA, IIOJIydaBaMe:

gal . o0

/Lmt—dm

0

L,=

Heka kato wbpBo npubauzkenue npuemem, ue M, (t) = const. Tbit karo dyuknusra L(m,t)
KJIOHH K'bM HyJIa CJIeJ] JOCTATHUHO JIbJINO BPeMe, MOKeM Ja Pa3fe]uM WHTerpajuTe 1mo m u t

2:E‘)O.]'IOMeTpI/ILIHE‘l NN B HAKAKDBB CIIEKTPAJICH AUAIla30H.
3TlocnennaTa BeIMYMHA 4ecTO ce 0603HAUABA ChC chKpammennero SFR: Star Formation Rate.



3.2 NnapukaTopu Ha 3Be31000pa3yBaHe 24

n Ja 3alluIIeM:

gal
M M
/—dm L(m t / the m d y (33)

KbeTO {Liife ), € bJIHATA €HEePrHs, U3TbIeHa OT 3Be3/IaTa 3a HEHHOTO BpeMe Ha KUBOT. V3pa-
3T oTagcHo 3aBucu or SFR M,, oT 0cBoGoIeHATA eHEpTHsT (Liite)m m o1 IMF dn/dm. Bropara
BeJIMYMHA MOXKEM Jla IIPECMETHEM OT TEOPHATA 3a 3BE3IHHUsI CTPOEK W eBoJonus, a L e u3-
MepBaeMa BejqnduHa. ToraBa 3amaBanero Ha IMF me mu gaze omenka na SFR. @usmueckara
KapTHHA e, 9e ako HabJroJaBaMe 3BE3IHO HaceJeHHe, TPH KOeTO € HAJIWIEe PABHOBECHE MerK-
JIy HOBOOOPA3yBaHHW U YMHPAIIH 3BE3/Id, IILJIHALAT OPOil 3Be3/11, JONPUHACAI KbM H3MepeHaTa
CBETHMOCT, € IIPOMOPIIMOHAIEH Ha CKOPOCTTA Ha TSIXHOTO Bb3HHKBAHE.

Jamm obade gomyckanero 3a nocrosnaa SFR e ocmoBarenno? 3aBucu or cucremara, KO-
daT0 pasmiexkjgame. To e pasyMHO 3a rajlakTHKH, KOMTO HE U3IMUTBAT BbHIIHA HEPTypOalius
n 3a nepmoau, MHOTO IO-MaJIKH OT AUMHAMHUYIHOTO BpeMe4 tdyn' AKO pa3rjexKjaiamMme CBETUMOCT
B CIEKTpAJIeH JUANa30H, B KOHTO H3/IBIBAT Haji-Bede 3Be3IH ¢ KPATBK KHBOT (K tgyn), TO
L(m,t) xnouu 6Gbp30 K'bM HyJIA U TPEANOJIOKEHHETO € OJM30 10 ucThuHaTa. HeobxoaumocTra
TOBa U3UCKBaHE da 6']))16 U3II'bJIHEHO HU BOAM A0 HU3IOJI3BAHETO Ha CBETUMOCTHU B JUalla30HU,
K'bJIETO Peod/1a1aBa N3IbIBAHETO HA MHOI'O MAaCHUBHE 3Be3JIH, ¢ TBbP/E KPATKO BpeMe Ha yKu-
BOT. BaTOBa HU MHTEepeCyBaT NOAXO/JN 3a JETEKTUPaHe Ha MJIaAul MaCUBHU 3BE3/U. ETO HAKON
OT THX:

Pexombunauuonmu AuHUY: BEPOSITHO HAM-U3I0I3BAHUST METO/I, a 3a Ha3eMHHU HabJIIo/1e-
HHd Ha IMOBEYETO I'aJIJaKTUKHW U €JUHCTBEHUAT METO/ € JCTECKINATA Ha peKOM6I/IHaHI/IOHHI/I
JINHUK Ha BOIOPOJa. Berb mperses Ha CIEKTpUTe Ha TAJTaKTHKH, OT TaKuBa 0e3 3Be3710-
obpasysane (tunose E4 u SB) 10 muoro aktusnu (Sc 1 Sm/Im) mokassa rogemMu pasinkn
0 OTHOIIEHNe HATnYneTo Ha eMucuonun qunnu (Pur. 3.3). Haili-cuino u3paseHure JTUHAH
caH, A 6563 A u the Hp A 4861 A.BNIR (Henokazanu Ha dburypara) ce nabuoaBar Pa o
(A=1.87 um) u  ((A = 1.28 um)), xkaxro u Bra (A = 4.05 um) and v (A = 2.17 um).
Te3n muHUM ca MHAWMKATOPHU Ha 3Be371000pa3yBaHe, 3a10To ce renepupar B H 1T obnacture
OKOJIO MJIAIM 3BE3/I1, a 338 Bb3HUKBAHETO Ha TaKUBa 00JIaCTH 3Be3/1aTa TpsaOBa ga Oble ¢
Maca mone 10-20 M.

Obtaining a numerical conversion between the observed luminosity in one of these lines
and the SFR is a four-step process. First, we do the quantum statistical mechanics
calculation to compute the yield of photons in the various lines per recombination.
Second, we equate the total recombination rate to the total ionization rate, and use
this to determine the total rate of emission for the line in question per ionizing photon
injected into the nebula. Third, we use stellar models to compute (Lioy. life)m, the total
ionizing photon production by a star of mass m over its lifetime. Four, we evaluate the
integral over the IMF given by equation (3.3) to obtain the numerical conversion between
SEFR and luminosity.

Note that there are significant uncertainties in these numbers, the biggest one of which is
the IMF. The reason the IMF matters so much is that the light is completely dominated by
the massive stars, while the mass is all on the low mass stars we’re not observing directly.
To give an example, for a Chabrier IMF stars more massive than 15 Mgcontribute 99% of

40Oxomo 200 Myr 3a ranaxTuka oT Tuna Ha MedHns Wb,
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®urypa 3.3: PeKoMOUHAIMOHHN JIMHAHM B CIEKTPH HA TAJAKTHKA OT pa3indeH XbOJOB THII
(ykazaH B TOpHUTE JIeBU bIviH). 3aumcTBaHo or Kennicutt (1992).

the total ionizing flux for a stellar population, but constitute less than 0.3% of the mass.
Thus we are extrapolating by at least a factor of 30 in mass, and small changes in the
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IMF can produce large changes in the resulting ionizing luminosity to mass conversion.

- Cnupauro usasueare 6 paduoduanasona: TakoBa U3 rpaBaHe € CHINO XapakTepHo 3a H 11 06-
JIACTUTE, PEIOM CbC CBbP3aHO-CBbP3aHU IPEXOau B OOBHBKATA HA BOIOPOJHHSA M APYTH
THIIOBe aTOMH. Hamn4aneTo Ha rojeMu KOJIn4IecTBa HOHN 00yCIaBsa YCKOPEeHHne Ha CBOOOIHN
eJIeKTPOHH. TYIXHOTO CHUPAYHO H3JIbYBaHe Fig € IMPOMOPINOHAIHO Ha KOHIIEHTPAIMUTE Ha,
JBaTa TUMA JacTHIM. 1'bil KATO CKOPOCTTA HA PEKOMOWHAIMS € ChINO IMPOMOPIHOHATHA
Ha NeNp+ W € PaBHA Ha CKOPOCTTA Ha WOHM3AIMS, MTOTOK'BT Flg € MpOomopInoHaIeH Ha CKO-
pocTTa Ha BHacgHe Ha onusuparu ¢poronu B H 11 ob1acrra. OT no3HaBaneTo Ha BTOpaTa
BeJIMYNHA, Bb3 OCHOBA Ha (pu3MKaTa HA Te3W 30HU, MOxKeM ja oneHuMm SER.

To3u Meron e MHOrO edeKTUBeH, 3al0TO PaIUON3TbIBAHETO HE Ce eKpaHHpa OT Mpaxa.
Toit e ocobeno 3a npeanoduTane npu HabaOAeHnS B MiledHus mbT, HA MAJIKHA TAJIaKTHIHA
mupuan. OT Apyra crpaHa, eMHCHHUTE TMOPAJIH CIUPAYHO U3/TbYBaHE Ca C1adu u odepra-
BaHeTo Ha otTaeanara HIT obact e abcoIioTHO HEOOXOIMMO, 33 Jla T PAa3JIUYUM OT JIPyTu
U3TOYHMIIN.

- Ungpavepsero udasusane na npara: ToBa e TOIXOANT MHANKATOP 38 TAJAKTHKHU C TOJISI-
MO TPaxoBO Chabp:kanne u mo-sucoku SFR. Excrunkmusita Ha nmpaxa cbh3gasa mpobdieMn
nopa/u eeKTUBHOTO O TbINane Ha Banveposara cepus (Bxk. Hacr 1.1). Ilpn undpadep-
Benute cepun Ha Paschen u Bracket mornbmamero e ciabo, HO IbK Te ca Ha 1-2 mopsIbKa
10-CJ1IabK U €A TPY/IHO JIETEKTUPYEMHU.

Ho B rasiakTuka ¢ JJOCTaT'b4HO Cb/[bpPKaHKe HA 1IPAX HPAKTUYECKH lig/laTa 3Be3/IHa CBeT-
JIMHA Ce MOII'bIa OT npamunkute, kouto g npeusjibiBar B FIR. Taka crnekrpasnoro
pasnpezesnenne Ha eHeprusita (SED) mva makcumym B nH(bpavdepBeHus IHana3oH U WH-
TerpaJHOTO WHMpadepBeHO M3IbUBaHe Ha FaJaKTUKATa MOYKe /1a ce U3MO0JI3Ba KATO MIpKa
3a 00IaTa cBeTUMOCT L, Ha 3Be3IHOTO HaceJeHne. B rajakTuky nian 00J1acTi OT TIX ¢ BU-
cokn SFR, kbaeTo perexknusara na H,ou Apyru peKOMOMHATIMOHHY JIMHUU HE € HaJIeKTHA,
OI'POMHUST IIPUHOC K'bM L, ce najia na mjajaure 3se3/u. [lopajiu Kparkoro BpeMe Ha Ku-
BOT HA TaKWBa O0EKTH, I'bJIHUAT UM OPOil BbB BCEKM MOMEHT € MPOCTO MPOTOPIIMOHAICH

na SFR.

- HTupoxousuuna yampasuosemosa domomempus: CraBa ayma 3a (HOTOHU C JIbJIKAHA
HaJ JlaiiMaHOBHST KOHTHHYYM, HO MO-MAJKH OT JMANa30Ha HAa MAKCHMAJIHO W3TIHIBaHE
Ha mo-cTapu 3Be3anm Hacegenms: 1250 < A < 2500 A, [lopagu HeBBH3MOXKHOCTTA, Ja
HOHU3UPAT BOJOPOJA, Te3W (POTOHM HAIYCKAT TaJaKTUKATa, a IPU TOJEMH 2 MOrar Jia
ObjaT JeTEKTUPAHU M OT 3eMHaTa HOBbPXHOCT. 3a TrajJakTuku or Osm3kara Bceesena ca
HeoOXoMMK HAOJIFOAEHNST OT KOCMOCA; T'OJISIM HAIIPeIbK B Ta3W MOCOKa Oere oTde/is3aH
¢ myckanero Ha caresuta GALEX, ynnuto nerexkropu ¢pyukmmonupar Ha abaxuan 1300-
1800 (FUV) and 1800-2800 A(NUV). (IIbpsusar Bede e n3ppu ymorpeba.) Emucusra B
Te3W WBHIM Ce JTbJKH IPEJIUMHO Ha 3Be31u ¢ Macu 2 5 Mg, T.e. ¢ BpeMeHa Ha YKHBOT
~50 Myr, KoeTo e XapaKTepHOTO BpeMe 3a oreHka Ha SFR.

Habmonenuara B UV cTpagar oT cbhimuTe mpobdIeMi KaTO eKCTHHKIINATA Ha npaxa u H,—
U JIOpM 1I0-CEPUO3HHU, T'bil KaTO HENPO3padHOCTTAa HapacTBa ¢ 4decrorara. Ho or japyra
cTpaHa, Te ca 0-MaJIKO 4yBCTBHTEIHU K'bM Bb3npuerara IMF, orkonkoro H,, Tbit kKaTo
itonmsupaInTe (POTOHNU MPOW3XOXKIAT OT OIE TO-TOPENIN 3BE3/IN.
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Kparka ucropus Ha TeopeTudyHUTE MOJAEJIU

3Besutre cbe cpeana mrbrHocT (2 102* ¢cm™) u pasmepu or mopsabka na AU ce obpasysar
or MC ¢ Tunnunn nabtHocTd 1 cm™ (aTomua dasza) u cToTHIE ¢cm™> U pa3Mepn OT JeceTKn
pc (MO) miau ~ 1 pe (muaau kynose). ToBa e orpoMua KOMIpPeCcUst U €JIMHCTBEHATA CUJIA, KO-
ATO MOZKe JIa 9 MPUYUHE, € TPaBUTAIMATA. B'b3MOKHU areHTH Ha MPOTUBOACHCTBHE Ca: ra30BO
(TOIIMHHO) HaJssiraHe Ha CpejaTa, ejpoMamabHa TypOYJIeTHOCT, MAIHUTHU TOJIETA, HAJISITAHE
Ha Jrpaennero. C'bBpeMeHHATa Teopus Ha 3Be37000pa3syBaHeTo € OCHOBAHA Ha CJOXKHOTO B3au-
MOJeHCTBIe MexKly BCUUKHA Te3n (beHOMeHH. TyK IIe HAIpABUM CAMO IIPErJie] Ha IPeIXOTHOTO
HCTOPUYECKO Pa3BUTHE, a B CJEJABAIIATE YaCTH IIE Ce CIpeM HO-NOAPOOHO Ha (u3uKara Ha
3Be31000pa3yBaHeTo, KAaKTO W Ha 00JIacTuTe W 00EKTHTE, B KOUTO TO ITPOTHYA.

4.1 IIbpBarta nmapaaurma: rpaBUTaIld CPENLy ra30BO HAJIs-
raHe

['pyOu onenkn 3a MuHMMaHUTE pasmep [ m maca M wa camorpaBuTupail, chepudeH ra3on
obeM 0T MexKTy3Be3/iHaTa cpeja MOTaT Jjia ce IOoJIydaT OT YPAaBHEHHETO 3a XHIPOCTATHIHO PaB-
HOBecue. AKO mpueMeM, ue TaK'bB KoJarnc e uzorepmuvet (1= const), 3amovsa mpu HUIIOKHO
HaJ/IslaHe U 3aBbpLIBA IPU CBUBaHE Ha obema 10 TouKa (R ~ 0) u najgarane P, 1o:

dP = —gpdr — AP = P =| — gpAR)|
— %pT = GR/\QA/)R = —GégﬁppR
Ottyk 3a R u M monydaBame:
o N
M=o - (%) N (G%)/ e (42)

TouHnTE CTORHOCTH HA TE3H BeJUYUHHU Ca n3BegeHn or Ixeiivce KUHC OT XUApOIMHAMMIY-
HO pa3rjiex/iaHe Ha MaJika ueprypbanus p' B U30TepMUYEH U XOMOreHeH (pg = const) duryu,
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YUATO TPABATAIMOHEH MOTEHIMAJ Ce OMucBa or ypasHenuero Ha Iloacon (Poisson). Cuen us-
BECTHU MaTEeMaTUYeCKH OLE€PAIlUK C€ CTUTA JI0 BbJHOBO JIM(EPEHIIMAJIHO yPABHEHUE C PEIICHKE
n JUCIIEPpCUOHHO C'bOTHOIIEHHE C'bOTBETHO:

p=Aexp (z’(lg,\.f'— w.t))

w? =k —4nGp,

Kbaero ¢s = /KT /p e ckopocrTa Ha 3ByKa B cpejara, a ky € BbIHOBOTO 4YUCJO. [Ipexomabr
MeKy peajlHa U UMarmHepHa CTOWHOCT HA W Ce OCHINEeCTBIBA IPU KPUTHIHATA JBANHCUHA HE

Locunc:
5 1/2
T T
Aj=—=| =— Cs (4.3)
kg Gpo
[Ipu A < \; meprypbamnusara OCIIIIpPa, HO HE HAPACTBA IO AMILJIATY/A, JOKATO B OOpATHUSI
caydail aMIIUTyJaTa HapacTBa eKCIIOHEHIHAJIHO BbB BpeMeTo. C JIpyru JaymMu, ako 00JacTTa
e JIOCTATBUYHO TOJsiMa (M MAcHUBHA), Iie 3amnodude kKosamnc. ChboTBeTCTBANIATA HA \j KPUTUIHA

Maca ce Hapuyda Maca Ha J>kuHC:

. 3/2
My = g—ﬂ T3/2 p=1/2 (4.4)
+ 3/2 —1/2
_ P —3/2
=1.2x10° — — 4.
My AOMe | g 1024 g/cm3 . (4:5)

[Inonepckara padbora Ha /Ixunc has triggered numerous attempts to derive solutions to the
collapse problem, rigorous analytical as well as numerical ones. Particularly noteworthy are the
studies by Bonnor (1956) and Ebert (1957) who independently of each other derived analytical
solutions for the equilibrium structure of spherical density perturbations in self-gravitating
isothermal ideal gases and a criterion for gravitational collapse.

Ha kyiacuueckara juHaMudIHA Teopusd Iie ce cipeM moapoono B Hact 9. Tyk 1ie orbdesiezkum
caMoO HAKOH OT MpOoOJIeMHTe, Ha KOUTO Ce HATHKBA TH:

e MO ca mocra HeycToOWdMBH criopes KpuTepusi Ha JIKWHC, HO ce OKa3Ba, de Te He 00pa-
3yeam 36e30U € BUCOKA CKOPOCT U C 20AaMa efexmusnocm. HabmogareTHuTe OMEHKH
couar riobanna SFE B obnanure ensa ~ 5 %. Crnenosarenno ca Haaune ¢pakTopu, KOUTO
Bb3IPENATCTBAT KOJIAIC HA TOJIEMH CKAJIH.

e Yak 0 magasoro Ha 90-te rogunu MO ca cmgaranu 3a 06eKTH B NPHOJIU3UTETHO PABHO-
BeCHe M IbJIbI KUBOT.

e He e oruyereHo 3ama3BaHeTo HA MOMEHTa Ha HMIIYJICA.

® MOﬂeKyJIHpHI/ITe O6JI3J_II/I Ca MacHEMUSUPGHU, & KJIaCUIECKaTa TE€OPpHuA HE OTUYUTA 3alla3-
BAHETO Ha Malr'HUTHHA ITOTOK B XO/Ja Ha KOJIalICa.

Taka ce crura A0 peBUu3ud Ha II'bpBOHa4daJIHaTa TE€OPUHI.
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4.2 “CrapgapTHa Teopud’: KOJAIIC C MAarHUTHA MOAAPbKKA

Ome Mestel & Spitzer (1956) u3kasBar ¢boOparKeHHETO, Y€ MATHUTHATE MOJIeTa MOTaT J1a MPe-
JOTBPATAT IPABUTAMOHHNA Koamc. OT pasriexkaHe Ha ypaBHEHHETO Ha BUpHaa B chepuaHa
006J1aCT OT M30TEPMHUYHA XOMOTeHHA (p = const) cpeja ¢ XOMOI€HHO MATHUTHO mojie B Mozxe
Ja ce MOKayKke, 4e CaMOTPABUTAIMATA Ce ypaBHOBeCABa OT MATHUTHHTE CHJIM, aKO MacaTa Ha
JaJeHara 00/1acT HaJAMUHABA, ONpeIe/IeHa KPUTHIHA, CTORHOCT:

53/2 g3

M = ASTE2 G322

n >_2 By (4.6)

— 4 x 10°M ( 2
© 3 uG

1 cm—3
N36panara HopMupoBKa oT 3 LG ¢HOTBETCTBA Ha ChBpPeMEHHATA ONEHKA 3a CPeIHATa CTOWHOCT
Ha noJiero B xaagnara [ISM (Bxk. Hacr 8). [Ipu takoBa mojie KpurudHara MOBbPXHOCTHA ILI'BT-
HocT 3a KoJarc e 7 Mg .pc™? miam npocrpancTsena mwirbTaoct 230 cm 3B cioii ¢ nebesmna 1 pe.
AKo 00/1aKBT € YCTORYNB B MArHUTOCTATHYEH CMUCH/I, TOW ce Hapu4da cyOxpumuveH, a nHade
— CEBPBTKPUIMUYEN.

EctrecTBeHOTO OCHOBHO HpPEINOIOKEHUE €, Ue 3Be3UTe Bb3HUKBAT OT II'bPBOHAYATIHO Mar-
HUTHO CyOKpUTUYHHM siipa. “MaraurHara o ipbKka’ ce HpeoposiBa bjarojapenue Ha 1poiec,
HapedeH ambunosapha Jupysus. Bbp pusukara Ha mIasmMara MOCAEIHOTO MOHATHE Ce OTHACS
JI0 eJIEKTPOCTATUYIHO YA bpPyKaHe HA fOHW W €JIeKTPOHU B €IWH aHCAMObBJI, KOWTO MPEThPIIs-
Ba jpeiid B HeyTpaseH ra3. Bbs dusnkara Ha MexkIy3Be3jHaTa cpejia obade ce pas3riekia
HeroB MarauTen anaJjor. Cunara Ha JIopeHI jgeiicTBa e MHCTBEHO HA HOHUTE U 00yC/IaBs TeX-
Hus Japeiid cIpaMo HeyTpaJHHTe YACTUIM, KATO cpegHaTa JApeitdpoBa CKOPOCT ce OIpeaess OT
Oastanca Mez 1y cujiara Ha JIOpeHI u cujiara Ha TPUEHE MOPa/Iu COBCHIM MEZK Iy HOHU U HEeyT-
paJIHW YaCTUIN. B ra3 ¢ HUCKa cTeleH Ha HOHM3AIMs TaKnmBa COMBLCBIN ca PeAKn’ n apeiidhbT
Ha HeyTpaJHus aHcaMOb e edekTuBeH. HeyTpagHUAT ra3 ce crbCTgaBa HAIPEYHO CIPSIMO JIH-
HUUTE Ha IIOJIeTO, KaTO JIOKAJTHATA ITbTHOCT HApacTBa, JOKaTO B ocTaBa mocTOAHHO. CbIIacHO
ropuara dopmyia (4.6) kpurnunara maca M., HaMangBa U TOBA € GJATONPUATHO 3a IPABUTA-
nuonHus Kostarc. OUeHKUTe NOKAa3BaT, 9Y€ HPU THUIMIHUTE HUBA HA HOHW3AIWS U pa3Mepu Ha
MO, xapakTepHOTO BpeMe Ha aMmbunoaspua audysus e Tap ~ 107 roauun, T.e. Ha TMOPAIBK U
IoBeYe MO-TOJISIMO OT JTHHAMHYIHOTO Bpeme Ty Ha cucremara (McKee et al. 1993). Tosa moxke
Jla, ODOZCHH 3all0 3Be3000pa3yBaHeTo MPOTHYa Ha MHOIO IO-0aBHU CKOPOCTH, C'bIJIACHO Hab-
JIIOJICHUATA HA HOPMaJHU ragakTuku. OT Jpyra cTpaHa, Taop € JOCTATbIHO MAaJKoO, 3a Jia CH
OTTOBOPHUM Ha, BHIIPOCA 3aII0 MAIHUTHUTE [OJIETa HE MOTAT HAII'bJIHO 14 PEJIOTBPATIT KOJIAll-
ca u ¢pparmentarusara za MO. Ilpu Becuuku cirygan T0 ce chryiacyBa ¢ Bb3pacTTa Ha obJarure,
KosTO Tipe3 80-Te roguHu ce e onensaia Ha 30-100 Myr (Solomon et al. 1987).

Te3u cboOpazkeHus BOJAT 10 pa3padOTBAHETO Ha PEBU3MPaHa TEOpHS Ha 3BE3000pa3yBaHe
(CUpsIMO YHCTO XUIAPOJMHAMHYEH KOJIAIC), OTYnTamia MarautHarta audysus. Pemennero Ha
®pank [y (Shu 1977) 3a Kosialic npu TakKuBa YCJOBHUs € IIOJIyYEHO 3a KOJIAIC HA MATHHTHO
cyOkpuTnyen uzorepmuden oosiak. Ilpejinosara ce, 4e B Tak'bB 00J1aK aMOUIOIIpHATA Uy 33Ut
BOJM JI0 BB3HMKBaHe Ha CTPYKTypa ¢ npodui Ha marbTHocTTa p(r) o 772, KOATO ce CBUBa
3a XapaKTEepHO BpeMe ~ Tap. 103U eBOJIIONUOHEH eTall ce Hapuda KBa3UCTATHYEH, MOHEXKe
Tap > Tg. llocTenenHo B neHTbpa Bb3HUKBA CUHTYJISIPHO CI'bCTSIBAaHE, a CHCTEMATa KaTo IS0
e HeyCTOIuMBA U MPeThPIsiBa KOJIANC OTBbTpe HaBbH (inside-out collapse). ToraBa MmaruuTHuTE
noJiera rydosaT CBOATA JUHAMHUYHA, 3HAYUMOCT. OTBBHTPE HABbH €€ Pa3npOCTpaHsIBA BbJIHA HA
pa3pekjane ¢bC CKOPOCTTA HA 3BYKa, KATO MAaTEPHUAIbT 33 Hes majga CBOOOIHO KbM SIIPOTO,

IT.e. cpeanuar csobojen npober Ha HeyTpPaJIHATa YACTHIA € TOJIAM.
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a mpej Hed e B mokoit. Mogenst Ha Iy mpejckasba MOCTOSHHA CKOPOCT Ha aKpelus BbPXY
uporossesaara dM/dt = 0.975¢3 /G = const.

C

. 14 2
®urypa 4.1: Cragun Ha 3Be371000pa3yBaHero crmope “‘crangapraara Teopus” (mo Shu, Adams &
Lizano 1987): (a) O6pa3ysane na siapa B MO, mpu nocrenenna 3aryba Ha MAarHUTHA MOJIPbKKA;
(b) B menTbpa HA 00JAYHOTO AP0 ce 06pa3yBa MPOTO3BE3JIa, PH KOJIAIC OTBbTPEe-HABbH; (C)
3Be3HUAT BATHD Cb3/aBa OUIIOIAPHO U3THYAHE IO poraiionHaTa oc; (d) Akpenusra ciupa u
HOBOOOpa3yBaHaTa 3Be3/a C JIMCK ‘ce pa3rojiba’ 3a HaOJII0aTesIs.

Crangapraara Teopus e o6o6mmena B Shu, Adams & Lizano (1987). Ta ¢bnocrasst ciegHara
buznuecka kKapTuHa Ha pazniuaHATe has3u HA TPOTO3BE3AHATA eBosonus (cpB. Jact 3.2).

1. Ilpedssesdna ¢asa: MaranTHO CYOKPUTHYIHN CI'bCTSIBAHWS 3aM0YBAT Ja Ce CBUBAT DaB-
HO MOpa/iu 3aryba Ha MarHUTHA MO/IPbKKa, 00yCJIOBeHa OoT ambunoigpaa audysud. OT
TaKHBa sgIpa ce o0pa3yBaT eIUHUYHU 3Be3Au. MarHUTHO CBPBbXKPUTHIHHUTE SIIPa €BO-
JiioupaT MHOTO Obp30 U Morar Ja (pparmenTupar ¢ odpasyBaHe HA MHOMOKOMIIOHEHTHH
3BE3/IHU CHCTEMH.

2. Obexm om xaac 0: lleHTPATHOTO CI'bCTABAHE JOCTUTA CUHTYJISPHO CbhCTOAHHE, T.€. IIPeB-
Pbllia ce B IIPOTO3BE3/1A, 1I0IXPaHBAHE C IOCTOAHHA CTORHOCT HA aKPeIust M LPU KOJIAIIC
oTBbTpe HaBbH. [IpoTo3Be3iaTa u JUCKBT OKOJIO Hesd, ¢ obma maca M,, ca JbJI00KO 1o-
TOTIEHU B ra30BO-TpaxoBa 0OBMBKa ¢ Maca Moy, CbiecTBeHo no-rojasima ot M,. 'naBen
IPUHOC K'bM II'bJIHATA CBETHUMOCT HMa aKpeIlusTa, a CHCTeMaTa ce HabJrogaBa Hail-1o0pe
B sub-mm u IR aumamazonu.

3. O6exm om xaac I: PazsuBar ce moutan mporo3se3aun u3rnvanus (outflows), konro us-
JIyXBaT OOBHUBKATa IO IIPOTEXKEeHHe Ha poTamuonHara oc. Cucremara ce Hab/oaaBa B IR
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U B ONTHYHUA Auanas3oH, a M., < M,. llearpainara mpoTo3Be3aa € MpsaKo Hab/I01aeMa
1pu JI'bd Ha 3PEHUE 110 HallpaBJICHUE Ha U3TUYaHETO.

4. Obexm om xaac II: VIaTmyaneTo okoHUATETHO W3MyxBa oOBUBKaTa. ToBa ciara Kpait Ha
aKperuaATa Ha Maca W MPOTO3Be3aTa HABIN3A B KJIACHUECKUS CTAINIl HA CBUBAaHE MpeIn
[naBuara nocsiemoBaresHocT. T Bce oIie e OKpbKeHa OT I'a30BO-IPAXOB JIMCK C MHOT'O
MaJIKa Maca, KoiTo obycaaBst nH(padepBeH U3IUNTbK KbM 01130 deproTesHoro SED Ha
CucTreMaTa BbB BUANMUA JUAIIA30H.

Haumenosanue Deromenono2us Ipumepu om nabarodenus
[Ipenzeesana ¢aza [LrbrHO 6e33Be31HO stapo B MO
O6ekT or kjaac 0 Exkpanumpana nporo3se3ja € akpernuo-
HEH JIMCK W eNH30JMYHO W3THIAHE Ha,
BeIIleCTBO; MMpaxoBa aTMocdepa
O6ekt ot kimac I IIporo3Besna ¢ akpennoOHeH JIUCK U OH-
HOJITPHO U3TUYAHE Ha BEIECTBO
Obexr or kiaac I Muaga 3Be3/1a ¢ (11pOTO)ILJIAHETEH JIUCK
u 6e3 ooBuBKa (kiaacnaecku tun T Tau)
O6ekT ot kmac III  Muaga 3Be31a ¢ pasceiiBall ce WIn OIl-
tuaeckn ThHBbK auck (tun T Tau cbe
cabu JTMHIN )

Tabauna 4.1: @a3u Ha MPOTO3BE3THATA €BOJIIOINS CIIOPes “‘CTaHIapTHUSA MOJe] U TIXHATa
uabutioarenna genomenosorus (Bxk. Jacr 3.2).

Brbipekn Ge3criopauTe €U ycrexn W WHTEJEKTyaTHa KpacoTa, TeOPUITa Ha 3Be3/1000pa3yBa-
HEe C MOCPEJHUYECTBOTO Ha, MArHUTHU TMOJIETa CTPaJa OT HAKOJIKO CEPpUO3HU HepocTaTbKa. 11o
MPUHITAIL, T4 e O1Ia pazpadoTeHa caMo 3a H30JUPAHU 3Be3/U C MaJIKa Maca U B HUKAKbB CIydaii
He MOKe JIa TPeJJIOKHU CHhIVIACYBAHO OMUCAHUE HA MOSBATA HA 3BE3JM C MHOTO TOJEMU MacH U
Ha 3Be3/JHU Kynose. ToBa Bo/M /10 CIIEKYJATUBHOTO pa3rpaHUYeHNe Ha JiBe MOJM Ha 3Be3/1000-
pa3yBaHe: MaJOMAaCUBHUTE 3BE3/[M Bb3HUKBAT OT sJipa C MArHUTHA TOJJIPbKKA, & MACUBHUTE
— OT MarHWTHO CBPBXKPUTHYIHU 00Jann. A eTo n HIKOU cepuo3uu (PU3MIECKH MPOOIeMHI Tpe
TeOpUsTA.

e OT BCHUYKHU IIPeI0KEeHN MbPBOHAYAIHU YCJIOBHS 3a IIPOTO3BE3eH KOJIAIC B MPUPOIATA
Hai-TPy/IHO Ce OChIIECTBSBA CJydasT HA eJIMHIUYHA, KBa3UCTATUIHA, U30TepMUYIHA chepa.

e OmeHkKaTa 3a MarHATHA CyOKPUTHYHOCT Ha HOBEYETO fpa Cce e OCHOBaBasa HA HECHTYD-
HUTE JaHHU (WU JINIcAaTa Ha TakuBa) 3a MarmuTHuTe mosera B MO. /Inec e m3BecTHO,
4ye UPaKTUYeCKM BCUYKU [IPOTO3BE3/IHU #Jipa €4 MAlHUTHO CBP'bXKPUTUYHU WJIM, B Haii-
J100pus coIydail, HOYTH KPUTHIHH.

e XuMHYHATA BbH3pacT Ha MoAcTpyKTypuTe B MO ce oka3Ba jocTa mo-MaJiKa OT Tap. Cpas-
HEHUETO Ha HAOJIIOIEHUITA 32 PA3IUIHU MOJIEKY/IM B OOJIAYHU si/Ipa C eBOJIIOIMUOHHU X~
MHWYHU MOJEJIN COYU Bb3PaCTu ~~ 105 TOOJUHNA. Ta,KI/IBa BbH3PpacCTU Ca CbBMECTUMHU CaMO CbC
CBPBX3BYKOBa U CBpbX-Asidenosa Typbynenraoct (Bxk. Hacr 7 ).
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4.3 CbBpeMeHHa mapajaurMa: rpaBoTypOyJIeHTHO 3Be371000-
pa3yBaHe

CbBpeMeHHOTO pasbupane e, 4e TypOyJeHTHOCTTa MMa MHOI'O IO-TOJISIMO 3HaYeHUe IPHU IOJI-
apbxkKara #Ha MO cpelny rpaBHTaMOHEH KOJAIC, OTKOJIKOTO MPEIH Ce € CMATaI0. BebImHoCT
T MOXKe JIa “11oeMe” 4acT OT POJIMTEe, KOUTO CTAH/APTHUAT MOJIe/ HPUITNCBA HA MArHUTHUTE
noseta. Taka ce paxKaa IMOHATHETO 2pasomypoysenmmo 36e30000pasysare, T.e. TPOIECHT Ce Oll-
peJiesist TPeJIMMHO OT B3aUMOJICHCTBHETO MEXK/y caMorpaBurtainusTa u TypoyiaentaoctTa. [loj-
JIpbZKKaTa Ha 3Be3000pa3yBalu 00/ OT CBPbX3BYKOBa TYpPOYJEHTHOCT MOXKE Ja OOSICHU
MHOT'O OT HabJIIOIEHUSTA, KOUTO YCIIEITHO Ce BIHUCBAT B ‘CTaHIapTHATA TEOPHs’, HO U IPEOJIO-
JidBa HAKOU TPYJAHOCTU, KOUTO Td MOZKe Jla PEIln. KJ’IIO“IOB MOMEHT B He€d €, Y€ CBP'bX3BYKOBaTa
TYpOYJIEHTHOCT MOPazK/a CUJIHU (DJIYKTyallMi HA IJIBTHOCTTA B MEXK/Ly3BE3/IHUS a3, KATO KOM-
Mpecupa ra3a OT TOJIeMH CKaju B I'beTH T04u (sheets) w BIakHA — JOPH NPU HAJIMYHETO HA
MAarHuTHO IOJIE.

[IbpBuAT (bU3UIECKH BBIPOC, KOWTO MOXKe Ja H3HHKHE, € KAKBO 33/IBHKBa CAMHUTE TypOy-
neratau nororu. Omie B kpas Ha 90-Te roaunn e nokazano (Stone et al. 1998, Mac Low 1999),
4e CBPBX3BYKOBaTa TYPOYIEHTHOCT JUCHIUPA 38 [MO-MAJKO OT €IHO Ty npu ycaoBuara B MO,
6I/II[I/I T€ Maro€TUu3npaHu UJIN HE. C.He,[LOBaTe.HHO, nJIn CBP'BX3BYKOBUTE [IBUZKCHUA TpH6Ba a
ObaaT 3aJBHKBaHU HOCTOSHHO, i MO TpgbBa jga Obgar mo-muiaan or Tg. HaburomeHusgara
obade coyar, ye THIMYHATA CpPEJHA BbL3pacT Ha OOJAIMTE € MOHe HSIKOJKO Tg. Ilpm ToBa ce
OKa3Ba, U€ CAMHUSIT KOJIAIC He MOXKE Ja MOPOIH JOCTATHLIHO TYPOYJIEHTHOCT, KOSITO JIa TO CIIpe
nJjin Jga ro 3&6aBI/I. B'prOC'bT 3a U3TOYHHUIUTE Ha IIOCTOAHHO 3a/BUZKBaHE Ha Typ6yﬂeHTHOCTTa
0oCTaBa OTBOPEH.

Ille ce cupeMm Ha HIKOW HpEeICKAa3aHUs HA IPaBOTYpOYIeHTHHUS clieHapuii. JloHITE OleHKI
ce OCHOBABAT HA PE3YJITATHTE OT YHCJEHU CHMYJIAIUH, KOUTO Ca OT KJIIOYOBO 3HAYEHHE (JIUTe-
pPATYPHU MPENPATKH).

JIBoiitHCTBEeHATa POJIst HA TYyPOYyJIEHTHOCTTA

[nobaHugaT Kosanc HacTbiBa ObP30 B cpejia ¢ [aycoBu meprypOanuy Ha MIBTHOCTTA, KAKTO
U OpU I'bPBOHAYATHO IOJIe HA CKOPOCTHTE HA He3a BHKBaHA (pasmajalia ce) TypOyJIeHTHOCT.
TypOyIeHTHOCTTA, TOPOJIEHA OT CaMUs KOJAINC (WU BUPHAJIU3AIMS) HE € JIOCTATHIHA, 34 Ja
cupe Kovialica. Tak'bB MeXaHu3bM OM MOI'bJI Jla € e(DEKTUBEH CAMO P TOILJIMHHA 1O/IPbAKKA
B cucTeMHU ¢ Hee(eKTUBHA JIUCUNIAINNS, HAIIPUMED B Xa/1a HA KyHOBE OT TaJJaKTHKH.

Nscnenpanusita Ha camorpasutupama Typoyaentaa cpea (Klessen, Heitsch & Mac Low,
2000) ¢ mOCTOSIHHO 3a/BUKBaHA TypPOYIEHTHOCT IIOKA3BAT JBOMHCTBEHATA POJIS HA MOCJeHATA.
Ha ronemu ckasu, T MOXKe Ja OCUTYPHU Nn000psIACKa CPeuLy 2pasumanuoniomo ceusare. OTiu-
YATETHA YepTa Ha TaKaBa TypOyJIeHTHA MOAIPbKKa ca U30UpaHuTe, Hee(hbeKTUBHE U JIOKATHH
KoJIaricu B cpejarta. TakuBa (heHOMEHU HE Ce MPeJICKA3BaT OT aHAJUTUYHUA MOJEIU U IIPUIH-
HATa 32 TOBA €, Ye ChINECTBEHATA MO/IPbKKA B OT CBPBbX3ByKoBUTE motomu. [locieannre
KOMIIDECHPAT Tra3a yjAapHo. Bb3HUKHAJINTE CBPBXILIHTHA 30HU KOJIAICUPAT HEMUHYEMO, OCBEH
IpU: 2) MHOTO BHCOKHU CPEJIHOKBAJIPATHYHH CKOPOCTH; 6) XapaKTepHa [IbJIKHHA HA 33/ [BHZKBa-
He Ha TYpOYJIeHTHOCTTA, TO-MaJaKa OT JoKaaHaTta J>KuHcoBa Ib/IKUHA. Taka HA MAIKH CKAJH
TypPOYJIEHTHOCTTA MOdice 04 3ad6UNCU KOAANCA — JIOPU AKO MOJIETO HA TYPOYJIEHTHUTE CKOPOCTH
nMa JIOCTATHIHO €HEPIus /1a MPOTUBOLIICTBA HA KOJIANCA HA TOJIEMU CKAJIH.

ToBa moke j1a ce BuuM NpW pasrjexkjgaHe Ha 3aBucumoctTa Ha JIkmucoara maca M) o

~1/2,3

p ° OT CpeJHOKBaJpaTHIHATA CKOPOCT Upys. KakTo me mokaxkem B Yact 9.3, ako TypOy-
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JIEHTHOCTTA ce pa3riek]a KaTo JOI'bJIHMTEIHO Haddrane, To My oc v2  1OpH Ums > ¢, Tee.
TYypOYyJIEHTHOCTTA Bb3LPensTcTBa KoJianca. Vima obave mupok MexKJIMHEH JUAlla30H OT CKaJIH,
0CcODEHO pH 3a/[BUKBaHe HA TYPOYJIEHTHOCTTA Ha, MAJIKU BbJIHOBH YNCJIA, HA KOUTO JIOKAJTHUSIT
KOJIATIC Ce CJIYYBa BBIPEKH TJI00aTHATA MOMAphKKA. [I'biHaTA Maca W BPEMETO Ha YKUBOT HA
efHa DIYKTyaIus OIpeessT BCHIMHOCT ATl B Ta3U 30HA Ie HacTbiu Kosamc. ['pybo ka3aHo,
BPEMeTO Ha KUBOT HA €JTHO CI'bCTIBAHE Ce ONpe/Ies OT HHTepBaIa Me¥KIy JIBe TOCIe0BATETHA
HpeMUHaBallll YAaPHU B'bJIHU; JJOKATO II'bpBaTa BOJAMU /IO Bb3HUKBAHETO MY, BTOPaTa — aKO € J1I0C-
TATBIHO CHJIHA — MOYKE J[a TO pa3cee. 3aTOBa MEXaHU3MU HA 3a/[BUKBAaHE HA TYPOYJIEHTHOCTTA,
JefcTBAI HA TOJIEMHU CKaJId, e MPOU3BeIaT roJIeMI KOXePeHTHH CTPYKTYpPH (BJIaKHA OT KOM-
IpPeCcUpaH ra3, B KOUTO Ca BJIOKEHU I'bCTH sijipa) 32 OTHOCHTEJHO KPATKO BPeMe B CpaBHEHUE
C'bC 33BUZKBAHETO HA MAJKH CKAJIW — JIOPU aKO M'bJIHATA KHHETHYHA €HepTrHus B CUCTEMATa e
cbimara. Te3n edexktu ca onarieaenn wHa dur. 4.2, KbAETO ca CpaBHEHH CHUMY/JIUPAHUA OOJIAIIH
CbC CaMOI'PaBUTallisA, B KOUTO Typ6yﬂeHTHOCTTa € 3a/IBU?K€Ha Ha Pa3JIMYHU CKaJId, Ha €/lHAaK'bB
crajmit Ha 3Be37000pasyBaneTo. flcHO ce BUKAa pasgmanara mopdosorus. [Ipu 3aaBmxkBane
HA TOJIEMHU CKaJM ce HADJ0JaBa eInH rojIsM yaapeH (DpOHT, KOWTO € W eIWHCTBeHaTa 00J1acT
Ha 3Be3/ioo0pa3yBaHe. B TakbB ciydail TOBOpHM 3a pe:KHM Ha “KYIOBO 3Be31000pa3yBane’
(clustered mode of SF) — 3Be3uTe Bb3HUKBAT B arperaTu u Kynose. B obparnust ciay4dail (Pur.
4.2 BJSICHO) pasIpe/IeJIeHHeTO Ha IUIBTHOCTTA € MHOTO 10-DABHOMEPHO U He ce HabJII/aBa eJi-
pomarmadbHa crpykrypa. Oraennn ygapau GpoHTOBE HopakaarT (IyKTYallMd Ha IIbHTHOCTTA,
Ha TPOMW3BOJIHU MECTa U Te eBOJIIOMPAT MOBeYe WU MO-MaJ KO He3aBUCHMO €/IHa OT JIpyra. 1oBa
e pexKUM Ha M30JUPAHO 3Be371000pa3yBane: o0pa3yBaT ce eIMHIIHI, CAMOTHH sIpa, IPbCHATH
Xa0TUIHO U3 obJIaKa.

.

t=1.1

M, = 5%

—4 -2 0 2 4
logy p

@urypa 4.2: Cumynamuonnu KyGoBe Ha caMorpaBuTupaiia mexkjaysse3ana cpena (Klessen,
Heitsch & Mac Low, 2000), B KosiTo TypOYyJIEHTHOCTTA, € 3a/IBUKEHA HA PA3JIMIHI CKAJIH: TOJIEMHE
(Ba1s1BO), cpeun (meHTHP) 1 Masku (BAsicHo). (Boanosure uncia k ca 06paTHO HTpoHOpIHOHA-
HU Ha cKaJaTa.) VI30paH e einH 1 ChII eBOJTIOIMOHEH eTall, Ha KOWTO 06pasyBaHNTe I'bCTH s/1pa
(kpbruera) ca 3acmykaan 5 % or mbpBoHaYasHATA Maca Ha obsiaka. [LIBTHOCTTA € B € MHUIHN
CpeaHa ITBTHOCT Ha CHMY/IAIIATA.

EdexkTuBHOCTTA HA KOJIalICa 3aBUCH OT CBOMCTBaTa Ha TYpOy/IeHTHOCTTA. J[0CTATBIHO CHITHO
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3a/IBUZKBaHe Ha TYpOYJIeHTHOCTTA Ha JIOCTATHIHO MAJTKHU CKAJHA MOXKE Ja MPeI0TBPATH JIOKAJTHH
KoJiarcu 3a 1biaro speme. Ho takosa 3a/BuzkBane e TpyaHO Ja ce ocbinectsu B peajen MO.
Ako mpesanonioxkum, e epeKTUBHATA CKaJla HA 3a/BUKBAHE OT 3BE3IHU U3TOYHUI € OJIM3KA
JI0 CPETHOTO PA3CTOSTHUE MOMEKIY WM, TO YCIOBHETO 3a/IBUKBAHETO Ja CTaBa HA CKAJIU IO
Aj B THINHYHH yJIapHO-IOPOJIEHN CI'bCTIBAHUS H3UCKBA M3KJIIOYHUTETHO TOJIIM Opoil 3Be31u B
obtaka — ¢be cpeano pascrogaue 0.1 pe B obmamu karo Taurus u camo 350 AU B Orion. Tosa
obade He CbOTBETCTBA Ha HAOJIIOIEHUATA.

[IbpBuTe siapa, TpeTbpiean KOJIAIC, CbCTAaBASIBAT MAJIKNA I'PYIH, HIPHCHATH CTOXACTUIHO B
obs1aka. CKOPOCTUTE UM OTPA3SABAT MPSAKO MOJIETO HA TYPOYJIEHTHUTE CKOPOCTH B POJIUTEICKATA
razoBa cpeja. 1e3m mpoTO3BE3/U MPOIbIKABAT Ja 3aCMYKBAT BelecTBo. Ho KoikoTo moBeye
Maca ce HaTpyIBa B T4X, TOJKOBA IIOBeYe HapacTBa POJSATAa Ha B3AMMHOTO UM I'PABUTAIMOHHO
IpUBIXYAHE 32 JHHAMIYIHOTO ChbCTOSIHUAE Ha cucTeMaTa. [loBeeHnero Ha mocjae HaTa Bce IoBe-
qe ce J100JiMzKaBa J10 ToBa Ha cuctema oT N Tejia ¢bC CObCHIM, KATO COMKABAHUATA MEZK LY
KOMIIOHEHTHUTE U Ca 9ECTH.

XapaKTEpPHO BpeMe Ha 3Be371000pa3yBaHe

Ako 3Be3/1000pa3yBaHeTO Ce KOHTPOJIMPA OT TYPOYJIEHTHOCTTA, 3BE3/IHU KyHOBE TPsOBa /18 Bb3-
HUKBAT B obj1actu 6e3 jioctarbiHa TYypOy/IeHTHA MOAJAPbHAKKA WM ChC 3a/JBUKBaHE HA TypOy-
JIEHTHOCTTA CaMO Ha TOoJeMu cKaju. be3 3ajasmkBane, TypOyaenTaocTra B MO nucunupa 3a
O-KPAaTKO BpeMe OT Ty M TOraBa IOCJEIHOTO Ce dBsSIBa XapaKTepHO BpeMe 3a oOpa3yBaHe Ha
rbeTu KynoBe. Ho gopu HaimmdymeTro Ha eapoMalnabHO 3aBHKBaHe HE MOXKe Ja IIpeaoTBpa-
TH CbIIECTBEH KOJIAIC B PAMKHTE HA HIKOJIKO Tg. |'bCTHTE sijipa, KOUTO KOJAnCupar 0bp30,
ca MpeJIeCTBeHUIN Ha 3Be3HN 00eKkTu. Taka Tg € XapakTepHaTa Bb3PacT Ha 3BE3HU KYIIO-
Be, KonTo Bh3HUKBaAT ¢ rojssma SFE. Ilpn ckaanpane KbM HUCKU IIHTHOCTH W TEMIIEPATYPH
(~ 10% cm™3 u ~ 10 K), rinobannoro Bpeme Ha cBOOOIHO TajaHe e 0koao 3 Myr. Tasu croiinoct
e B J100po cbrytacue ¢ MHOro Huckute SFE B obtactu kato Taurus — 006/1aKkbT He € pa3moara ¢
BpeMe, 3a /13 Bb3HUKHAT MHOI'O 3Be3/1. B rberu obstactu ¢ n ~ 10° cm™ u upu ¢bmnre Hucku
TeMIlepaTypH, JUHAMUIHATA eBOJIIONKS MPOTHYa MHOTO TO-ObP30 U BpeMeTo Ha CBODOJHO Ia-
mane nazga g0 0.1 Myr. Takusa pesysraru ce MOIKPENSIT OT HAOJIIOIATETHN OIEHKH 33 BPEMETO
Ha obpa3yBane Ha Kyna B Orion Trapezium.

EdekTuBHOCT Ha 3Be3/1000pa3yBaHETO

[nobamnara edekTuBHOCT Ha 3Be3mo0o0pasyBaneTo B HopMmaaau MO ce omeHsiBa 0OMKHOBEHO
Ha HAKOJIKO IPOIEHTA, a CAMHAT »KUBOT Ha OOJIAIUTE — HA HAKOJIKO TYpOYJIEHTHH XapaKTepHH
BpeMeHa, T.e. Ha HAKOJKO MIJIHOHA roJuHu. B To3u ciy4ait Mojenure Ha TypOyaeHTHOCT B ISM
ca B cbrytacue ¢ HaOmogaemute SFE. [ToBeue orpannydenus ce Hajmarat, ako o0JIaIUTe KHUBEST
JIBJITO, JIO HSKOJIKO JeCeTKH MHJINOHA rogutan. Ho gopu u B 1031 ciydail Morar fa ce moJydar
SFE or okoso 5 %. Owme noseue Tpsabsa ma ce nogueprae, de jgokaanara SFE B ornennn obranu
Moke J1a ObJle MHOTOKPATHO mo-Bucoka. Hampumep, B objmacrra Orion Trapezium omnexkure
nokaspat ~ 50 %.

CnupaHe Ha 3Be31000pa3yBaHETO

MNwma Bce orne jgocTa HESICHOTH KakKBO 00yc/aBs CliMpaHe Ha ITPOIECUTe Ha 3Be31000pa3yBaHe
Ha CKaJIH HA OTJIeJIHE O0DJIACTH Ha 3Be37000pa3yBaHe U Jaji CbIMUAT areHT OIIPe/ e sl IbJIHATA
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SFE B equa MO. Ima Tpu OCHOBHH Bb3MOYKHOCTH:

1. ObparHOTO BB3/IliCTBHE OT Bb3HUKHAJIUTE 3B€3/1U 110/1 (popMaTa Ha HOHU3UPAIIO U3/TbI-
BaHe U 3BE3/IHU U3THYAHMS MOKe JIa HarpsiBa U pa30bpKBa OKOJHUS T'a3 JI0 TAKaBa CTEIEH,
qe JIa MPeJIOTBPATH MO-HATATHIMTHU KOJAIC U aKpPeIns.

To3u mexanusbM e epeKTHBEH, aKO ce € 00pa3yBaJs Ky, cbabpzKall OB 3Be31u ¢ MoreH
OTOK Ha u3abuBane B UV auanasona. VoHH3amusaTa BOAK 10 HAIDSIBAHE HA rasa H JI0
yBenndaBane Ha JlxkwHcoBara maca. K/I09oB BBIPOC TYK € Jlajn pasiiupsiBaiiaTa ce
H 11 obsact Bb3jeiicTBa eeKTUBHO HA CHJIHO HEXOMOTE€HHHUTE, BAJIMHUCTU CTPYKTYDPH B
MO. IIlo ce orHacg 10 OHIOJAPHATE U3THYaHUsA, Te MoraT aa Hamanaar SFE ¢ 30-50 %,
HO HAMAT 0cobeH edeKT B IMo-MacUBHHU 00JIaCTH Ha 3Be3000pa3yBaHe.

2. AxkpenugaTa MOKe Jla PeCTaHe HAIIb/JIHO, KOTATO BCHYKUAT I'bCT, TPABUTAIMOHHO HEYC-
TONYMB ra3 ce 3acMyde OT OTJEJHUTE 3Be3/d WU, CJeJl eJlnH JUHAMHUYEH IMepUuojl Ha
KOHKYPEHTHAa aKpenus, OCTATBIHUAT ra3 ce pa3cee or (POHOBUTE TYPOYJIEHTHU HOTOIIH.

Tyk apryMeHTBT e, Ue 3amachbT Ha MaTepHaJ € OrpaHUYeH — CaMO JOCTATBHUYHO CI'bCTe-
HUSAT ra3 1Ie KoJIalCupa, a eJ[Ba MaJKa 4acT OT ra3a Iie ce CI'bCTH 10pa/id OXJIazK/IaHe,
rpaBUTAIMOHHO CBUBaHe WJIM TYPOy/IeHTHH noTonu. ToBa HacOYBa BbIIPOCA 3a JIOKAJTHATA
SFE kbM mo-rosiemure mpocTpaHCTBEHH CKaan. MexaHn3MbT Ha KOHKYPEHTHA aKpeIust
II'bK JeficTBa B I'bCTOTO OOJIAYHO $/IpO, K'bM KOETO I1a/IaT MAaCUBHHUTE 3B€3/U U IJIABHO T€
CH PA3IpeJIesIaT Ta30BUs MaTepua..

3. @oHOBUTE MOTOIM MOTAT JIa OTBEST W Pa3pyIiaT obJIaKa; BEPOATHO MO WACHTUYCH HAYUH
Ha MMbPBOHAYATHOTO MY CI'bCTABaHe. BepodTHUAT M3TOYHUK HA (oHOBATA TYPOYIEHTHOCT
ca CBPBXHOBH OT TOJIETO, MMOHE B O0JACTUTE HA 3BE37000Pa3yBaHe B FATAKTUKUTE.

BeposgTHOo ncTrHCKaTa IpHYINHA 32 COIHpaHe Ha 3B€371000pa3yBaHeTo € HIKaKBa KOMOMHAIIMS
oT U30pPOEHUTE TPH.

Ot ToBa Kparko BbBeleHne B 00JIacTTa Ha 3Be371000pa3yBaHeTO HUE ce yOerxKaaBame, de OIlu-
CAHUETO Ha MPOIECa OTIPaBsd K'bM HU3CAEI0BATENNTE PEIUIa MPeIN3BUKATEICTBA OT HAaOJII01a-
TEeJIHO M TeOPEeTUUIHO ecTecTBO. Heobxoanmo e jeTaitino nmo3naBaHe Ha (huU3WKaTa Ha XJaHATA
MEKIy3Be3IHa Cpefa, B KOITO Bb3HUKBAT 3BE3JUTE M YUUTO CBOICTBA OMPEIEIST IMOIXOJIH-
Te 33 PErHCTPUPAHETO HA PA3JHYHHATE €BOJIONMOHHU CTAINN. 1a3M CPea € C'bII0 TaKa MHOIO
JIMHAMMYHA — B Hes MMa CBP'bX3BYKOBH TYPOYJIEHTHH [OTONHU, PA3JIMYHU TUIIOBE HEYCTONYU-
BOCTH; 3allo4YBaT JIOKAJIHU HJIA FI[O6aJ'[HI/I I'paBUTAIIUOHHU KOJIAIICU; HOBOB'B3HUKHAJIN 3BE€3/1U
OKa3BaT MOIIHO Bb3/IeCTBIE Upe3 3Be3THN BeTPOBe; m30yXBaT ¢BPbXHOBH. [Ipomecure mpoTu-
YaT Ha Pa3/IMYHU IIPOCTPAHCTBEHHU M BpeMeBH Maliadu. 3a pa3dbupaHeTo UM ca HU HEOOXOIUMHU
ca MO3HAHUS OT PA3JHIHN HAYJIHU JUCIUILIAHA KATO KBAHTOBA (DU3UKA U XUMUsI, MATHUTOX M-
pojuHaMuKa, pu3nKa Ha Ijla3MaTa ¥ 'paBuTalMoHHa JuHaMmuka. B cieapamara Yacr 11 me ce
3aHIMaeM MO-IoAPOOHO ¢ (pu3mIecKaTa OCHOBA HAa ChbBPEMEHHATa TeOPHs Ha 3Be31000pa3yBa-
nero. lesnra e ga pa3Buem (usndecka HHTYUINS 33 TMOBEIEHNETO Ha Ta3a U Ja Ce 3al03HAEM C
HSIKOU aHAJUTHIHA HHCTPYMEHTa, KOUTO MOTaT Ja HA ObJAT IMOJe3HH.



Yact 11

PusnKa Ha 3Be3,1000pa3yBaHETO



I'1aBa b

XUMUYECKH MPOLECU B CTYyJI€HATA
MEXK/1y3Be3/IHa cpe/ia

Kaksu ¢wusudeckn nporecu mpoTruydar HA MUKpOckonundno uuBo B cryaenara MC? Heka cu
MPUIIOMHUM, Y€ 30HHTE Ha 3Be3/1000pa3yBaHe ce M3M'bJIAHEHU TTPEIUMHO C MOJIEKYJIEH ra3 — 3a
paznuka or octanairara MC B Myeunns nbr U B MOJO00HU TaJTaKTHKH, KbJIETO HpeodIaIaBa
aTOMeH WM HOHW3WpAH ra3, ¢ HUIIOXKHO KOJMYecTBO MoJekynu. Kak ce moiaydaBa Taka, 4e
HA OIIPEJICJIEHH MECTa ra3dbT MPEMUHABA B MOJIEKYJIHA (Da3a U KaK € CBbP3aH TO3U HPEXOJL C'bC
3Be31000pasyBanero? Ille HacounM BUMaHHETO CH K'bM Haif-BaxKHUTE aToMu 1 MoJieKy/an B MC:
Ha BOJIOPO/Ia, HA BBIVIEPO/Ia M HA KUCJIOPOJIA.

5.1 Xwumus Ha BOJOPO/Ia

Mouekynuusit Bogopos (Hs) mpecrapiisiBa cheTosiHIe ¢ O-HUCKA €HEPIUst OT aTOMHUS. 3aTOBA
M30JIMpaHa CHCTeMa OT YHCT BOJOPOJ, OCTaBeHa caMa Ha cebe CU 3a JOCTATHIHO KPATKO BPeMe,
e ce MpeBbpHe B TaKaBa OT MPEJIUMHO MOJIEKYJIEH BOJIOPO/ . B Mexmy3Be3aHaTa cpeja obade
CBOTHOIIEHUETO MeZKIYy aATOMHHUS U MOJIEKY/THUS Ta3 ce ommpeaess oT HaaaHca MexKIy MPOIeCcUuTe
Ha Cb3/laBaHe U paspyiraBane. [Ipomechr Ha npeBpbllaHe Ha ATOMEH B MOJIEKYJIEH BOIOPOJ, €
HU3KJIIOYUTEHO OaBeH. ToBa ce IbJIXKM Hali-Bede Ha CHMETPHSITA HA BOJOPOJHATA MOJEKYJIA.
3a 1a ce obpasysa TakaBa, ABa H aroma TpsiOBa /1a ce cOMBbCKAT W TMOCIE I1a Ce CIYIH TTPEXOJ
¢ u3/rbuBaHe Ha (POTOH, OTHACAIL JOCTATBHIHO TOJIsIMa €HeprHs, Ta JIBOMKaTa aTOMHU Ja OCTa-
He B CBDBP3aHO CLCTOAHME. AJa IBa BOJOPOIHI aTOMa B OCHOBHO ChCTOSIHHE IIPEICTABJISIBAT
CHMETPUYHA CHCTEeMa — KaKTO M MoJiekysaara Ho B ocHOBHOTO cu cberosiHue. VI Thit kKaTo u
HAYAJHOTO, ¥ KPARHOTO ChCTOSHUE Ca CHMETPHIHHU, ChOOParKeHUSITa 34 CUMETPHUs BeIHAra, 1Mo-
Ka3BaT, 9e cucreMaTa He MOKe /13 W3IBIH IUMoHo akdenne’. IIpexomrbT e Bhb3MOKeH caMo aKo
HOJIETO Ha JIBYEHHETO Ce PA3JIOXKK JI0 CJIeBaIl HopsibK (“Mynrudoronen nporec” B KBAHTOBA-
Ta TEOpHUsl Ha TOJIETO) WM aKO OGUJI0 HAYATHOTO, OUIO KPAWHOTO ChCTOSIHUE HE € CHMEeTPHYHO:
eJINH OT CO'bCKBAIIUTE Ce BOAOPOIHI aTOMU WU II'bK 0Opa3yBaJjaTa ce MOJEKyIa € BbB Bb30y-
JIeHO ¢beTosinre. Ho HUTO eHa OT Te3u I'bTeKU He BOJAHU JI0 ChIIECTBEHA CKOPOCT Ha 0Opa3yBaHe
na Hy. Mysrudoronnure mpornecu ca MHOIO TO-MaJIKO BEPOSITHU OT €JHOMOTOHHUTE, 3aIlI0TO
ce IpeTeryIaAT Ce ¢ MO-BHCOKH CTeleHH Ha KOHCTaHTaTa Ha (pHHATA CTPYKTypa. A MO-HHCKHTEe

L®opwmanno ToBa Moxke s1a ce TIOKaxke OT pa3reskTaHeTo Ha CKATapHOTO TPOU3BEIeHNe Ha ChCTOSHUATA
(orr| m |9m,) m omeparopbT Ha mUMONHO m3MbuBaHE &.. IlOpasm CUMETPUATA HA MHPBUTE MPOU3BEIECHUETO
(You|Er|¥m,) n TpabBa ga Obae AHTHCUMETPHYHO M MHTErPAIBT OT HErO 110 BCUYKH HALPABJICHUS IIE € HyJa.
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eHepreTHYHN HUBA Ha BOJOPOIHATA MOJEKY/Ja BCe MaK MMAT JOCTATLIHO TOISIMA €HEprus u
CaMO HHUIIOXKHA YACT OT YAAPHTE Ca JOCTATHIHO €HEPreTHIHH, 34 Aa I'H HOPOIST.

[Topaau ToBa orpanumyenue, npeod/aaBaIUAT HAYUH 3a OOpa3yBaHe HA MOJIEKYJIEH BO-
JIOPOJI € OIMOCPEICTBAHUAT: 8BPLY NOGTPTHOCTIMG HA NPaxosu wacmuyyu. OcBobOIeHATA TIPH
BBb3HHKBAHETO HA MOJIEKY/IaTa eHeprus ce IPeBpbila BbB BUOPAIUMN HA KPHCTATHATA PENIeTKa
Ha TPAIITHKATA; HAMA HyK/Ja oT (3abpanena) emucus Ha (horor. CKOpocTTa Ha 00pasyBaHe Ha
Hs upes rakaBa HOBbPXHOCTHA KaTa/iu3a ce HpecMsTa 10 Gpopmy/iaTa;

1
§S(T’ ng)n(ng)ndgandg’UH ) (5.1)

kb1eT0 S(T, Tye) € BepOSTHOCTTA BOJOPOIHATA MOTIEKYIa, COTBCKBAIIA Ce ¢ HPAITHHKA /14 OTle-
Jiee, 1) € BEpOATHOCTTA, IIPAaX0oBaTa MOJIEKYJIa, HPUCHEIMHIIA BOJAOPOAEH aTOM Ja Ce LPUIBUKH
10 HOBbPXHOCTTA Ha IPAIIMHKATA U 13 IPUCHEJUHU OIIe eJUH aTOM, IIPEJH Ja Ce U3NAPH, Ndg
U Ny Ca ChOTBETHHTE KOHIEHTPAINH, 04, € CPEJHOTO CeueHne Ha pa3ceiiBaHe 3a MpAIINHKA, A
Vg € TOILTHHHATA CKOPOCT Ha BoAopoguuTe aromu. [lociennure werupu daxTopa ce omeHsBarT
CPABHUTETHO JIECHO IO HAOIIONEHNS, JOKATO 'bPBUTE IBE M3UCKBAT JTaOOPATOPHH M3MEPBAHMS
u npecMsiTanus or obJacTTa Ha Teoperndnara xumus. [lpu ycgoBusita B GMCs u npu npaxoso
chabp:KaHne KakTo B Milednusi mbT, ckopocTTa Ha obpasysane Ha Hy ce omensiBa rpybo Ha
Rnynyn, KbIETO Ny, € KOHIEHTPAIUsTa Ha siipaTa Ha BOJIOPOIHUS aTOM (B aTOMH, WUJIN B
MoJtekyHa dopma), a KoeduruenTbT R ~ 3 X 10717 cm®s™!. B rasakTuku ¢ mo-HICKo IpaxoBo
CbIbpKaHe, CKOPOCTTa Ha OOpa3yBaHe Ha MOJEKYJIeH BOJOPOI TpAOBa 1a HaMasee IpOrIop-
LUOHAJIHO.

ObGpaTHUAT MpoLEC ce IbJIKE Hail-Bede Ha homoducoyuayus. Tol ¢'bIo € yCA0KHEH MOPaIH
cumerpusita Ha cucrtemara Ho, 3abpangBaiia peakiuu OT BHIA:

Hy+~v— H+H

[Tocaegrara e ochbiecTBIMa caMo ako Mosiekyaara Hy e BbB Bb30y/IeHO (aCHMEeTPHYIHO) ChCTO-
sgHUe, KOETO € MHOTO PSIKO ocbimecTBUMO B MCs, win euH OT HETHUTe AaTOMU € BbB Bb30y1eHO
CbCTOSHYE, KOETO Bede M3UCKBa eHeprus oT 14.5 eV — mMHOro moseue oT (HhopMaHO HEOOXOTH-
marta 4.5 eV. B obmus ciydait takuba (poToHM HE ca HAJMYHH, 3a110TO T€ MOTaT Jla HOHU3UpaT
ATOMHUS BOJIOPO/I M C€ TOIJIBINAT 10 IIHTS.

Torasa riaBHUST TIPOIEC HA pa3pylllaBaHe HA BOJOPOJHHU MOJIEKY/IM TPOTUYA HA JIBA €Talla.
Mounekynara Ho numa cepust oT Bb30y/JIeHU ChCTOAHUS C eHepTruu Ha ejeKTpoHute 11.2-13.6 eV
(912 - 1100 A) HaJl OCHOBHOTO U HHBO, ChOTBETCTBAIIM Ha abCOPOIMOHHUTE UBUIM Ha JlaiimMan
n Bepuep (LW). Tesu croiinocTn ca 1mo-rosemMu oT eHeprusita Ha cBbp3Bane Ha Hy (4.5 eV)
u 3aroBa norybiiane B LW uBuiure Moxe Jia JioBejie JI0 KacKa/leH 1PEX0j K'bM HECBbP3aHO
ocHOBHO cherostHue. Tosa ce cayusa ¢ wecrora 10-15 %, B 3aBHCMMOCT OT TOBa J0 KOE TOYHO
BB30y/IeHO ChCTOsgHME BoAu THorabimanero Ha LW doron. M3rounnnu Ha TakuBa KBaHTH Ca
MpeJIMMHO TOPeIu 3Be3/IH, KAKBUTO UMa MHOrO B 'amakTukara, U He e IyJHO, 9e rojIgMa JacT
oT obeMa Ha MJIedyHHS BT € U3MBIHEH C ATOMEH WU HOHU3UPAH, & He ¢ MOJIEKYJIAPEH Tas.

Karo npocr npumep 3a obpa3yBane Ha MOJIEKYJISIDEH BOJIOPOJ, MOXKeM Jia pasrjejame 00-
JIAK BBB BHJ| HA XOMOT€HEH CJIOW C ILIBTHOCT 7, YUSATO HOBBLPXHOCT € obabuBaHa ¢ UV morok
F* = cEj, xbaero Ej e xounmenTpanusara Ha dhoronnTe. Hall-BbHNTHNTE YacTH Ha obJIaKa ca
ot atomen Bosopo. [1lo ce orHaca 10 BOJOPOJHUTE MOJIEKYIH, KOTATO €JHA OT TAX MOI'bJIHE
GboTOH, Mpen3IHIBA KACKATHO HIKOTKO (POTOHA C MO-HUCKU €HePTHH: HeJOCTATHIHU 338 Bb3-
Oyzkanero Ha pesonancHu LW nusa. 1o To3u Haunn Oposit hporonn HamasisiBa ¢ JIbJI00UYMHATA,
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B oOJlaKa W HaKpagd IMaja Jo HyjJa, a ra3bT CTaBa MPeIuMHO MOJeKyadpeH. 1o3m mporec ce
Hapuia CamoexpaHupate.
['pyba onenka 3a 3Ha4eHHETO HA CAMOEKPAHUPAHETO MOYXKEM JIa MOJyYUM OT YpaBHEHHE 3a

XUMUYHO paBHOBECHE, T.€. OT IPpUPaBHABaHE Ha CKOPOCTUTE Ha o6pa3yBaHe " pa3pylraBaHe Ha
Hg:

RTLHTL ~ fdiss/nHQUHw,cE: dv s (52)

K'bJIETO O, , € CEYeHHeTO Ha HOIIbIaHe, & fiiss € BEPOSITHOCTTA 3a NOIVIbIaHe HA (DOTOH C
yecTtoTa V. Bropara BennumHa € U3BaJeHA IIpel HHTerpaja 3alloTo 3aBHCH CI1a00 OT YeCTo-
tata. OT JApyra cTpaHa MOKeM Ja 3alliilieM ypaBHEHHe 3a CbhbXpaHeHue Ha (OTOHUTE, KOETO
NpUpaBHSIBA IIPOMSIHATA HA TAXHATA KOHIEHTPAIMI Ha CKOPOCTTA Ha HAMAJISBAHETO I OPAJIH
corbebiure ¢ Mosekyan Ho B cioit di:

dFy  dE;
a - Ca

= —N,0m,, ,CE) . (5.3)

[Ipenebpersame wieH OT JsCHATA CTPaHA, OTTOBAPSII 32 HOLTBITAHETO W IIPEH3/IbIBAHETO Ha
dbororu, THit KaTo pasrmexgame camo Bucoku (LW) wecroru. Nnarerpupame ypasuenue (5.3)
no vecrtorata B LW nuamazona u ro komGuaupame ¢ mo-ropuoro (5.2). TlosyuaBame uspas 3a
rpajimenTa Ha (pOTOHHATA KOHIEHTPAlUs, KOUTO € paBeH Ha TeMIla Ha PeKOMOWHAIMS, YMHO-
xked ¢ BakTop 1/ fgiss, Thil KATO camMoO YacT OT IONTbINAHUATA TPsAOBA Ja ce GajaHcupa OT

PEeKOMOMHAIIMN:

dl Cfdiss ‘

Cera MozKeM Jda HallpaBUM pa3yMHaTa allpOKCHMaIllud, 9€¢ NPeXOoAbT OT aTOMEH KbM MO.JIe-
KyJIeH BOJAOPOA € PA3BbK (TLH ~ N B CJI0O4d OT aTOM€EH BO,ZLOpO,ZL) n ge R He Bapupa B obJ1axa.
Torasa IIOCJICAHOTO YPpaBHEHHE CE€ MHTErpupa JICCHO M IIOJIy4YaBaMe 3aBUCHUMOCT Ha (bOTOHHaTa
KOHIIEHTPAIIAS OT IbJI00OUNHATA:

R R
B =E(1=0)-""1=p :fT

C.fdiss
Cera ako o3HauyuM c [lg, ABJOOYMHATA, HA KOATO CTaBa MPeXoJa KbM MOJEKYJIeH BOJOPO/I,
II'bJIHATA KOJIOHKOBA ILTBTHOCT HA aTOMHHUS BOJOPOJ, Ie Ob/Ie:

CfdissE(}k
nR

Cera moxkeMm j1a HanpaBuMm oreHka 3a MO B Mutednus mbT, KbIeTO MexKay3Be3aH0T0 UV
Hojie Ha JbUeHHETO € HAaJeXKJIHO ompejeseHo: Fj = 7.5 X 10~* LW dorona no cm~>. Ako
npuemeM n = 100 cm ™3 Karo THNWYHA MIBTHOCT B obgacTuTe Ha mosiBa Ha Ha, fais =~ 0.1
1R~ 3x 107 ecm3s™!, moaygaBame Ny = 7.5 x 10 cm™2 nam HOBBPXHOCTHA IIBTHOCT
Y = 8.4 Mg.pc—2. Ilo-Tounn nmpecMaTanug BogaT 10 Ny = 2% 10%° cm™2 — Bcekn MoseKyaapen
obJiak B [asakTukara TpsiOBa Jjia Objie 3200MKO0JIEH OT 0OBUBKA OT eKpaHUPAIl ATOMEH BOI0PO/I
¢ npHOIM3HTEJHO TaKaBa KOJOHKOBa IrbTHOCT. C npyrm aymnm, okosno 10 % or macara na
tumraen MO ¢ X ~ 100 My.pc™2 ce majaT Ha aToMapHaTa My OOBHBKA.

. (5.4)

OcBen ToBa cTaBa sICHO 3aIll0 IOJSIMa YacT OT MexKJay3Be3jaHud ra3 B CrbHUEBATa OKOJI-
HOCT He e MoJekyigapen. HeoOxoanmara KOJTOHKOBa ITHTHOCT HA aTOMAapeH eKpaHUpAIll CJI0ii
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< 10%! cm™2 e cpaBHEMA ChC cpeJHATa KOJIOHKOBA ILILTHOCT Ha Iesud aToMaped auck. Cie-
A0BaTE€/JIHO MOJIEKYJ/IAPDHU 30HU B'b3HUKBAT CaMO IIPpU I'OJIAMO CI'bCTAdBAaHE Ha I'a3a. C'])OTBeTHO
TaJIaKTUKH C I'0OJIEMU KOJIOHKOBHU IIJIBTHOCTHU C€ XapaKTepusupatT € IIO-BUCOKO CbAbPzKaHUE Ha
MOJIEKY/ISIPEH BOJOPOI.

5.2 XumMusd Ha BbIJIEPOJa U KUCJIOPOJA

B mosexynsipaute 3ouu Hy e nmpeobsiaiaBaniusaT WHANKATOP, HO TOM ce HAOJ/II0/[aBa MHOTO TPY/I-
HO IMOpaJu BeYe O6C'b,ZLeHI/ITe MpUYUHHA — TeMIepaTypuTe Ca TBbHPAe HUCKHU 3a B'bB6y}K,ILaHeTO Ha
Ta3u MoJieKyaa. OCBeH TOBa, KAKTO Iie KoMeHTHpamMe B cienBamara Yact 6, Hy He e npeobia-
JABAIIUAT areHT Ha oxJaxkaaHe Ha cpepara. ([Topaau cbimara npuunna.) Tasu poss ce maga
Ha mouiekysaara CO.

Buadennero Ha CO e KJII0Y0BO MOPaIu KOJTMIECTBATA HA Ta3U MOJIEKy/a. FjieMeHTuTe Bbr-
JIepoJl M KUCJIOPOJ (3aeHO ¢ a30Ta) CJIeBaT 10 KOCMUYeCKa Pas3mpOCTPAHEHOCT BOJOPOIa W
xenus, a CO e Haii-mpocTaTa MOJIEKYJa, KOHTO I'M CbabpzKa — a npu ycjaosuara B ISM e n
eHepruiiHo Haii-u3rogHara KoHduryparmus. Omnie moBede, Td MoxKe Obje Bb30yaeHa IPU MHOTO
HHUCKHU TeMIIEPATYPH, OHEXKE € MHOI'O 1H0-MacuBHa OT Ho, a JIMIOIHUAT 1 MOMEHT € MaJI'bK, HO
HeHyJes?

Kakro mo-romsimara gact or Bomopoaa B ISM e B atomua ¢opma, ChIIOTO ce OTHACS U
3a Kucaopoaa. [Ipu Bbrieposa e MaJKo IO-Pa3ndHO: TOI ce HaMHpa Haii-Bede B HOHU3UPAHO
cberosame CT) mopaau MO-HUCKHsI CHM HOHM3ANMOHEH MOTeHIHA (CupaMo Bogoposaa). Kak ro-
rasa ce ctura or O u CT 1o momekyna CO? 3a pasnuka oT oGpasysanero Ha Hy, ToBa cTaba
MPEJUMHO 9pe3 peakiinu B ra3oBara (pa3a, a He 10 MOBbPXHOCTTA HA HparrmHKuTe. ToBa ca
NPEIMMHO B3aUMOJIEHCTBUS MEK/ly HOHM W HEyTpaJHU aTOMH, MTPeod/IaJaBallld TPU HUCKUTE
TemuepaTypu B Takuba obsiactu ot ISM. Ilpu ToBa TexnuTe CKOpOCTH KaTo MAJIO0 HE 3aBUCAT OT
Temueparypata. CbIIeCTBYBAT JBe OCHOBHU BepUTH OT peakiuu. [IbpBaTa 3amouBa ¢ yqacTueTo
Ha KOCMUYECKH JIBIU CT:

Hy +cr — Hf +e +ecr
Hf +H, — Hj +H
Hy + O — OH" +H,
OH*+H, — OHj +H
OHf +¢- — OH+H
CT+0OH — CO*+H
CO*+Hy, — HCO"+H
HCO" +e~ — CO+H. (5.6)

Bropara ocnosna Bepura 3amnousa ot mosekysnata CH u nmporuda upes ciegnnure peakiiim:

CH +e- — CH+H
CH+0O — CO+H. (5.7)

MaJKuAT TUMOTEH MOMEHT 00yCIaBa M3TBLIBAHE ¢ HO-HHCKA eHepTHs, KOeTo Ha CBOi pel HaMajdBa TeMIIe-
parypara, HeoOXoauMa 3a Bb30yKIaHe.
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Ob611aTa CKOpOCT Ha II'bPBaTa BEpHUTa € OTpaHUYeHa OT HATUUUETO HA KOCMUYIECKHU JIBIHU, Ipe3
KOMTO Bb3HHKBa Hj, 10KATO CKOPOCTTA Ha BTOpaTa — OT CKOPOCTTa Ha IIOC/IEJIHATA PeaKIus
MeXK/ly JBe HeyTpaJHu MOojeKy/au. Kost or jaBere Bepurum mpeod/ajaBa 3aBUCH OT CKOPOCTTA
Ha HOHM3AIUs 4Ype3 KOCMUYECKU JI'b4H, ILIBTHOCTTA, TeMllepaTypara U APyru napaMeTpu Ha
cpenata. Heka orbesie:kum, ye u JiBeTe BEpUTH M3UCKBAT HajumduneTo Ha Ha.

Mounekynara CO ce paspyiasa 1o mojgooer Hauna Ha Hy — upe3 hoToBb30Y K TaHe, MOCTe/I-
BaHO OT Juconmanust. CamoekpaHupaneTo obade craBa 10 Mo-pasjmdeH HaduH. Juconuupanure
(1)OTOHI/I MOrart Iaa 6']3,[[&T HOI'bJIHATHU OT IMPAIIUMHKHA UJIX OT CO MOJIEKYJIU, HO 9yBCTBUTEJIHO I10-
MAJIKOTO KOJTUMYIECTBO HA TOCIEIHUTE BOJN /10 PA3JIMYeH DAJaHC MEXKIy JBaTa MPOIeca. 3aToBa
B TO3HM CJIy4dail eKpaHHpAaHeTO OT Ipaxa € ¢ pemasail npuHoc. OCBeH TOBa HAJIHUIE € U3BECTHO
HpUNOKpUBaHe MexK 1y pe3onancuute jquHun Ha CO u Hy, KoeTo obycaBss B3aMMHO €KpaHupa-
me. IIpobaeMbT e gocTa c1oXKeH 3a (PU3MIECKO OMUCAHUE U KATO II0 ce TpHOIrBa 10 YUCIEHN
cumysiamuu. [ocaegaure nokassar, e obanure uMar ciaoecra crpykrypa. (Purypa?) B 30-
HUTE CbhC caabo ekpanupane, Kbjaero FUV moroksT npoHunkBa 0e3 chIecTBeHO oTcjiabBane,
npeobusagasar H1 u CT. B no-aba6oku 300U ¢ yactuuno norabiiane na FUV gportonu, npeod-
nagasar Hy u CT. Haii-ceTHe, B neHTpasHaTa 00JaCT ce ocbllecTBaBa npexoa KbM Hy u CO
KaTO IVIABHU WHIUKATOPH.

1:‘]:I/IC.)'IeHaTa OLECHKa 3a THUIIMYHUTE YCJIOBHUA B MHG‘IHHEI II'bT IIOKa3Ba, 4€ I'a3'bT IIe 6'b,ZLe
tpacupan npegauMuo or CO npu ekcTuHKIUS BbB BuauMus aumanason Ay = 1 — 2™, koero
CHOTBeTCTBa Ha HAKOAKO mbTH 1o 102! em™2 mam ~ 20 M.pc™? 3a npaxa. KaxTo me sugnM B
Yact 12, THnnuHATE KOJOHKOBU IbTHOCTH B ruragtckute MO (GMCs) ca ~ 102 cm™2 win ~
100 M,,.pc=2. ToBa o3Ha9aBa, 4e Te ChIBPKAT TA30B CJI0I ¢ MOTEKYIeH BOJIOPO/L H BBIIEPOTHT
e Bce oule B fionnsupan sug CT, HO Ha Hero ce HajaT He 110BeYe OT HAKOJIKO JIeCeTH OT IIPOLeHTa
ot obmara maca. Ho B ralak THKH ¢ OTHOCHTETHO HUCKO MTPAXOBO ChbPyKAHUE TO3U CJIOH MOMKE
Ja O'bJe MHOTO HO-TOJISIM.
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TepMmogunaMuka Ha MOJIEKYJIHUS a3

Bede cmomenaxme KpETHIHOTO 3HAUEHUE HA TeMIIepaTypaTa 3a pejuia mpoiecu B ISM: B30y k-
JlaHe Ha OIpeJe/IeHH aTOMHU W MOJEKY/IH, caMOeKpaHupaHe, TPaBUTAIMOHHA HEYCTONYIUBOCT U
1.H. Habuoienusita Ha MoJIeKyJIeH Ta3 rOBOPST 38 U3KJII0YUTEJIHO HUCKK Temueparypu: ~ 10 K,
a B HAKOM CJIy4ad W MO-HUCKH. Kak ce cTura 0 TaKoBa ChCTOSTHUE?

6.1 HarpsgaBaHe u oxJjaxk/iaHe

B muoro ornHomenust ISM e TBBpae gased or TEPMOAMHAMUYHO PaBHOBECHE. 3aTOBa KJIACH-
JeCKHTe PAaBHOBECHW pasmnpenesenus Ha boanvan mam vHa Caxa He ca TPUEMJIMBH OIUCAHWS
Ha HEHHOTO CbCTOAHUE. YIapuTe MeKIy BOIOPOJHUTE U XeJNeBU aTOMHU IPH HUCKU eHEepruu
(< 10 eV) ca obadye KBa3WeJACTHYHH U MOCTEIIEHHO Ce MOJIyYaBa PABHOBECHO PA3pejiesieHue
110 KHHETHYIHU eHepruu, T.e. MOXKeM Jia ce paboTH ¢ pasmpeaesnenne Ha Makcyesa Mo CKOPOCTH.
Camara TeMiieparypa Ha cpejara ce Ompejie/isi 0T DaJlaHCca MEeXK/Iy MPOIECHTe Ha HAUDSIBAHE U
OXJIazK/IaHe.

IIponiecn Ha HarpsBaHe

[IpeobiiaraBanusaT npomec Ha HarpsiBane B aromHara ISM e ghomoepexmem espry npawunKu:
doToHn OT 3Be3jeH npousxos ¢ enepruun ~ 8 — 13.6 eV ocBoboxkaaBaT Obp3u €JIEKTPOHH OT
npamuHkuTe. Te3n eJIeKTPOHU BJIN3AT B paBHOBECHE C ra3a, Karo ro Harpasar. CKopocTTa Ha
yBeInYaBaHe Ha eHeprudara Ha eaHo H sapo mpm To3m mporec ce mpecMsaTa o ¢gpopmy/iaTa;

Tpp ~ 4 x 107 xpuy Zg exp(—1a) [erg/s] (6.1)

K'bJIETO Xpuy M Z} Ca ChOTBETHO HHTEH3UTETHT Ha JbieHneTo BB FUV u KosmyecTBOTO Npax,
HOPMHpAHU KbM cTOHOCTHTEe UM 3a CrbHYEBaTa OKOJHOCT, a Tq € ONTHYHATa AeOe/nHa Ha
Ipaxa B TO3U Auanas3oH. lIpm Tunmynm HenmpospadHOCTH Ha Ipaxa K, ruy ~ D00 cm?. gt n
nopbpxHocTu IAbTHOCTH B MCs ot mopsiabka Ha 50-100 M, /ch, noJiygaBaMe OTEHKU Tq ~
5 — 10 u eKcIOHeHTa B TOPHOTO ypaBHeHHe okoso 1073, CraegoBaTenno, BbB BLTPEITHOCTTA HA
MCs doroedexkTbT € CHIHO MOTUCHAT, TOopa i Henpo3padnocTTa ciupsimo FUV doronu.
3aToBa B TakWBa CJIydad JaBHA POJisl UI'Dae Hazpasanemo upes kocmuuecku ssuu (CR).
Kato penaTtuBucTHYHN 9aCcTHIU, Te UMAT MHOTO IIO-MAJIKO cedeHne Ha B3auMo/ieiictsue oT FUV
¢doTOHHTE U 3aTOBA MPOHUKBAT B 30HU, eKPAHUPAHHU 34 eJIeKTPOMAarHUTHOTO JibdeHue. [IbpBara



6.1 HarpaBaHe u oxJia>kJiaHe 43

CT'BIIKa B Ipolleca Ha HarpsBaHe e H30MBAaHETO Ha €JeKTPOH OT MOJEKyJIa:
H Hf +e” 6.2
cr+Hg — Ny +€ +cr .

Tunuunara eneprug Ha ocBoOOJeHUs eleKTpoH ~ 30 eV 3aBucu c1abo 0T eHeprudTa Ha KOC-
MUYECKaTa 4acTula. KJIeKTPOHBT He MOZXKe JIECHO U IIPSKO Jia 1IPeJlajle eHePrusiTa CH Ha, JIPYI'H
JACTHIM B ra3a, T'hil KATO MacaTa My € MaJIKa U MOBEYeTO yIapu ca eJacTuIHu. Ajia Ta3u eHep-
I'usi € J0CTaThiHa, 3a JIa WOHW3Wpa WM auconuupa apyru mosiekyan Ho. Tosa Bedue moxke 10
JIOBeJIe JI0 HeeJJACTHYIHO B3aMMOJICHCTBHE W YaCT OT eHeprusTa Ha eJIeKTPOHA Ja ce MpeBbpHe
B TOILIMHA, IO TPU BbH3MOXKHHU KaHAJIA:

1. /lucoyuauyuornno Hazpasane
e +Hy - 2H+e” (6.3)

N3mumbKbT OT eHeprus Ha eJTeKTPOHHA HAJ JUCOTMAIMOHHNS MMOTEHITNAT Ha MOJIeKyIaTa
(4.5 €V) ce npeBpbila B KUHETHYHA €HEPIUsl HA JBaTa OTCKAYAIIU BOJOPOIHU ATOMA.
[Tocaeanure ca JOCTATBHIHO MACUBHHU, 34 JIa S CHOAEJAT C JPYTH Fa30BH YaCTUIIH.

2. Bssbyorcdane na 6odopodra morexyaa: Ts ce cOMBCKBA ¢ Apyra U ce JeaKTHBUPA YIApPHO.
M31unmrbKbT OT eHeprus ce MpeBpbila B KHHETHYHA, €HePIHs Ha, BATa OTCKAYAId aTOMA,
KOUTO sI CIOJIEJIAT C'bC CPEJIaTa.

e +Hy, — Hj+e

3. Xumumuno nazpacane: Cb3najeHuaT oT KocMUUecKH Jbau iion Hy pearupa ¢ apyru mo-
JIEKYJTH, OT/IeISIIN TOIJIMHA. BB3MOXKHN ca Hail-pa3TUIHu eK30TePMUYIHNA PEeaKInu, Hall-

pumep:
Hi +Hy, — Hj +H (6.5)
Hi +CO — HCO" +H, (6.6
HCO" +e” — CO+H . (6.7)

Besika ot Te3m peakmum BOJM JI0 TEXKKHW YaCTHUINA, OTCKAYAIIW C TOJIsIMa CKOPOCT M CIIO-
COOHHU J1a CIIOJEIAT KHHeTUYHATA CH eHeprus ¢bC cpenara. Ho nmpecMaTaneTo Ha IbJIHATA
0cBO0OO/IeHA eHePIrusl N3UCKBA CyMUpaHe 10 BCeBb3MOXKHUTE BEPUTU Ha peaKIusd U 3a/1a49a-
Ta cTaBa JIOCTa CJA0XKHA OT MaTeMaTu4YecKa rJiejHa Touyka. Kpaiinugar pe3ysrar e de 1mpo-
MU3BOJICTBOTO HA €HEPIrus Ha €J/iHa IM'bPBUYHA HOHU3AIMs OT KOCMHYECKH Jibiu e ~ 13 eV
npu tTunudan yeaous B MO, ¢ Bb3MOKHI OTKJIOHEHHS OT HAKOJIKO €V B 3aBUCHMOCT OT
JIOKAJTHATA, ILTBTHOCT, KOJIUYECTBO €JIEKTPOHU U JAPYTH IIapaMeTpH.

Karo B3emem npejisu i 1 HabJiioiaTe/iHaTa OleHKa 3a I'bPBUYHA HOHU3AIUS Ype3 KOCMUYec-
kn aban B Moeunns bt ~ 10710 s71 ma H aapo 8 MO, mbinaTa ckopocT Ha Harpsasane Ha H
I7IpO HA eJMHUNA 00eM Bb3JIH3a Ha!

Do ~2x 1072 0y erg.s tem™ | (6.8)

K'bJIeTO Ny € KOHIEHTpaIuaTa Ha BOAOPOAHN aroMmu. ToBa e jocTarbyHo 3a mpeodaj aBaHe Ha
HAI'PSIBAHETO UPe3 KOCMUYECKH JIbIU BbLB BbhIperrnoctTa Ha MO.
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IIponecn Ha oxJjaxkgaHe

B mosexynsipauTe obJaru npeobJiagaBar aBa Mpoeca Ha OXJIazKIaHe: 9pe3 MOJIEKYIHT eMUCHH
" n3/I'biBaHE€ Ha IIpaxa. Han’bT € e(l)eKTI/IBeH Al'€HT Ha OXJIaK/IaHe B I'a3a, 3alllOTO IMMPAITUHKHUTE
ca TBBP/IM TeJa U MOraT jia M3Jb4BaT TOIIMHHO. CaMO 4Ye TO3U MEeXaHU3bM Ce OCbIIECTBSIBA,
aKoO yJAapuTe MeKJy HMPAIIMHKU ¥ BOJOPOIHU MOJIEKYJIH Ca JIOCTATHIHO YeCTH, 33 Ja OCHTYPAT
TOILTMHHO paBHOBecHe Ha IisdjaTa cUcTeMa. B mpoTuBeH ciaydail aBaTa aHcaMObja ca B pas-
JIMIHO TEPMOJIMHAMHUIHO ChbCTOSIHAE — HPAINMHKUTE Ce OXJIAXK/IaT, JOKATO ra3bT 0CTaBa T'OPEII.
[LrbTHOCTTA, HEOOXOAMMA 33 MOCTUTAHe HAa TOIUIMHHO paBHOBecue, e okoso 10* — 10° em™3,
T.e. Mo-BHCcOKa oT Tunu4Harta B ejud GMC u 3aToBa 3acera HsaMa Jia pasriiezK/aMe Bb3MOKHO
oxJlakaHe upes raza. IlocsegHoTo npujmoduBa 3HaUYeHNe TPU KOJAICUPAIIH, ITHTHH O0EKTH.

ATepHATHBHHUAT IPOIEC HA OXJIaXKIaHe € Upe3 eMUCHS B MOJIEKY/THH TUHAN U Hali-BayKHATA
MoJiekysia B ToBa orHomrenue e CO. @usukara Ha mpomeca e mnpocra. Mosekyaure Ha CO ce
Bb30YKJAT Upe3 HeeJJAaCTUIHU yJIapu ¢ MoJiekyyiu Hy, Tpu KOMTOo KNHETUYHATA eHePrus IMpPeMu-
HaBa B MoTeHIua Ha. [lpn 1bancTo neakTuBHpaHe Ha MoOJeKyaaTa (pOTOHHT HAaMycKa obJIaka u
nocjeHuAT ryou eneprug. Husara Ha aByaTomua mosiekysia kato CO, KOUTO MoraT ja Objaar
BBH30Y/IEHU, Ca POTAIMOHHH, BUOPAIIMOHHN WK eneKTpoHHu. [Ipu Huckure Temueparypu B MO,
OOMKHOBEHO OT 3HAYEHHE Ca CAMO POMayuorHume HEBA. Te ce XapaKTepuupar OT KBAHTOBO
YUCJIO Ha II'bJIHUA MOMEHT Ha UMITYJICA J, KaTO OT BCAKO HUBO J UMa €JUHCTBEH IIO3BOJIEH IIPpe-
X0, KbM 10-10s1H0T0 J — 1. TIpexonu ¢ no-roemu AJ ca CHMIHO TMOTHCHATH, 3aI0TO U3HCKBAT
eMHCHs OT moBeve (pOTOHHU 3a 3ala3BaHe HA MOMEHTa Ha HMILYJ/ICA.

3a cbKajleHne cKopocTTa Ha oxjaxKkiaane upe3 CO MOJIEKYIH ce IMpecMsTa JI0CTa TPYIHO,
3a1010 Benuky JmHuy Ha CO ¢ HUCKM POTALMOHHU HUBA ca ouTu4HO jebesn. PoToH, n3rbueH
pu 1pexos oT HEuBO J = 1, BepOATHO Ie Ob/ie MOI'bJHAT OT APYyra MOJIEKYJa B CbCTOSHHE C
J = 0 omie npean ja HamycHe O0Jaka W HAMA Ja JOTpHUHece 3a oxJaxkaanero. CremnoBaTe/HO
CKOPOCTTa Ha OXJazkjaHe A e cjaokHa (PYHKIHSA OT MPOCTPAHCTBEHOTO IOJIOXKEeHHEe B ODJIaKa —
doToHN 6;1M30 10 TOBBPXHOCTTA MY Ie HAIYCHAT C MO-TOJIIMa BEPOITHOCT W TYK A 1m1e Obie
MHOTO TO-TOJISIMA, OTKOJTKOTO B IbJI0OUNHA. /lucmepcusTta Ha CKOPOCTUTE C'BINO € OT 3HAUYEeHHe,;
roJieMuTe JUCIEPCUU Ha CKOpOcTTa o0ycaaBsaT JlomiepoBo orMecTBaHe HA €eMHCHATA B IIHPOK
JIMAIa30H OT YeCTOTH W OTTYK BEPOSATHOCTTA 33 PE30HAHCHO MOBTOPHO TOTTbINaHE HA JaeH
doron HamassgBa. Ha npakTtuka ToBa O3HadaBa, 4€ CKOPOCTHUTE HA OXJIazK/IaHe MPH Pa3/JIuIHH
Ipexojau TpsgbBa Jla ce IMpecMeTHAT YUCAEHO U IMe 3aBHCAT OT I'eOMeTpHdATa Ha o0JaKa, ako
HCcKaMe Ja MOCTUTHeM TOYHOCT B paMKuTe Ha (daxTop ~ 2. Bee mak moxkem ja mpuaobuem
U3BECTHA MPEJCTaBa OT HAKOW 00mu choOparkenus. Bucokure nusa J na mosexynara CO ca
ONTUYHO T'HbHKH, T'bil KATO OPOAT MOJIEKYJIH B CheTostHUus J — 1, criocobnu j1a morbjaHaT (poToHH
npu npexoau J — J — 1, ca B MHOIO MaJIKH KOJHYEeCTBa U TakKuBa (OTOHHU, KbIAETO U Jia Ca
U3/'bIEHH, HallycKaT obJjiaka ¢ JiekoTa. Ho Temmeparypute 3a Bb30yzKJIaHe Ha TE€3W HHUBA Ca
BHUCOKH cipsMo u3MmepernTe B MO u ¢bOTBETHO TaKWBa eMHCHE ca caabu. Olne moBeve HUBaTa
C IIo-roJieMun J UMaT U BUCOKW KPUTHUYHU IIJI'BTHOCTH U Ca Cy6TOHﬂI/IHHO HaCGﬂeHI/II, KO€eTO € o11e
eqnH (hbakTOp 3a oTc/IabBaHe HA €MUCHSITA.

Ot apyra crpana, auBata Ha CO MosekyaTa ¢ MaJko J ce XapaKTepu3upar ¢ Haii-roasma
HACeJeHOCT W ChOTBETHHUTE IPEXOIU UMAT Hail-rojieMHu ONTUYHH JIHJIOOYMHU — THIIUIHUTE 3a
npexoga J = 1 — 0 ca HIKOJKO jeceTKd u moBeve. TakmBa MOJEKY/IU ca areHTH Ha OXJIazK1a-
HE, CAMO aKO Ce HAMHPAT B CJIoeBe ¢ T ~ 1 crupsmMo nmopbpxuocTTa Ha OOMaka. C aApyru jymu,
oXJIazKJIaHeTo € e(beKTUBHO caMO B MaJI'bk 00em or objaka. CymapausT edekT oT orcaabBaHe-
TO Ha MpexoJuTe ¢ MaJiKu J nmopajiun e(l)eKTI/I Ha ONTUYHATA IIJI'BbTHOCT W Ha Te3U C rojieMmn J

IT.e. mo-c1abo HaceseHu, OTKOJKOTO IIPH TOILIMHHO PABHOBECHE.
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mopaan epeKTH Ha Bb30YKIAHETO €, Ye OXJIAXKIAHETO Ce OMpeess IPeIuMHO OT eIHa JIMHUSI,
CbOTBETCTBAIA HA HAll-HUCKOTO HUBO J 3a KOETO JIMHUsITa He e onTudHo aebesa. [Tocaeanara e
OTYACTU ONTHYHO ThHKA, HO € OJinm3Ka 10 cberosiiue Ha LTE mopaaun B3aumojeiicrBue Ha HUC-
KHATE HUBA C TOJIETO Ha JIbieHneTo. Kost TOUHO JIMHUS € Ta3’ 3aBUCH OT KOJOHKOBATA, MIHTHOCT
1 JUCIIePCHATa Ha CKOPOCTUTE B 001aKa. THIHYHATE MHKOBH CTOMHOCTH B TAJJAKTHKH OT THUIIA
Ha Mieunus obr Bapupar or J =2 — 1 10 J =5 — 4.

Ckopocrra na oxnaxaane Aco < exp(—FE;/kT) upes emucun na mosnekynara CO ce npec-
MsITa, KaTo HOCJe/HaTa ce pa3rierk/ia Karo KBanTos porop B LTE, a orHOCHTEIHOTO KOJIMYECTBO
ra CO Ha eIHO BOIOPOIHO SO ce mpueme 3a Tco ~ 1.1 x 107%. 3a 2 < J < 5 u Temueparypu
~ 10 K omenxute couar Ago ~ 107%7 — 1072 erg.s~'.cm™. Cpasnenunero ¢ dopmyna (6.8)
IIOKa3Ba 3aI[0 THIIHYHUTE paBHOBecHH Temmeparypu Ha MO ca 6au3ku g0 10 K.

Hanmpapenute omeHKH 3a CKOPOCTHTE Ha HAIPABAHEe W OXJIaXKJIaHe NMAT JBe KPUTHIHH IIOC-
gencreud 3a auHamukara Ha MO:

e Temmeparypara e clabo IyBCTBUTETHA K'bM BapHall B JIOKAJIHATA CKOPOCT HA HAIPH-
BaHe. CKOpOCTHTEe Ha HarpsgBaHe Upe3 KOCMUUYECKH Jbid min horoedeKT ca B TOagMa
CTelleH He3aBUCUMU OT TeMIepaTrypara, JJOKATO Ta3u Ha OXJIaXK/aHe — T'bKMO HAlPOTHB,
3aI0TO Hpeod/IaaBamuTe Juaun Ha oxjaxkaane dpe3 CO mmar eHepruu, ChIIeCTBEHO
nagpuniaanmy k7. Yucienure npecMsaranus mokassar, ue Aco € INponopuuoHaJHa Ha
remieparypara Ha crened 2 S p < 3. Topa o3HauaBa, 4e yBeanmvyaBaHe Ha JIOKAJTHATA
CKOpPOCT Ha HarpsBaHe ¢ ¢akTop f OM J0BeJO 10 HpOMSHA Ha TeMIepaTypaTa eaBa C
dbakrop ~ fY/P. CuenoBarenno MoxkeM ga odaksame, e MO ca GIM3K7 10 H30TEPMUIHO
CbCTOsIHKME, OCBEH aKO He Ca Pa3loJIOyKEHHU JI0 MOIIHU U3TOYHUIM HA HAIDsIBAHE.

e XapaKTepHOTO BpeMe Ha OXJAXKJIAHE Teool MOPAIN JHUEHWE € MHOTO IMO-MaJjJKo OT TOBa
HA HATDSIBAHETO Ype3 MeXaHWYHW sBJIeHus (HAID. yIapHu BbjHK). To MOXKe ja ce orneHu
Kato €,/ Aco, KbJIETO cpejiHaTa TOIUIMHHA €HePrus Ha €THO BOJOPOJIHO SO €:

2 10 K
PagencTBoTO € MPUOJIM3UTEHO, 3aII0TO Ca MpeHeOPerHaTu KBAHTOBOMEXaHUIHUTE eek-
TH, KOUTO UMAT 3HaUeHHe IIPU HUCKU TeMIepaTypu. AKO IIPeImOI0KIM, d€ ra3bl € U3-
JIA3BJ1 JIeKo oT paBHOBecue, ¢ T = 20 K, paBHOBecneTo MexK/1y HarpsBaHe W OXJazKIaHe
€ CepHO3HO HapYyLIeHO B 10/13a Ha BTopoTo. Torasa npun Aco/ng ~ 4 X 10726 erg.s™,
cTHraMe JI0 Teool = 1.6 kyr. 3a cpaBHenue, xapakTepHOTO TYypPOYJICHTHO Bpeme T ~ L/o

3a ob1ak ¢ pazmep L = 30 pc u aucnepcnst va ckopocrure 04 km/s e meam 7 Myr.

1/(3 T
€ A — (ikT =101 ) erg. (6.9)

6.2 IIpexoa or aromMHa KbM MOJIEKYyJTHA (a3a

Da3u Ha MEXK/Iy3BE3IHUS Ta3.

Jlunamukara sHa MC obxBalia rojsM Juala30H OT IPOCTPAHCTBEHU CKaJIU: OT ['aakTukaTa
KaTo IS0 JI0 JJOKAJTHU CI'bCTIBAHUA OT MeXK/Iy3Be3/eH ra3, KOUTO KOJAIICHpaT ¢ oOpa3yBaHe Ha
OTJEJIHU 3Be3/U WU JIBOITHU 3Be31Hu cucreMu. Cbino Taka, auaamuaauTe npomecu B MC mpo-
TU4YaT BbB BHYHIUTE/ITHU BpEMEBU MaHla6I/II OT CTOTHUIIYM MUJIMOHHU I'OJUHHU (OT Hopd1bKa Ha €JUuH
II'bJIEH POTallMOHEH NEPUOI Ha FaﬂaKTHK&Ta) A0 CTOTUIU TOAWHHA, HeO6XO,Z[I/IMI/I 3a IIpeMuHaBaHe-
TO Ha floHU3anuoHeH (PPOHT Ipe3 06JI1aK OT MOJIEKYJIEH BOJIOPOJI, ¢ aKTHBHO 3Be371000pa3yBaHe.
To3u mupok Auama3zoH OT HPOCTPAHCTBEHU W BPEMEBH CKAJIU € CBbpP3aH II0 CJIO0KEH HAUUH C
peauna dpenomenn Ha 00pATHO Bb3/IEHCTBHE BbPXY CpejiaTa B 30HUTE HA 3BE3/1000pa3yBaHe.



I'maBa 7

TypOyJjieHTHOCT 1 HEHUTE
XapaKTepuCTUKU

TypOyaenTaoctra cama 1o cebe cu e 1oJie 3a OTJAEJAHO HAy4dIHO u3cjejBaHe. Pazdbupanero u
ONVCAHUETO M €A W3KIYHTENHO CI0KHU. (AHEKIO0T...) B paMKuTe Ha TO3M Kypc Ha HAC HU e
HEOOXOIMMO Ja pa3dbupamMe OCHOBHUTE CTATHCTHIECKH TOIXO/IU, U3IOI3BAHN 32 MOJIEINpaHe Ha
TypOynenTnocrTa B ISM.

7.1 @aynHU ypaBHEeHUd U XapaKTEPHU YNCJIA

We start by examining the equations of fluid dynamics and the characteristic numbers that
they define. Although the ISM is magnetized, we will first start with the simpler case of an
unmagnetized fluid. Fluids are governed by a series of conservation laws. The most basic one
is conservation of mass: 5

50 =V () (7.1)

Physically, this is very intuitive: density at a point changes at a rate that is simply equal to
the rate at which mass flows into or out of an infinitesimal volume around that point.
We can write a similar equation for conservation of momentum (Navier-Stokes):

0
a(pv) = -V - (pvv) — VP + pvV3v . (7.2)

The term pv is the density of momentum at a point. IIbpBusT wnen orasicuo, in analogy
to the equivalent term in the conservation of mass equation, the rate at which momentum is
advected into or out of that point by the flow. The term V P is the rate at which pressure forces
acting on the fluid change its momentum. Finally, the last term pvV?v is the rate at which
viscosity redistributes momentum, karo the quantity v is called the kinematic viscosity.

Buckosuust 4yien B ypaBuenuneto requires a bit more discussion. All the other terms in the
momentum equation are completely analogous to Newton’s second law for single particles. The
viscous term, on the other hand, is unique to fluids, and does not have an analog for single
particles. It describes the change in fluid momentum due to the diffusion of momentum from
adjacent fluid elements. We can understand this intuitively: a fluid is composed of particles
moving with random velocities in addition to their overall coherent velocity. If we pick a
particular fluid element to follow, we will notice that these random velocities cause some of
the particles that make it up diffuse across its boundary to the neighboring element, and some
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particles from the neighboring element enter. The particles that wander across the boundaries of
our fluid element carry momentum with them, and this changes the momentum of the element
we're following. The result is that momentum diffuses across the fluid, and this momentum
diffusion is called viscosity. Viscosity is interesting and important because it’s the only term in
the equation that converts coherent, bulk motion into random, disordered motion. That is to
say, the viscosity term is the only one that is dissipative, or that causes the fluid entropy to
change.

To understand the relative importance of terms in the momentum equation, it is helpful to
make order of magnitude estimates of their sizes. Let us consider a system of characteristic size
L and characteristic velocity V; if we’re examining a molecular cloud, we might have L ~ 10 pc
and v ~ 5 km/s. The natural time scale for flows in the system is L/V, so we expect time
derivative terms to be of order the thing being differentiated divided by L/V. Similarly, the
natural length scale for spatial derivatives is L, so we expect spatial derivative terms to be
order the quantity being differentiated divided by L. If ¢, is the gas sound speed, and we have
written the pressure as P = pc? and we apply these scalings to the momentum equation, we
expect the various terms to scale as follows:

2 2 2
pv p? pd v
i L T T <
> v
1 ~ 1+ ’U_Z -+ U_L . (73)

From this exercise, we can derive two dimensionless numbers that are going to control the
behavior of the equation. We define the Mach number and the Reynolds number as:

v
M=, (7.4)
Lv

The meanings of these dimensionless numbers are fairly clear from the equations. If M < 1,
TO pressure term e ompe eI 3a eBoToNuITa Ha (huayuaa. VI HanmpoTuBs, P CHIHO CBPHX3BY-
koBu Guryngaau noronu M > 1, then the pressure term is unimportant for the behavior of the
fluid (“buynn 6e3 mamsirane”). In mzorepmudaen molecular cloud:

ET

e 0.18(7/10 K)/2 (7.6)

Cs —

where p = 2.33 is the mean mass per particle in a gas composed of molecular hydrogen and
helium in the usual cosmic abundance ratio of 1 He per 10 H atoms. Thus MV/ecs ~ 20, and
we learn that pressure forces are unimportant.

The Reynolds number is a measure of how important viscous forces are. Viscous forces are
significant for Re~ 1 or less, and are unimportant of Re> 1. We can think of the Reynolds
number as describing a characteristic length scale L ~ v/V in the flow. This is the length
scale on which diffusion causes the flow to dissipate energy. Larger scale motions are effectively
dissipationless, while smaller scales ones are damped out by viscosity. ... The extremely large
value of the Reynolds number immediately yields a critical conclusion: molecular clouds must
be highly turbulent, because flows with Re of more than ~ 103 — 10* invariable are. Figure 4.1
illustrates this graphically from laboratory experiments.
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7.2 Teopusa ma Koamoropos m TypOy/ieHTHA KacKaaa

In a turbulent medium velocity fluctuates in time and space, and so the best way to proceed
is to study those fluctuations statistically. We will make two simplifying assumptions. First we
assume that the turbulence is homogenous, in the sense that the turbulent motions do vary
only randomly, and not systematically, with position in the fluid. Second, we assume that it
is isotropic, so that turbulent motions do not have a preferred directions. Neither of these are
likely to be strictly true in a molecular cloud, particularly the second, since large-scale magnetic
fields provide a preferred direction, but we will start with these assumptions and relax them
later.

Bapnanugara #a cKopocTTa B 3aBHCHMOCT OT MOJOKEHHETO BHB (DIyHIa ce OMUCBA OT aBTO-
KopeJialluoHHaTa (DYHKIUS:

Alr) = = /v(x)v(x +1)dPx = (v(x) - v(x + 1)) . (7.7)

Vepeanspanero e o Benuky Hanpasienus X, a A(0) = (v2) e npocTo KBagpaTbT Ha CpeIHOK-
sagparuunara (RMS) ckopocr. IIpu nsorponno nosie na ckopocrure A(r) = A(|r|) = A(r) u
ChibprKa WHMOPMAIHs 33 TPOMIHATA HA CKOPOCTTA Ha HIKaKbB Maiad (ckasa) r BbB diyna.

Yecro e mo-ymodHo ja ce paboru BbB Dypue-npocrpanctroro. Pypue-rpancdopmannsara
Ha I10JIETO HA CKOPOCTTa ce Jie(puHUpPA TPUBUATHO:

1

wm:%/w@mwmxm&,

a COHEeKTHhDHT HA eHePrudaTra (power spectrum) Ha TYypOYJIEHTHOCTTA, ChOTBETHO:
U(k) = [v(k)|]* . (7.8)

Again, for isotropic turbulence, the power spectrum depends only on the magnitude of the
wave number k = |k|, not its direction, so it is more common to talk about the power per unit
radius in k-space,

P(k) = 4mtk*¥ (k) , (7.9)

a C'bIVIACHO TeopeMaTa Ha HapceBaﬂ

/P@mk:/v@m%,

i.e. so for a flow with constant density (an incompressible flow) the integral of the power
spectrum just tells us how much kinetic energy per unit mass there is in the flow. The power
spectrum at a wavenumber k then just tells us what fraction of the total power is in motions
at that wavenumber, i.e. on that characteristic length scale. The power spectrum is another
way of looking at the spatial scaling of turbulence. A power spectrum that peaks at low k
means that most of the turbulent power is in large-scale motions, since small k corresponds to
large A. Conversely, a power spectrum that peaks at high k means that most of the power is in
small-scale motions.

The power spectrum also tells us about the how the velocity dispersion will vary when it
is measured over a region of some characteristic size. Suppose we consider a volume of size /,
and measure the velocity dispersion o,(¢) within it. Further suppose that the power spectrum
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is described by a power law P(k) o< k™. The total kinetic energy per unit within the region is,

up to factors of order unity,
Ekin ~ O'U(K)Q .

Ot apyra crpaHa:

o

Fiin = / P(k)dk oc "1
2m/l

OTK'bJIETO MOJIydaBaMe 3aKOH 3a CKaJaupaHe Ha CKopocTTa. Ao obo3HaumMm ¢ {5 T.HAp. 36YKO-
60 CKaAG, HA KOITO JIUCIEPCUSTAa Ha CKOPOCTUTE Ce M3PABHABA CbhC CKOPOCTTA HA 3BYKA, W s
U3I0/13BaMe KaTO HOPMHUPAIIA BEeJIUIHHA, TO3U 3aKOH MOXKe Jia ce 3aIullle:

/N (D2
Oy = Cs (€—> : (7.10)

The closest thing we have to a model of turbulence is in the case of subsonic, hydrodynamic
turbulence; the basic theory for that goes back to Kolmogorov (1941). Real interstellar clouds
are neither subsonic nor hydrodynamic (as opposed to magnetohydrodynamic), but this theory
is still useful for understanding how turbulence works. Kolmogorov’s theory of turbulence begins
with the realization that turbulence is a phenomenon that occurs when Re is large, so that there
is a large range of scales where dissipation is unimportant. It is possible to show by Fourier
transforming the Navier-Stokes equation that for incompressible motion transfer of energy can
only occur between adjacent wavenumbers. Energy at a length scale k cannot be transferred
directly to some scale ¥’ < k. Instead, it must cascade through intermediate scales between k
and k’. This gives a simple picture of how energy dissipates in fluids. Energy is injected into a
system on some large scale that is dissipationless, and it cascades down to smaller scales until
it reaches a small enough scale for Re ~ 1, at which point dissipation becomes significant. In
this picture, if the turbulence is in statistical equilibrium, such that is neither getting stronger
or weaker, the energy at some scale k£ should depend only on k and on the rate of injection or
dissipation .

Cera oT aHaN3 HA PA3MEPHOCTHTE, MOYKEM Ja TOJYIAM BaKHU CKATUPAIIH ChOTHOIICHNUS.
a upejiiosioxkuM, de TypOyJeHTHUSAT CHEKT'bD 3aBUCH 110 CTEIIEHEH 3aKOH OT CKaJjlara U OT
cKOpOCTTa Ha wHKekTupane/mcunamus: P(k) = Ck*)?. Toit nma pasmepHocT Ha energy per
unit mass per unit radius in k-space, T.e. L?>/T?. The injection / dissipation rate ¢ has units of
energy per unit mass per unit time: L?/7%. OrTyk cTurame 1o:

Lr L2\’ 5 2

T.map. “3akoH —5/3” moKa3Ba Kak ce pas3lpejiesisi eHePrUaTa 10 CKATH B €Ha TypOy/IeHT-
Ha Kackaja. This means that most of the power is in the largest scale motions, since power
diminishes as k increases. Bropo, ako 3amectum @ BbB popmyJiaTa 3a CKaJMpaHe Ha CKOPOCTTA
(7.10), me nosyunm:
1/3
oy x { (7.12)

This is an example of what is known in observational astronomy as a linewidth-size relation
— linewidth because the observational diagnostic we use to characterize velocity dispersion is
the width of a line. This relationship tells us that larger regions should have larger linewidths,
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with the linewidth scaling as the 1/3 power of size in the subsonic regime. B kiouoBara paco-
ta Ha Larson (1981) e ycranoseno, de pucnepcuure Ha ckopocrra B MO u rexuu dparmentu
ce MOJIYMHABAT Ha 10/I00HO CKaJIMPaIo ChbOTHOIIEHUE, ¢be cTernened nokaszares 0.38. Tosa Ha-
BeK/la Ha MUCHJITA 32 BayKHATA POJIst Ha TYPOYIeHTHOCTTa B 00JIaCTUTE Ha, 3BE31000pa3yBaHe H
croMara 3a MpeoCMUCISTHETO Ha napajurMara B TeopusTa (Bxk. Hacr 4.3). The subsonic regime
can be tested experimentally on Earth, and Kolmogorov’s model provides an excellent fit to
observations. (®urypa, cpaBusiBaina ciuekTbp 110 Koimoropos cbe ckasmpane 110 Larson.)
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Qurypa 7.1: Cuekrbp Ha TypOy/aeHTHOCTTA 110 KOJIMOTrOpOB: €KCIIePUMEHTATHO OTBbPZAKICHUE
or u3csenpane Ha rasoBa ctpys (Champagne, 1978). Ilo aGcuumcara e HaHECEHO BbLJIHOBOTO
YucCJo, a C IJI'bTHU U ITPa3HU CUMBOJIN € 0603Haqu CBbOTBETHO CHEKTHDHT Ha YCHOpeIHUuTe u
Ha [MePIeHIUKY/IIpHATe Ha IOTOKA KOMIOHEHTH Ha CKOPOCTTA.

7.3 CBpbX3BYKOBa TypOYyJE€HTHOCT

Analytic attempts to characterize turbulence have a fundamental limitation, so far they are all
restricted to incompressible flows. However, molecular cloud observations clearly show extremely
non-uniform structure. This may render all applications of incompressible turbulence to the
theory of star formation meaningless.

We have seen that real interstellar clouds not only have Re > 1, they also have M > 1,
and so the flows within them are supersonic. This means that pressure is unimportant on size
scales L > /. Since viscosity is also unimportant on large scales, this means that gas tends
to move ballistically on large scales. On small scales this will produce very sharp gradients in
velocity, since fast-moving volumes of fluid will simply overtake slower ones. Since the viscosity
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term gets more important on smaller scales, the viscosity term will eventually stop the fluid
from moving ballistically. In practice this means the formation of shocks — regions where the
flow velocity changes very rapidly, on a size scale determined by the viscosity.

We expect that the velocity field that results in this case will look like a series of step
functions. The power spectrum of a step function is a power law P(k) oc k2. One can establish
this easily from direct calculation. Let’s zoom in on the region around a shock, so that the
change in velocity on either side of the shock is small. The Fourier transform of v in 1D is

(k) = \/; / (@) exp(—ikz) da

The periodic function vanishes for all periods in the regions where v is constant. It is non-
zero only in the period that includes the shock. The amplitude of v(z)exp(—ikz) dxr during
that period is simply proportional to the length of the period, i.e. to 1/k. Thus, Zv)(k:) x 1/k.
It then follows that P(k) oc k=2 for a single shock. An isotropic system of overlapping shocks
should therefore also look approximately like a power law of similar slope. This gives a velocity
dispersion versus size scale o, o< 1/2, and this is exactly what is observed. Figure 4.3 shows an
example.

Note that, although the power spectrum is only slightly different than that of subsonic
turbulence (—5/3 versus about —2), there is really an important fundamental difference between
the two regimes. Most basically, in Kolmogorov turbulence decay of energy happens via a
cascade from large to small scales, until a dissipative scale is reached. In the supersonic case,
on the other hand, the decay of energy is via the formation of shocks, and as we have just seen
a single shock generates a power spectrum o< k72, i.e. it non-locally couples many scales. Thus,
in supersonic turbulence there is no locality in k-space. All scales are coupled at shocks.

In subsonic flows the pressure force is dominant, and so if the gas is isothermal, then the
density stays nearly constant — any density inhomogeneities are ironed out immediately by
the strong pressure forces. In supersonic turbulence, on the other hand, the flow is highly
compressible. It is therefore of great interest to ask about the statistics of the density field.

Numerical experiments and empirical arguments (but not fully rigorous proofs) indicate
that the density field for a supersonically turbulent, isothermal medium is well-described by a
lognormal probability distribution function (PDF):

p(s) = \/21“_02 exp {-%} , (7.13)

kbaero s = In(p/p). Hanarame na ecTecTBeHOTO H3UCKBaHe 3a cpeaHATa ILTLTHOCT p = [ pp(s) ds
BOJIM IO CJIeJTHATa Bpb3Ka Mexkay mupuHata Ha PDF n meitnug makcumym:

so=—02/2; (7.14)

He e Tpyano na ce nmokake, ge macoBo nperersienata PDF uma cbimus Buj, HO MAaKCUMYyMBT i
e OTMecTeH 0T —Sg KbM +5g. Physically, the meaning of these shifts is that the typical volume
element in a supersonic turbulent field is at a density lower than the mean, because much of the
mass is collected into shocks. The typical mass element lives in one of these shocked regions, and
thus is at higher-than-average density. Figure 4.4 shows an example of the density distribution
produced in a numerical simulation of supersonic turbulence.
The lognormal functional form is not too surprising, given the central limit theorem. Supersonic

turbulence consists of an alternative series of shocks, which cause the density to be multiplied
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Qurypa 7.2: Ckajupane Ha jaucrnepcuara Ha ckopoctTa B ISM Ha Mieunus mbr. Relation
between velocity dispersion (as measured by the width of the J =1-0 rotational line transition
of 12 CO) and spatial scale in the Galactic ISM. The data points come from a wide range
of observations that trace different structures and physical conditions (in terms of density,
temperature, excitation parameter, etc.). This in part contributes to the large scatter in
the data. However, altogether the observations reveal a clear power-law relation of the form
Avyr x €% To guide the eyes, the solid lines illustrate the slopes a = 1/3 and a = 1/2. The
lower limit of Avyr =~ 0.1 km/s is due to the spectral resolution in the data and corresponding
noise level. The figure is taken from Falgarone et al. (2009), where further details and a full list
of references can be found.

by some factor, and supersonic rarefactions, which cause it to drop by some factor. The result of
multiplying a lot of positive density increases by a lot of negative density drops at random tends
to produce a normal distribution in the multiplicative factor, and thus a lognormal distribution
in the density.

This argument does not, however, tell us about the dispersion of densities, which must
be determined empirically from numerical simulations. The general result of these simulations
(e.g., Federrath, 2013) is that

J?%lﬂ(l—l—lﬂ/\/ﬂ%’) (7.15)

KbeTo pakropbT 1/3 < b < 1 3aBucH OT THIA 33/ BUKBAHE HA TYPOYIEHTHOCTTA (OT COJEHOU-
JIAJTHO K'bM KOMITPECHBHO), a [y e the ratio of thermal to magnetic pressure at the mean density
and magnetic field strength — we’ll get to the magnetic case next.
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7.4 3aaBmkBane Ha TypOysenTHoctTa (forcing)

N3rounumnu wa TypoOyserTHOCTTA B ISM.



I'1aBa 8

MarauTHu moJieta B XJIQIHATA
MexK/1y3Be3/IHa cpega

In our treatment of fluid flow and turbulence in Chapter 4, we concentrated on the hydrodynamic
case. However, real star-forming clouds are highly magnetized. We therefore devote this chapter
to the question of how magnetic fields change the nature of molecular cloud fluid flow.

8.1 MN3mepBaHmsg Ha MAarHUTHOTO II0JI€ OT HAOJIIOAeHUS

It became clear from observations of polarized starlight (Hiltner 1949, 1951) that substantial
magnetic fields thread the interstellar medium (Chandrasekhar & Fermi 1953a), forcing the
magnetic flux problem to be addressed, but also raising the possibility that the solution to
the angular momentum problem might be found in the action of magnetic fields. The typical
strength of the magnetic field in the diffuse ISM was not known to an order of magnitude,
though, with estimates ranging as high as 30 uG from polarization (Chandrasekhar & Fermi
1953a) and synchrotron emission (e.g. Davies & Shuter 1963). the modern value of around 3
uG only gradually became accepted over the next two decades.

There are several methods that can be used to measure magnetic fields, but the most direct
is the Zeeman effect. The Zeeman effect is a slight shift in energy levels of an atom or molecule
in the presence of a magnetic field. Ordinarily the energies of a level depend only the direction
of the electron spin relative to its orbital angular momentum vector, not on the direction of
the net angular momentum vector. However, in the presence of an external magnetic field,
states with different orientations of the net angular momentum vector of the atom have slightly
different energies due to the interaction of the electron magnetic moment with the external
field. This causes a normally single spectral line produced transitions from that level to split
into several separate lines at slightly different frequencies.

For the molecules with which we are concerned, the level is normally split into three sublevels
— one at slightly higher frequency than the unperturbed line, one at slightly lower frequency,
and one at the same frequency. The strength of this splitting varies depending on the electronic
configuration of the atom or molecule in question. For OH, for example, ayBcrBuTeiHOCTTA HA
Zeeman e Z = 0.98 Hz/uG, a camoro ormectBane Av = BZ, where B is the magnetic field
strength. One generally wants to look for molecules where Z is as large as possible, and these
are generally molecules or atoms that have an unpaired electron in their outer shell. Examples
include atomic hydrogen, OH, CN, CH, CCS, SO and Os. [IpoctoTo npecmsitane obade mokasna,
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4e unless the field is considerably larger than 1000 uG (TBBpae rosemu croitnoctn 3a ISM),
the Zeeman splitting is smaller than the Doppler line width, and we won’t see the line split.

However, there is a trick to avoid this problem: radiation from the different Zeeman sublevels
has different polarization. If the magnetic field is along the direction of propagation of the
radiation, emission from the higher frequency Zeeman sublevel is right circularly polarized,
while radiation from the lower frequency level is left circularly polarized. The unperturbed
level is unpolarized. Thus although one cannot see the line split if one looks at total intensity
(as measured by the Stokes I parameter), one can see that the different polarization components
peak at slightly different frequencies, so that the circularly polarized spectrum (as measured
by the Stokes V parameter) looks different than the total intensity spectrum. One can deduce
the magnetic field strength along the line of sight from the difference between the total and
polarized signals. (Figure 5.1)

Applying this technique to molecular line emission from molecular clouds indicates that
they are threaded by magnetic fields whose strengths range from tens to thousands of uG, with
higher density gas generally showing stronger fields. We can attempt to determine if this is
dynamically important by a simple energy argument. For a low-density envelope of a GMC
with n ~ 100 cm™ (p ~ 10722 g.cm™3), we might have v of a few km/s, giving a kinetic
energy density Eig, ~ pv? ~ 107! erg.em™3, nokaro emepruiinara IIbTHOCT HA MArHUTHOTO
nosie e Fy,e = B*/8m ~ (10 uG)?/8m ~ 107! erg.cm™>. Thus the magnetic energy density is
comparable to the kinetic energy density, and is dynamically significant in the flow.

Another commonly-used technique, which we will not discuss in any detail, is the Chandrasekhar-
Fermi method (Chandrasekhar & Fermi, 1953). This method relies on the fact that interstellar
dust grains are non-spherical, which has two important implications. First, a non-spherical
grain acts like an antenna, in that it interacts differently with electromagnetic waves that are
oriented parallel and perpendicular to its long axis. As a result, grains both absorb and emit
light preferentially along their long axis. This would not matter if the orientations of grains
in the interstellar medium were random. However, there is a second effect. Most grains are
charge, and as a result they tend to become preferentially aligned with the local magnetic field.
The combination of these two effects means that the dust in a particular region of the ISM
characterized by a particular large scale field will produce a net linear polarization in both the
light it emits and any light passing through it. The direction of the polarization then reveals
the orientation of the magnetic field on the plane of the sky.

8.2 Marueru3supana TypOyJeHTHOCT: YpaBHEHHS W Xapak-
TEPHU YNCJIIA

To understand how magnetic fields affect the flows in molecular clouds, it is helpful to write
down the fundamental evolution equation for the magnetic field (ypaBHenue na nnyKimsTa)
in a plasma:

B
aa—t:Vx(va)—Vx(anB), (8.1)

KbJIETO V € cKopocTTa Ha (uryuaus (IOHHUS 1I0TOK ), ) = pe1/ [lo € MATHUTHOTO C'hIPOTHB/ICHUE
Ha (DIYHJIA, & P U [y CA CHOTBETHO CENU(MUIHOTO €JIEKTPUIECKO ChIPOTUBIEHNE U KOHCTAH-
TaTa HA MArHUTHOTO noJsie. Ao 7) ~ const(r), MozKeM j1a OnpocTuM ypasHeHueTo. Karo B3emem
npegsun V - B = 0 u usnonssame Bpnskata V X (V x B) = V(V - B) — V2B, moxem ja
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ONPOCTUM TOPHOTO ypaBHEHHE JI0:

%§+VX(wa:nVB. (8.2)
The last term here m3riexxna mo mojo6eH HAYHH KATO BHCKO3HHA 4ieH v'V2v B ypaBHEHHETO
na Navier-Stokes (dbopmyna 7.2). That term described diffusion of momentum, while the one
in this equation describes diffusion of the magnetic field.diffusion of the magnetic field. (Note
that we're simplifying a bit here - the real dissipation mechanism in molecular clouds is not
simple resistivity, it is something more complex called ambipolar drift, which we’ll discuss in
more detail later. However, the qualitative point we can make is the same, and the algebra is
simpler if we use a simple scalar resistivity.)

[To anasorus ¢ ypaBaenuero Ha Navier-Stokes, MoxkeM 1a nmpuberneM J10 aHAJIH3 Ha pa3Mep-
Hocrure, Karo o3HaduM ¢ L be the characteristic size of the system and V be the characteristic
velocity (L/V is the characteristic timescale), a B be the characteristic magnetic field strength.
Inserting the same scalings as before, the terms vary as

Bv n Bv B o
L L L2
n
1 ~ —. 8.3
oL (8.3)

Mozkem ja geduHEpaAMe Ma2HUMHO YUCAO Ha Petinoadce, 1o aHAJIOrUs ¢ XUAPOMHAMIIHOTO
MYy CbOTBETCTBUE!:

Lv

n
Magnetic diffusion is significant only if Rm ~ 1 or smaller. [Ipocta onenka 3a MO ¢ pa3mepu
HSKOJIKO JIECETKH PC, IUCIEePCUsT Ha CKOPOCTUTE OT HIAKOJIKO Kim /S ¥ MATHUTHO T10JIe ¢ WHYKIIUsT
naxoako gecerku UG, somu 10 102 < Rm < 10% This means that on large scales magnetic
diffusion is unimportant for molecular clouds — although it is important on smaller scales. The
significance of a large value of Rm becomes clear if we write down the induction equation c
HYJIEBO MArHUTHO CbIpoTuBiIeHne (Ge3KkpaitHo mpoBojsIia cpega, Rm>> 1):

0B

E"‘VX(BXV):O- (8.5)

MarauTeHn mOTOK IIpe3 HAKaKBa ILIONIL X Ha (Jiynaa ce neduHUpPA TPUBUATHO:

<I>:/B~dS,

P

Rm (8.4)

[Ipowm3sBogHaTa HA MArHUTHUS MOTOK IO BPEMETO MOXKe Jla Ce PA3JI0KH Ha JiBe KOMIIOHEHTH.
[IbpBaTa OTYHTA TPOMEHIMBOCTTA HA CAMOTO MATHUTHO MOJIe, a Bropara — npomsaHa (aedop-
MEpAaHe) HA MOBbPXHUHATA, TI0 KOATO C€ WHTErPUPA:
dd 0B d
o [ Z a8+ | Bty dS; (8.6)
dt ot dt
X(to) =(t)

Jla pasriiegame BTOpusi 4jieH OT JsicHaTa crpaHa. [Ipm jJBukenne Ha paMKaTa B WHTEPBAJI
oT Bpeme [to,t] ¥ ¢bC CKOPOCT V, Ts OMUCBA MOBbPXHHUHA, KATO JAudEpeHIaied eJeMeHT OT
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paMikaTa dl 3amuTa 1aom vdt x dl. Kato BzemeMm mpeapus 3akona Ha Layc V- B = 0!, ne e
TPYHO JIa Ce ChOOpas3u, 4e HPOMsiHATA Ha IIOTOKA BbB BTOPHS YJIEH €

B (vdt x dl) = dtB x v-dl,

OTK'bJIETO 32 BTOPHS WIEeH OTJICHO B ypasHenue (8.6) cuenBa

¢ [ as— f Bava

n(t) E(to)

Karo npuiokuM KbM Hero Teopemara Ha CTOKC U ¢ oryief] Ha ypaBHEHUETO HA MHIYKIUATA
B Ge3kpaiino mpoBojgia cpeaa (dopmya 8.5), noayuaBame:

dd 0B
%—/{E—FVX(BXV)}'dS—O, (8.7)
P

Tora o3nauana, ye koraro Rm is large, the magnetic flux through each fluid element is conserved.
This is called flux-freezing, since we can envision it geometrically as saying that magnetic field
lines are frozen into the fluid, and move along with it. ToBa e usnbineno na ronemu ckaau. Ha
MaJIK{ CKaJjin obaye MarHUTHOTO 4uCa0 Ha Peitnosic e okoso empunuina, and the field lines are
not tied to the gas. Ille ce onurame jia OlEHUM Ta3u IPAHUYHA CKAJIA.
Before that, however, we want to calculate another important dimensionless number describing

the MHD flows in molecular clouds. Ako Bk/io4unm B ypaBHenuero Ha Navier-Stokes u Maruut-
HUTEe CUJIN:

0 1
a(pv) = -V (pvv) = VP + pvV?v + E(v xB)x B, (8.8)
U HaIlpaBUM aHAJOTMYHA OIleHKA Ha YJIeHOBeTe MY ¢ TOYHOCT JO0 HOPAIbK, CTUTaMe JI0:
v? v? c? vv B2
p_ ~ _p_ + b + p_ + —
L L L L? L
2 2
pcs vv B 1 1 4m
1 ~ 1 —+—=14+—F+=—+—= 8.9
+1)2+L+pv2 +M2+Re+./\/l?4’ (8.9)
KbJieTo cMe nedbunupanu Aagernoso Maroso wucao
v
My=— (8.10)
VA

u cborBeTHO Angenosa ckopocm (CKOpoCT Ha MArHUTOXHIpOAuHAMIYHA AJipeHoBa Bb/IHA)

B
Vg = —F— . (8.11)
4Ttp
B mororu ¢ M4 > 1 marauTHaTa CHIa € HECHINECTBEHA, JIOKATO B OOpaTHUs CIydail Ts Ipe-
obramasa. 3a MO ¢ mrbtHOCT 0T ~ 100 cm ™3, B or HAKOIKO decerkn WG U JUCIEpCHS HA
cKOpocTHTe ¥ OT HAKOJIKO km /s, vg e cpaBauma ¢ v. CiieJoBaresiHo TypOyJIEHTHUTE HOTOLU B
TaKaBa CpeJia 3a CUIHO CBPbX3BYKOBH (M > 1), HO enBa Tpanc-Asndenosn (My ~ 1), T.e. mar-
HUTHUTE CUJIU He Morar Jia Objar nperedpernatu. Toa ce morbpxkaasa or MHD cumynamnuu

(purypa?).

1T.e. I'bCTOTATa Ha JIHHUUTE Ha IIOJIETO IIPE3 paMKaTa € IIOCTOAHHA.




8.3 AMmbOumnonsgpaa audy3usd 58

8.3 AwmOmunosaspaa audy3us

Molecular clouds are not very good plasmas. Most of the gas in a molecular cloud is neutral,
not ionized. The ion fraction may be 107 or lower. Since only ions and electrons can feel the
Lorentz force directly, this means that fields only exert forces on most of the particles in a
molecular cloud indirectly. The indirect mechanism is that the magnetic field exerts forces on
the ions and electrons (and mostly ions matter for this purpose), and these then collide with
the neutrals, transmitting the magnetic force. B Hacrt 4.2 Bede ciomeHaxme TO3M MEXaHU3bM
u ro Hapekoxme amburnosnsgpua audys3usd. If the collisional coupling is sufficiently strong, then
the gas acts like a perfect plasma. However, when the ion fraction is very low, the coupling is
imperfect, and ions and neutrals don’t move at exactly the same speed. The field follows the
ions, since the are much less resistive, and flux freeizing for them is a very good approximation,
but the neutrals are able to drift across field lines. Heka mpecmernem xapakTepucTuKuTe Ha
TO3U TPOIIEC.

Cuiure, KOUTO JMeficTBAT B MeK/y3Be3HATa IJIa3Ma, ca cuiaTa Ha JIopeHn u cuiata Ha
TpueHe Mopajiu COMbCHIM MEXKIY HOHU U HEyTPAJTHUA IACTUIIH:

B 1
CAm
fd = ’Ypionpn(vion - Vn) ’ (812)

fr, (VxB)xB

K'bJIETO WHJIEKCUTE 10N W N ce OTHACAT 3a HOHWTE W 33 HEYTPAJTHUTE YACTUIHU, a KOeUIu-
eHTHT HAa TPUEHEe 7 ce ImpecMdATa OT MUKpodm3mKara Ha miadMara. In a very weakly ionized
fluid, the neutral and ions very quickly reach terminal velocity with respect to one another,
so the drag force and the Lorentz force must balance. [IpupaBusiBaiiku jBere cujim mo-rope,
noJiydaBaMe 3a CKOPOCTTa Ha JApeiid Vg = Vign — V!

B 1
47T/Ypionpn

Crieq; 3aMecTBaHe B YPABHEHHETO HA MHIYKIUATA MPHU HYJIEBO MATHUTHO CHIPOTHBIeHHE (8.5)
U U3BECTHU IIpeoOpa3yBaHus, CTUrAMe JI0:

%—]?—I—VX(BXVH):VX(

Vd

(VxB)xB; (8.13)

—x[Bx(VxB)]) .
4ﬂ7pionpn
[IpunoMHSIHKY CH ypaBHEHHETO Ha MATHUTHATA WHIYKIUs B mia3Ma (8.1), ycraHoBsBame, de
MATHUTHOTO CbIPOTHB/IEHNE HA (DIYHIA He e CKaJapHa BeJINYUHA U He € JTuHelHa (T.e. 3aBUCH OT
nosiero). However, our scaling analysis still applies. The magnitude of the resistivity produced
by ambipolar drift is
B
7
47T/ypionpn
a ChOTBETHOTO MAariuTHO YUCJIO Ha PeﬁHOJ’I,Z[C:

TIAD =

Ly Amp’ay
1AD Bz

Rm = (8.14)

KBJIETO T = pion/Pn < 1 e dpakuugra na ionure. Ton-neutral drift will allow the magnetic
field lines to drift through the fluid on length scales L such that Rm < 1. Thus, we can define
a characteristic length scale for ambipolar diffusion by
B2
- 4Artp?ay

Lap (8.15)
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In order to evaluate this numerically, we must calculate two things from microphysics: the
ion-neutral drag coefficient v and the ionization fraction x. For v, the dominant effect at low
speeds is that ions induce a dipole moment in nearby neutrals, which allows them to undergo
a Coulomb interaction. This greatly enhances the cross-section relative to the geometric value.
v =~ 9.2x103em?/s/g The remaining thing we need to know to compute the drag force is the ion
density. In a molecular cloud the gas is almost all neutral, and the high opacity excludes most
stellar ionizing radiation. The main source of ions is cosmic rays, which can penetrate the cloud,
although nearby strong x-ray sources can also contribute if present. Calculating the ionization
fraction requires balancing this against the recombination rate, which is a nasty problem.
That is because recombination is dominated by different processes at different densities, and
recombinations are usually catalyzed by dust grains rather than occurring in the gas phase.
Thielens (2005): 2 &~ 107% npu ng ~ 100 cm™3.

Plugging this into our formulae, along with our characteristic numbers L of a few tens of
pe, V a few km/s, and B ~ 10puG, we find Rm~ 50 u Lap ~ 0.5 pc 3a MO (0.05 pc, 3a rberu
sapa). Thus we expect the gas to act like a fully ionized gas on scales larger than this, but to
switch over to behaving hydrodynamically on small scales.
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I'paBuTanimoHHa HEYCTOMYMBOCT U KOJIAIIC

9.1 HeycroiitunBoct o JIxxuuac. Cdhepa Ha Bonnor-Ebert

The derivation neglects viscous effects and assumes that the linearized version of the Poisson
equation describes only the relation between the perturbed potential and the perturbed density
(neglecting the potential of the homogeneous solution, the so-called ‘Jeans swindle’, see e.g.
Binney and Tremaine, 1997). The third term in Equation (2.1) is responsible for the existence of
decaying and growing modes, as pure sound waves stem from the dispersion relation w? —c?k? =
0. Perturbations are unstable against gravitational contraction if their wavenumber is below a
critical value, the Jeans wavenumber k.

The Jeans instability has a simple physical interpretation in terms of the energy budget.
The energy density of a sound wave is positive. However, its gravitational energy is negative,
because the enhanced attraction in the compressed regions outweighs the reduced attraction
in the dilated regions. The instability sets in at the wavelength A; where the net energy
density becomes negative. The perturbation will grow allowing the energy to decrease even
further. In isothermal gas, there is no mechanism that prevents complete collapse. In reality,
however, during the collapse of molecular gas clumps, the opacity increases and at densities of
n(Hs) ~ 10%m™ gas becomes optically thick and the heat generated by the collapse is no
longer radiated away freely. The equation of state becomes adiabatic. Then collapse proceeds
slower. The central region begins to heat up and contraction comes to a first halt. But as the
temperature reaches 7' ~ 2000 K molecular hydrogen begins to dissociate. The core becomes
unstable again and collapse sets in anew. Most of the released gravitational energy goes into the
dissociation of Hy so that the temperature rises only slowly. This situation is similar to the first
isothermal collapse phase. When all molecules in the core are dissociated, the temperature rises
sharply and pressure gradients again become able to halt the collapse. The second hydrostatic
core has formed. This is the first occurrence of the protostar which subsequently grows in
mass by the accretion of the still infalling material from the outer parts of the original cloud
fragment. As this matter is still in free fall, most of the luminosity of the protostar at that
stage is generated in a strongly supersonic accretion shock.

Finally at very high central densities (p ~ lg.cm™2) fusion processes set in. This energy
source leads to a new equilibrium (e.g. Tohline 1982): a new star is born.

U reanmu3upaHu MpenoaoKeHusi B MOIE A

e Hajmume Ha nojxojsmu neprypbamnun B cpefata. (TBbpae HepeaaucTHIHO. )

e DparMeHTalysTa CIUpa MpH CbIecTBeHa Henpo3padnoct. (Henspecrnu reomerpudan hak-
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TOPU U JTBIUCTH 3aryOu. )

e IIbpBoHAYAIHA XOMOI€HHOCT Ha CpeJaTa ¥ JIUICA Ha 3aBUCHMOCT OT II0JETO Ha CKOPOC-
tute. ([Jamed or peaJHOCTTa HA MaJKH MamaOu.)

9.2 MarautHa KpUTUYIHA Maca

9.3 TypOynenTHa noaaApbKKa U KOJAIIC

Attempts to include the effect of turbulent motions into the star formation process were
already being made in the middle of the XX century by von Weizséicker (1943, 1951) based on
Heisenberg’s (1948a,b) concept of turbulence. He also considered the production of interstellar
clouds from the shocks and density fluctuations in compressible turbulence. A more quantitative
theory was proposed by Chandrasekhar (1951a,b), who investigated the effect of microturbulence
in the subsonic regime. In this approach the scales of interest, e.g. for gravitational collapse,
greatly exceed the outer scale of turbulence. If turbulence is isotropic (and more or less incompressible),
it simply contributes to the pressure on large scales, and Chandrasekhar derived a dispersion
relation similar to Equation (Jeans) by introducing an effective sound speed
2 2, 1,9

Co,eff — Cs + §<U > ) (91)
where (v?) is the rms velocity dispersion due to turbulent motions.

In reality, however, the outer scales of turbulence typically exceed or are at least comparable
to the size of the system (e.g. Ossenkopf and Mac Low, 2001), and the assumption of microturbulence
is invalid. In a more recent analysis, Bonazzola et al. (1987) therefore suggested a wavelength-
dependent effective sound speed ¢ .5(k) = c2+1/3v*(k) for Equation (Jeans). In this description,
the stability of the system depends not only on the total amount of energy, but also on the
wavelength distribution of the energy.



I'mtaBa 10

Ob0paTHO Bb3JieiicTBUEe OT HOBOOOpa3yBaHU
3Be3/11

The final piece of physics we will discuss before moving on to the star formation process itself
is the interaction of stellar radiation, winds, and other forms of feedback with the interstellar
medium. Our goal is to understand the myriad ways that stars influence their environments.
This is particularly relevant to star formation because for the most part these influences are
exerted most strongly by young stellar populations, and therefore constitute an important part
in the regulation of star formation.

IITe BBHBemeM aBe OOIIM MOHSTHS, OMUCBAIIN 00PATHOTO Bh3aeiicTBre BLpXy ISM. [la pasr-
JiefamMe Kyl 3Be3/IH, HOTOIEHN B IIbPBOHAYATIHO XOMOTE€HHO paslpejiesier ra3 ¢ IIbTHocT p. Te
u3BIBAT (HPOTOHU U U3XBBPJAT Gapuonu (moj dbopMmaTa HA 3BE3JHH BETPOBE), KOUTO BHACST
KAKTO WMIYJIC, TAKa U eHeprus B OKOJIHATA cpefa. Beue BuagxMe, de MOJTEKYTHUAT W JTayKe
CI'bCTEHUST ATOMEH T'a3 Ce HArpsBaT JI0CTa TPY/IHO, TOPa u eheKTUBHOTO OXJIAXK/IAHE IPe3 U3-
JIbIBaHe. YBeJIMYEHNEeTO Ha JIBINCTOTO HATPSIBAHE C €/IMH TOPSIbK O JI0BEJIO 0 TOBUIIABAHE
Ha TeMIlepaTypaTa ¢ elIBa JleceTuHa mporenTa. Ho mpu mocTaTbaHO BHCOKYM TeMIEpaTypH WJIH
IPU TPOIBIKUTETHO Bb3JeiiCTBHE Ha JTHUEHHEeTO, CKOPOCTTa Ha OXJIaKJaHe 3alovBa J1a Ha-
MasagBa. OT CBIMECTBEHO 3HAYEHUE € 4 PA3TPAHUINM MEeXaHU3MHUTE, CIIOCOOHU JIa MO/ THPIKAT
BHCOKA TEeMIIEpaTypa Ha ra3a 3a [{bJAro BpeMe (0T HOPs/IbKa Ha M [OBEeYe 0T XapaKTePHOTO TyP-
OyJleHTHO BpeMe Ha 00JIaKa), U MEXaHH3MHUTe, DU KOUTO XapAKTePHOTO BPeMe Ha OXJIayKJaHe
e mo-KpaTKo. BbB BTOpHA ciyuail BHeceHaTa OT (OTOHM M OAPUOHU eHeprus HaMa 3HAUYeHWe,
a caMo UMITYJICHT, Thil KATO TOii He ce mpeusabuBa. [Ipu 6bp3u (JbUKCTH) 3aryOu HA eHeprus
e TOBOPUM 3a 0OPATHO BB3/IEHCTBUE C 8HACAHE HA UMNYAC, & THAYE — 338 TAKOBA C 6HACAHE HG
enepeus.

Mozxkem jia onarjieiuM pa3rpaHudeHUueTo ¢ JiBa I'paHuvHu ciaydas. Heka “Bkjodum’ 3Be3-
auTe OT Kyma B MOMeHT t = (); Te 3amovBar Ja BHACAT €HEPIHUsl W UMITYJIC B OKPbyKaBAIIHSI
'l ra3 CHOTBETHO CbC CKOpOCTH Ey, u py,. Hama smauenne jaan mocureaure ca pOTOHH MK
OapmoHH, CTUTA OTHECEHATA Maca Jla € CBhIMECTBEHO MO-TOIIMa OT MacaTa Ha caMus BATHD. [lox
JIERCTBUETO HA BATDHPA, I'a3bT B Cpejara Ce JABUKU PAJIMAIHO HABbH U Ce HATPYIBA MaTepual
B pasmupsiBaiia ce obsuBka. /la pasriemame cBoiicTBaTa Ha OOBMBKATA B I'PAHUYHUTE CJIydan
HA I'bJIHO W3CBETBAHE HA €HEPIUsITA U HA 33 bPrKaHe HA IsIIaTa eHePrusl.

e [Ipu mbano u3cserBaHe (radiated away, ra) pajguajHUST UMIYJIC HA OOBHBKATA BLB
BCEKHM MOMEHT II1e 6']3,ZL€ paBeH Ha BHECEHUAd K'bM TO3UW MOMEHT HUMIILYJIC:

Psh = Mshvsh = pwt )
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KaTO KHHeTHIHATA €HepIrus Ha OOBHBKATA IIe OblIe:

2
psh 1 .
ra— ~a, — aUs wt
oM, 2P

e [Ipu mbJHO 3abPrKaHE HA eHeprusaTa (energy conserving, ec) uMame mMpocTo

: 2F 1 2F
Eec:Ewt: wEa:_'_wEra

. T
VUshPw Ush Pw

Koedutmentnbr 2E'w /Dw € TIPOCTO CKOPOCTTA HA BAThpA; KATO TPU HOCUTEU (DOTOHU Tsi
e 2Ew/pw = c¢. CreioBaresiHO eHeprusaTa e no-rojsima ¢ ¢akrop ¢/vg, (npu dboronen
BATHD) WA Uy, /U, (IpH GAPHOHEH BATDHD) OT CJydas Ha I'bJIHO M3CBeTBaHe. Te3n Besn-
YUHE HE Ca MAJKU: THIIMYHUTE CKOPOCTU HA PA3IIUPSBAIIK ce OOBUBKH ca Jecerku km/s,
JIOKATO 3BE3JHATE BETPOBE OT MACHBHHU 3Be31u jocturar xussau km/s. Eto 3amo nma
FOJISIMO 3HAYEHHEe K'bjle TOTHO MeyK/Iy TPAaHWIHHUTE CIyYan Ha 3ama3BaHe Ha uMIyJca (ra)
U Ha 3ala3BaHe HA eHeprugaTa (ec) Momaja eHeprusaTa Ha eJMH MeXaHH3bM Ha 0OpaTHO
Bb3IEeCTBHE.

10.1 MexaHu3Mu Ha BHACAHE HA MMIIYJIC

BeTrposBe, 3aaBukBaH OT JIBIYEHUETO

The simplest form of feedback to consider is radiation pressure. Since the majority of the radiant
energy deposited in the ISM will be re-radiated immediately, radiation pressure is (probably) a
momentum-driven feedback. To evaluate the momentum it deposits, one need merely evaluate
the integrals over the IMF we have written down using the bolometric luminosities of stars.
(3a HOM e rosopum B Hacr 18.) Karo usnosssame cbBpeMeHHA OEHKA HA CPEJAHOTO CbOT-
HOIIIeHUEe Maca-cBeTuMocT B rajakrukure (L/M) ~ 2200 erg.s~'.g™', nosyuasame ckopoct Ha
BHACSHE HA HMILYJIC:

<pﬁd>: %<%>: 7.3 x 1078 em.s™? = 23 km/s.Myr ™' (10.1)

Taka Bceku rpaMm 3Be37HO BemecTBO 3a 1 Myr mpousBekja CBETJIHHA, JTOCTATHIHA A YC-
kopu 1 rpam or ISIT no ckopoctu 23 km/s. For very massive stars, radiation pressure also
accelerates winds off the star’s surfaces; for such stars, the wind carries a bit under half
the momentum of the radiation field. Including this factor raises the estimate by a few tens
of percent. However, these winds may also be energy conserving, a topic we will approach
momentarily (mo-mouy). Integrated over the lifetimes of the stars, 3a 100 Myr the total energy
production is ~ 10%* erg. M, ~!. The majority of this energy is produced in the first ~ 5 Myt
of a stellar population’s life, when the massive stars live and die. It is common to quote the
energy budget in units of ¢? , which gives a dimensionless efficiency with which stars convert
mass into radiation. Doing so gives

1 Erad —4
¢ = §< - >: 6.2 x 10 (10.2)
U CbOTBETHO 6IO,HH(eT Ha HMIIYJiCa Ha JIbY€HHETO
<7%>= E ~ 190 km/s (10.3)
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This is an interesting number, since it is not all that different than the circular velocity a
typical galaxy. It is a suggestion that the radiant momentum output by stars may be interesting
in pushing matter around in galaxies — probably not by itself, but perhaps in conjunction with
other effects.

IIpoTro3Be3aHu BeTpoBe

All accretion disks appear to produce some sort of wind that carries away some of the mass
and angular momentum, and protostars are no exception. The winds from these stars carry a
mass flux of order a few tens of percent of the mass coming into the stars, and eject it with a
velocity of order the Keplerian speed at the stellar surface. Note that these winds are distinct
from the radiatively-driven ones that come from main sequence O stars. They are very different

in both their driving mechanism and physical characteristics.

Protostellar winds are also a momentum-driven feedback mechanism nopau their characteristic

speeds. Consider a star of mass M, and radius R,. Its wind will move at a speed of order

GM, M A\Y? /R, \ Y2
= — 250. k 10.4
! R, (M®> <3R®) m/s (10.4)

where the scalings are for typical protostellar masses and radii. The kinetic energy per unit
mass carried by the wind is v2 /2, and when the wind hits the surrounding ISM it will shock and
this kinetic energy will be converted to thermal energy. We can therefore find the post-shock
temperature from energy conservation. The thermal energy per unit mass is (3/2)kT/umy ,
where W is the mean particle mass in H masses. Thus the post-shock temperature will be

2
_ uwmgv,,

T
3k

~5x10°K ; (10.5)
for the fiducial speed above. This is low enough that gas at this temperature will be able to
cool fairly rapidly, leaving us in the momentum-conserving limit.

Onenka Ha UMITyJICa, KOHTO MOXKe j1a O'bjie IPEHECeH OT MPOTO3BE3IHUTE BETPOBE, MOKE 14
ce nostyan ot ycpeausiane no HOM 3a ngkakBo xapakTepHO BpeMe Ha oOpa3yBaHe Ha rpyra
3Be3/M tiorm. For simplicity nue mpejmnosiarame, de the accretion rate during the formation stage
is constant; again, this assumption actually makes no different to the result, it just makes the
math easier. Thus a star of mass m accretes at a rate m = m/ti, and during this time it
produces a wind with a mass flux fimn that is launched with a speed vk. In reality vy, f and
the accretion rate probably vary over the formation time of a star, but to get a rough answer
we can assume that they are constant. ToraBa mHTerpupaneTo 1Mo BpemMe U MacH € TPHUBUAJIHO.
Taxka 3a ycpeHeHus OI0/zKeT Ha MMIIYJICA OT BATbpa Ce HOJIydaBa:

<%>: for (10.6)
Depending on the exact choices of f and vk, this amounts to a momentum supply of a few
tens of km /s per unit mass of stars. formed. Thus in terms of momentum budget, protostellar
winds carry over the full lifetimes of the stars that produce them about as much momentum
as is carried by the radiation each Myr. Thus if one integrates over the full lifetime of even a
very massive, short-lived star, it puts out much more momentum in the form of radiation than
it does in the form of outflows.
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So why worry about outflows at all, in this case? First, because the radiative luminosities
of stars increase steeply with stellar mass, the luminosity of a stellar population is dominated
by its few most massive members. In small star-forming regions with few or no massive stars,
the radiation pressure will be much less than our estimate, which is based on assuming full
sampling of the IMF, suggests. On the other hand, protostellar winds produce about the same
amount of momentum per unit mass accreted no matter what stars is doing the accreting —
this is just because vk is not a very strong function of stellar mass. This means that winds
will be significant even in regions that lack massive stars, because they can be produced by
low-mass stars too. Second, while winds carry less momentum integrated over stars’ lifetimes,
when they are on they are much more powerful. Typical formation times, we shall see, are of
order a few times 10° yr, so the instantaneous production rate of wind momentum is typically
~ 100 km/s.Myr~!, a factor of several higher than radiation pressure. Thus winds can dominate
over radiation pressure significantly during the short phase when they are on.

10.2 MexaHuamMu Ha BHACsSHE HA eHeprus

Noansupario sbieHne

Massive stars produce significant amounts of ionizing radiation: cpexmo S = 6 x 10%% doTona
B cekynaa Ha 1 Mg, a 33 H10T0 BpeMme Ha, »KuBOT Ha 3Be3aara ~ 4 x 10°° ¢orona na 1 M.
Photons capable of ionizing hydrogen will be absorbed with a very short mean free path,
producing a bubble of fully ionized gas within which all the photons are absorbed. The size
of this bubble rgs can be found by equating the hydrogen recombination rate with the ionizing
photon production rate, a camuar mexyp ce Hapuda cdepa Ha Stromgren. JlecHo moxke ja ce
noxaze, ue g o< SY3ny 2/ 3, K'bJIETO Ny = Pp/ Uy € HaYaIHATA KOHIEHTPAIUs Ha ra3a B cdepara.
[Ipu wbpBoHAYAHA IJIHTHOCT HA O0JIACTTA MPejy “BKJAOUYBaHE Ha JIbieHueTo py the pressure
in the ionized region is ,00057 ion » Which is generally much larger than the pressure outside the
ionized region, where ¢; jon is the sound speed in the fforn3upanusa gas. As a result, the ionized
region is hugely over-pressured compared to the neutral gas around it. The gas in this region
will therefore begin to expand dynamically.

The time to reach ionization balance is short compared to dynamical timescales, so we can
assume that ionization balance is always maintained as the expansion occurs. Ciegosaresno, at
the start of expansion p; = po, a cetne p; < r, 32 as expansion proceeds. Since the expansion is
highly supersonic with respect to the external gas, there is no time for sound waves to propagate
away from the ionization front and pre-accelerate the neutral gas. Instead, this gas must be
swept up by the expanding HII region. However, since p; < pp, the mass that is swept up
as the gas expands must reside not in the ionized region interior, but in a dense neutral shell
at its edges. At late times, when r; > rg, we can neglect the mass in the shell interior in
comparison to that in the shell, and simply set the shell mass equal to the total mass swept
up: My, = (4/3)mrdpo.

We can write down the equation of motion for this shell. If we neglect the small ambient
pressure, then the only force acting on the shell is the pressure p;c?; . exerted by ionized gas

s, ion

in the H1I region interior. Conservation of momentum therefore requires that

E(Mshrz) - 47TT1'2piCs, ion
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¥ C U3MO/I3BAHe HA CKATHPAHETO p; = po(r;/To)~>/? momyuaBame 0OHKHOBEHO Jidepenuai-
HO ypaBHEHMe 33 pa3Mepa Ha pas3llupgBallara ce 0OBUBKA!

d (1 5. o o [T 3/
i) =2 2 (D 10.7
dt (37‘17‘) Cs,ioni (Ts) ( )

AHATUTHYHO peIlenne e Bb3MOKHO 32 K'bCHU €BOJIONUOHHE eTanu (r; > rg) ¢ TPAHUYHO
yenosue 1; &~ 0 npu t — 0. Toa craBa ¢ ThbpceHe Ha pemenue ot Buga 1; = frs(t/ts)", Kbaero
HOPMUPOBKATa 10 BpeMe ce u30upa ts = rs/cs jon. Cole N3BECTHH IPeCMsITaHusl 10Ty YaBaMe:

7t 4/7
i (2\/§ts> (108)

Kaksu ca Torasa effects of an expanding H1I region? There are several: ionization can
eject mass, drive turbulent motions, and possibly even disrupt clouds entirely. First consider
mass ejection. In our simple calculation, we have taken the ionized gas to be trapped inside a
spherical H 11 region interior. In reality, though, once the H 11 region expands to the point where
it encounters a low density region at a cloud edge, it will turn into a “blister” type region, and
the ionized gas will freely escape into the low density medium. The mass flux carried in this
ionized wind will be roughly M = 47tr,i2pics7ion, i.e. the area from which the wind flows times
the characteristic density of the gas at the base of the wind times the characteristic speed of
the wind. Substituting in our similarity solution, we have

Tt
2\/§t8
kbaero tg = t/10° yr, S49 = S/10*9 s71 ny = n/100 ecm ™3, a T} 4 = T/10* K. We therefore see
that, over the roughly 3-4 Myr lifetime of an O star, it can eject ~ 103 — 10* M, of mass from
its parent cloud, provided that cloud is at a relatively low density (i.e. ny is not too big). Thus
massive stars can eject many times their own mass from a molecular cloud.

A JTOKOJIKO HOHH3HPAIIOTO JIbUEHHE € B ChCTOSHUE Ja 33 BUKH TYypPOYJIeHTHH JBUZKEHUS !
We can also estimate the energy contained in the expanding shell.

' 2/7
M = 4772 pics 1o ( ) = 7.2 x 1073 7Sy 'y T Mgyt (10.9)

Eqg = %Mshff = 8.1 x 10'740/"S0 Ty T erg (10.10)

For comparison, the gravitational binding energy of a 10° M, GMC with a surface density
of 0.03 g.cm™2 is ~ 10°° erg. Thus a single O star’s H1I region provides considerably less energy
than this. On the other hand, the collective effects of ~ 10? O stars, with a combined ionizing
luminosity of 10°* s=! or so, can begin to produce H II regions whose energies rival the binding
energies of individual GMCs. This means that HII region shells may sometimes be able to
unbind GMCs entirely. Even if they cannot, they may be able to drive significant turbulent
motions within GMCs.

We can also compute the momentum of the shell, for comparison to the other forms of
feedback we discussed previously: ps, = Mg 54/ ’ 9/ " Since this is non-linear in Si9 and in
time, the effects of H1rI regions will depend on how the stars are clustered together, and how
long they live. To get a rough estimate, though, we can take the typical cluster to have an
ionizing luminosity around 10%*°, since by number most clusters are small, and we can adopt
an age of 4 Myr. This means that (also using ny = 1 and 7; 4 = 1) the momentum injected
per 10* photons/s of luminosity is p = 3 — 5 x 10° M, .km/s. Recalling that we get 6.3 x 101
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photons/s My ~! for a zero-age population, this means that the momentum injection rate for
H1I regions is roughly

<%>~ 3 % 10° km/s ; (10.11)

This is obviously a very rough calculation, and it can be done with much more sophistication,
but this analysis suggests that H 11 regions are likely the dominant feedback mechanism compared
to winds and sbumcTo HassTaHe.

There is one important caveat (yrosopka) to make, though. Although in the similarity
solution we formally have v; — oo as r; — 0, in reality the ionized region cannot expand faster
than roughly the ionized gas sound speed: one cannot drive a 100 km/s expansion using gas
with a sound speed of 10 kim/s. As a result, all of these effects will not work in any cluster for
which the escape speed or the virial velocity exceeds ~ 10 km/s. This is not a trivial limitation,
since for very massive star clusters the escape speed can exceed this value. An example is the
R136 cluster in the LMC, which has a present-day stellar mass of 5.5 x 10* M, inside a radius
of 1 pc. The escape speed from the stars alone is roughly 20 km/s. Assuming there was gas in
the past when the cluster formed, the escape speed must have been even higher. For a region
like this, H 11 regions cannot be important.

3Be31HU BETPOBE

We have already seen that the momentum carried by these winds is fairly unimportant in
comparison to the momentum of the protostellar outflows or the radiation field, let alone the
momentum provided by H 11 regions. However, because of the high wind velocities npu O 3Be3-
maure (v, ~ 1000 — 2500 km/s; Bx. dopmymna 10.4), repeating the analysis we performed for
protostellar jets yields a characteristic post-shock temperature that is closer to 10° K than
10 K. Gas at such high temperatures has a very long cooling time, so we might end up with
an energy-driven feedback. Since the winds are radiatively driven, they tend to carry momenta
comparable to that carried by the stellar radiation field. The observed correlation between
stellar luminosity and wind momentum is

L

Myv, =~ 0.5—= (10.12)
C

where L, is the stellar luminosity. This implies that the mechanical luminosity of the wind is

Ly = 2002 L (10.13)
= — v = T .

Y2 82

7 OTTYK MOYKEM JIa TPECMEeTHEM II'bJIHATA eHePTHs, MpeHeceHa OT BATHPa 3a ~ 4 Myr lifetime of

a massive star — not much less than the amount of energy released when the star goes supernova.

If energy is conserved, and we assume that about half the available energy goes into the kinetic

energy of the shell and half is in the hot gas left in the shell interior, conservation of energy

then requires that
d (2 ) 1
T (gﬂporﬁrf)) ~ §Lw ;

ToBa ypaBHeHIe OTHOBO ce peliaBa ¢ noJjarane or Tuna r, = At" u raka 3a pajuyca Ha Mexypa
(buble) mosyuaBame:
Ty = 16Lz’/§’]\/[:71/5n;1/5t2/5 pc (10.14)
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KBJIETO CBeTHMOCTTa e HopMupana Ha 10° Lg, a 3aryouTe ma Maca — Ha 10~7 M. Note that
this is greater than the radius of the comparable H1I region, so the wind will initially move
faster and drive the H1I region into a thin ionized layer between the hot wind gas and the outer
cool shell — if the energy-driven limit is correct. A corollary of this is that the wind would be
even more effective than the ionized gas at ejecting mass from the cloud. However, this may not
be correct, because this solution assumes that the energy carried by the wind will stay confined
within a closed shell. This may not be the case: the hot gas may instead break out and escape,
imparting relatively little momentum. Whether this happens or not is difficult to determine
theoretically, but can be address by observations.

B gactnoct, if the shocked wind gas is trapped inside the shell, it should produce observable
x-ray emission. We can quantify how much x-ray emission we should see with a straightforward
argument. It is easiest to phrase this argument in terms of the pressure of the x-ray emitting gas,
which is essentially what an x-ray observation measures. C npoctu npecMsiTaHusi u ¢ H3M0I3BAHE

ua Bpb3kara (10.12) crurame zo:
PX — Vw

~ )
P, rad Vexp

Thus if shells expand ¢bc CKOPOCT Veyp, in the energy-driven limit due to winds, the pressure
of the hot gas within them should exceed the direct radiation pressure by a factor of roughly
U/ Vexp- 10 contrast, the momentum driven gas gives Px/Praa ~ 1/2, since the hot gas exerts a
force that is determined by the wind momentum, which is roughly has the momentum carried
by the stellar radiation field.

CBpbXHOBHI

We can think of the energy and momentum budget from supernovae as simply representing a
special case of the lifetime budgets: all the energy and momentum of the supernova is released
in a single burst at the lifetime of the star in question. We normally assume that the energy
yield per star is 105! erg, and have to make some estimate of the minimum mass at which a
SN will occur, which is roughly mu;, = 8 M. We can also, if we want, imagine mass ranges
where other things happen, for example direct collapse to black hole, pair instability supernova
that produce more energy, or something more exotic. These choices usually don’t make much
difference, though, because they affect very massive stars, and since the supernova energy yield
(unlike the luminosity) is not a sharp function of mass, the relative rarity of massive stars
means they make a small contribution.

Given this preamble, we can write the approximate supernova energy yield per unit mass

E N,
<ﬁ> = Fsx <%> = 1.1 x 10% erg. M, (10.15)

as

1IPU OTEHKA 3a II'bjiHus Opoit 3Be3n Ha equnnna mMaca (Nex/M) = 0.011 My ™! (¢ uznonssane
na HOM 1o Chabrier; sx. Yacr 17) u ¢ npuemane na puxcupana Esy = 10°! erg npu nsbyxsane
Ha eqra cepbxroBa. Note that this, plus the Milky Way’s SFR of ~ 1 M.yr™!, is the basis of
the oft-quoted result that we expect ~ 1 supernova per century in the Milky Way.

The momentum yield from SN can be computed in the same way. This is slightly more
uncertain, because it is easier to measure the SN energy than its momentum — the latter
requires the ability to measure the velocity or mass of the ejecta before they are mixed with
significant amounts of ISM. However, roughly speaking the ejection velocity is ve; ~ 107 ¢cm/s,
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which means that the momentum is psy = 2Egn/vej. Adopting this value, we have

-1
pSN> 2 /[ Egn Uej K
< M Ve < M > o <109 Cm/s) ms (10.16)

Physically, this means that every Mg of stellar matter provides enough momentum to raise
another M of matter to a speed of 55 km/s. This is not very much compared to other feedbacks,
but of course supernovae, like stellar winds, may have an energy-conserving phase where their
momentum deposition grows. We will discuss the question of supernova momentum deposition
more in the next few classes as we discuss models for regulation of the star formation rate.



I'1aBa 11

O06o00111IeHne: 3Be3,1000pa3yBaHETO KATO
CHBKYITHOCT OT IIpoIlecii Ha MHOTO CKaJIl

[To cBosita cbiiHOCT, 3BE3/1000pa3yBaHeTo e (hbeHOMeH, KOWTO oOXBallla MHOI'O ITPOCTPAHCTBE-
HU CKaJIM M BKJIIOYBBA pa3HooOpasuu uzmyecku mporecu. MHOro e TpyJIHo — ako U300II10 e
BB3MOXKHO — JIa ce pasriiejia orjiesex mporec. OUpocTeHuTe TEOPETUUHH MOAX0 U OOMKHOBEHO
TBHPIAT HEYCIeX.

1. Stars form from the complex interplay of self-gravity and a large number of competing
processes (such as turbulence, B-field, feedback, thermal pressure)

2. Thermodynamic properties of the gas (heating vs cooling) play a key role in the star
formation process

3. Detailed studies require the consistent treatment of many different physical and chemical
processes (theoretical and computational challenge)

4. Star formation is regulated by several feedback loops, which are still poorly understood

5. Primordial star formation shares the same complexities as present-day star formation



Yact 111

ObJsacTu Ha 3Be3/000pa3yBaHe



I'maBa 12

['uranTcku MoJIeKyJIspHHU 00JIaln

Cera 11e pasriejame mo-1opoOdHO IPOIECUTE HA 3BE3000pa3yBaHe OT I'oJieMd K'bM MaJIKH CKa-
qu. B Hact III 1me pazriegame pa3IudHuTe CTPYKTYPH, KOUTO ce HAO/I01aBaT B 00/1acCTUTE HA
3Be3i000pasyBane. [lle 3anmounem ¢ xapakrepuctukure Ha GMCs, Hali-Bede B MiiedHust mwbr
u B OJIM3KUTE rajakKTUKH, K'bAETO Te3u 00EeKTH MoraT ja O'bjaT pas3jiejeHn Ha n300parKeHwusl-
ta. Paszbupa ce, nHabogennsita B Hamara [agakTuka ce OTJInYaBaT C MO-BUCOKA PE30JIFOINSA.
[IpeuMmcTBOTO @ pabOTHM € JaHHU 3a JAPYTH TAJAKTUKH € 9e MOXKeM pasryiekjIaMe H3BajIKa
or GMCs, Henopusana oT edeKTH Ha MPOEKIMs I HeCHI'YPHOCT Ha pascTosgnuero’. Toa Hu
JdaBa Bb3MOZKHOCT Ja IPpaBUM CTATUCTUYECCKU OHCHKH, KAKBUTO JIOKAJIHO, B MJIG‘IHI/IH 'bT, 6I/IXEL
OWJIM TBbPJIE HECUTYPHU.

12.1 ®PusnyHm XapaKTepPUCTUKN

Macu u TAXHOTO OIpeaejsaHe

The most basic quantity we can measure for a molecular cloud is its mass. However, this also
turns out to be one of the trickiest quantities to measure. The most commonly used method
for inferring masses is based on molecular line emission, because lines are bright and easy to
see even in external galaxies. The three most commonly-used species on the galactic scale are
1200, 3CO, and, more recently, HCN.

For emitting molecules in LTE at temperature 7T, it is easy to show from the radiative
transfer equation that the intensity emitted by a cloud of optical depth 7, at frequency v is
simply

I, = (1 - eXp(_Tu))BV(T) ) (12'1)

kbjaero B,(T) e [lnankoBara dbyuknus. [Ipu onruano muoro aedest obnak (7, > 1), eKcroneH-
Tara B ropHara $hopMysia Kioun kbM Hyna u I, — B,(T). B apyrus kpaen cayuaii Ha ONTHIHO
MHOIO ThHbK 00sak (7, < 1) umame exp(—7,) = 1 — 7, u [, ~ 7,B,(T). Taka unrensurersbr
€ MPOCTO TPOMOPIMOHAIECH HA ONTHIHATA JeOEINHA, KOATO OT CBOSI CTPAHA € MPOMOPIUOHA-
Ha Ha KOJOHKOBAaTa MILTHOCT. TOBA HU MO3BOJSABA JIa TPHIOKAM MPOCT METOJ 3a ONEHKA Ha,
KOJIOHKOBATa IIBTHOCT 110 Habmogenusa na MO B mmuunre na *CO u 2CO (J =1 — 0).

o Onmuyno msHKU AUHUY

ITwit kaTo MoxkeM 13 mpuemeM, de Bemukn GMCs B JaeHaTa TaJaKTHKA Ce HAMHDAT HA, €JHO ¥ ChIIO
pa3CcTosTHUE.
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Ako mpemnosoxum, de juaugara 2CO e onTudno ge6esia (KOeTo IMOYTH BHHAIU € Ta-
ka), 10 [, = B,(T) u o1 u3MepeHusi MHTEH3UTET MOKEM HENOCPEICTBEHO JIa OlPE/IE/ UM
temneparypara 1. ITociie Moxem s npuemeM, de mostekysmre Ha 2CO ca npu cbinara
remneparypa, T.e. B, (1) e cbuiara u 3a jBara aHcaMObjia, KATO NPeHEOPErHeM MaJjIKaTa
pasiuka Mexky decrorure. Cera MoxkeM Ja pemunM ypaBaeruero (12.1) 3a onrudnara
nebennHa T,. AKo o3HaUNM ¢ Nisco KosonkosaTa mirbrHocT Ha 2CO, To npu LTE mpun-
HOCHUTE K'bM KOJIOHKOBaTa ILJI'bTHOCT OT MOJIEKYJIX B OCHOBHO U II'bPBO B’b36yﬂeHO HHBO 1I1€
Obaar:
No = Nuico/Z(T) 5 Ny =exp(=T/T1)Nusco/Z(T) ,

kbjaero Z(T) e crarucruveckara cymMa Mo KBaHTOBH cherostHug, a 1) = 5.3 K e Tem-
mepaTypara, ChOTBETCTBAIA HA IMIbPBOTO BBH30OYIEHO HHUBO. JIMHelHaTa HEIPO3PadHOCT,
¢ Pa3MEpHOCT ONTHYHA Ae0e/NHa Ha eUHUIA ThKIHA?, 3aBUCH OT KoepUIHeHTHTE Ha
Ajinmaiin 3a conTanHa abcopbiust By w 3a crumysmpana emucusi Byp (¢ pasmepHOCT
s herg l.cm?.sr) u dynKiuaTa HA IpOdUIA HA JUHEATA O,

hv
/
R, = —(noB()1 — nle) y (122)
4
KaTO Ng U 7] Ca CbOTBETHO KOHIEHTPAIIUUTE Ha MOJICKYJINTE B OCHOBHO U II'bPBO B'b36y,ILeHI/I
HuBa. CHLOTBETHO 3a IIeHTpaJIHaTa OIITUYHA ,ZLe6eIII/IHa Ha JIHUHUATa UMaMe€ U3pa3, B KOHUTO

ydacTBaT KOJOHKOBUTE IIbTHOCTH Ng 1 Ny:

Ty = @<N0301 — NlBlo) s (123)
47t

3HaellKu T, OT U3MEPEHUus UHTEH3UTeT Ha JUHHUATA, MOXKEM Ja OIpPeJIeauM ¢, IMPOCTO OT
neitaug npocdua. Ot apyra crpana, Ny u Ny 3aBucar camo oT Nisgo U OT TeMIlepaTryparta
(kosiTO Bede cbio HU e u3BecrHa). Taka ypasnenune (12.3) moxke ma ce pemm 3a Nisco.
Ha npakruka mpomemypara € Majako IHO-CI0XKHA: ONTHYHaTa AebennHa u npodmnia Ha
JIMHUSITA Ce alPOKCUMUPAT eIHOBPEMEHHO — HO HaesTa € cbimara. Hakpast ce mpecMsita
KOJIOHKOBaTa ITbTHOCT Ha Ha, KaTo ce u3mo/3BaT OleHKH 3a ¢hoTHomeHuaTa Nizgo /Ny,
n Ha N13CO/NH2-

CrpyBa cu ga ce orbee:kaT HIKOU BayKHHU HEJIOCTATHIUN HA TO3U OIXO/T:

- Heobxomumoct ot gombanureaan oneHku 3a Ni2co/Np, 1 Nisco/Np,. IIbpBoTO ¢b-
OTHOIIIEHHE € 0COOEHO TPYIHO 3a OIpe e/ IsTHe, 3al10TO HAOMI0JaTe/THITe JAaHHU KaTe-
rOPUYHO CBHIETEJICTBAT 3a Bapupane Ha Nisgo/Nizgo € TaJaKTONEHTPUYHOTO Pa3C-
TOAdHUE.

- Tpeanonoxennero, ge 2CO n COca npn enna u chIia TeMmepaTypa, MOXKe 12
He e BAPHO, 3amoTo emucuaTa Ha 2CO masa IpeJuMHO OT IOBBLPXHOCTHUTE CJIOe-
Be, mokaro Tasu Ha CO — or mesms obmak. M Thit KaTo HOBBPXHOCTTA Ha 0OIaKa
OOMKHOBEHO € MO-TOILIA OT JIbJA0OKUTE My HeJpa, TOBA BEPOSTHO MIE JOBEIE 0 IO/
LeHABAaHe Ha TeMIepaTypara Ha Bb30Oyxaame Ha Mosexyiure BCOu orTyk — Ha
KOJIOHKOBATA ILIHTHOCT. [IpobeMbT MOXKe j1a ce OKarKe OIle MO-CePHO3eH, 3aIl0TO
0-HICKOTO KosmdecTso Ha 2CO o3HauaBa, 4e caMOeKPAaHHPAHETO CIIPAMO JHCOIH-
npammoTto UV m3abaBane He e Taka edeKTHKBHO, KakTo mpu ~2CO. B Taxbs cayuait
MOJIEKy/IaTa HaMa J1a Obje HAJIWYHA BbB BLHIIHUTE YacTH Ha 00JaKa U Te HAMAa Ia
UMaT IPpUHOC K'bM IIpeCMETHaTaTa KOJIOHKOBa IIJI'bTHOCT.

2Jla ne ce 6bpKa ¢ KoedUIMEHTa Ha HEIPO3PAYHOCT K, , KOHTO NMa pasMepHocT cm?/g.
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- Toit karo muauaTta BCO e onTHYECKH TBHHKA, T MPOCTO € ¢ MO-C1ab MHTEH3NTeT.
CutetoBaTe/IHO, METOIBT KATO IISJI0 MOZKE J1a Ce U3I0J13Ba caMo 3a obsiactu B Mired-
HUA II'bT, HO HE U B JAPYI'U I'aJIAaKTUKH.

o Onmuyro debeau suruy

Optically thick lines are nice and bright, so we can see them in distant galaxies. The
challenge for an optically thick line is how to infer a mass, given that we're really only
seeing the surface of a cloud. Our standard approach here is to define an X factor: a
scaling between the observed frequency-integrated intensity along a given line of sight
and the column density of gas along that line of sight.

The immediate question that occurs to us after defining the X factor is: why should
such a scaling exist at all? Given that the cloud is optically thick, why should there be a
relation between column density and intensity at all? Here’s why: consider optically thick
line emission from a cloud of mass M and radius R at temperature 7. The mean column
density is N = M/(unR?), where u = 3.9 x 1072* g is the mass per Hy molecule. The
total integrated intensity we expect to see from the line is

/ Idy = / [l —exp(—7,)] B,(T)dv

The optical depth at line center is 7,, > 1 and for a Gaussian line profile the optical
depth at frequency v is
(v —1p)* } ‘

2(1/00'11)/0)2
Since the integrated intensity depends on the integral of 7,,, we expect that the integrated
intensity will depend on o1p. To get a sense of how this dependence will work, let us adopt
a very simplified yet schematically correct form for 7,u. We will take the opacity to be a
step function, which is infinite near line center and drops sharply to 0 far from line center.
The frequency at which this transition happens will be set by the condition 7, = 1, which
gives Av = |v — 1| = v94/21In7,,(01p/c), KOeTO cHOTBeTCTBA Ha JIOMIEPOBO OTMECTBAHE
Av = /2InT,,01p. For this step-function form of 7,, the emitted brightness temperature
Ty, is T 3a |v — vy| < Av u 0 B ocrananure ciydan. Torasa

Ty = Ty €XP [— (12.4)

Ico = /wadv =2T6v = +/8In1,,01pT

Coorserno 3a X daxropa (¢ pasmepnocr cm 2. (K.km.s™')™1)) nosyuasame obma 3asu-

CUMOCT:
v - M/(NTERQ)_NE)(S]nTVO)’l/Q M _105(81n7'l,0)*1/2Ml/Q(M/R?’)l/Q
N Ico Tur  oppR? T um opRY/2
In7,,)"1/? 5n
_ el 12.5
T 67TOéVirG ’ ( )

where n = 3M/(47tR?) is the number density of the cloud, o, e BupnasHusAT IApaMeTH,
a the factor of 10° comes from the fact that we're measuring Ico in km /s rather than
cm/s. To the extent that all molecular clouds have comparable volume densities on large
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scales and are virialized, this suggests that there should be a roughly constant CO X
factor. If we plug in 7 = 10 K, n = 100 cm™3, oy = 1, and 7,, = 100, this gives
Xco = 5 x 10" em™? (K.km.s™')~%. This argument is a simplified version of a more
general technique of converting between molecular line luminosity and mass called the
large velocity gradient approximation, introduced by Goldreich & Kwan (1974). The basic
idea of all these techniques is the same: for an optically thick line, the total intensity you
get out will be determined not directly by the amount of gas, but instead by the range
in velocity / frequency that the cloud occupies.

Of course this calculation has a few problems — we have to assume a volume density,
and there are various fudge factors like a floating around. Moreover, we had to assume
virial balance between gravity and internal motions. This implicitly assumes that both
surface pressure and magnetic fields are negligible, which they may not be. Making
this assumption would necessarily make it impossible to independently check whether
molecular clouds are in fact in virial balance between gravity and turbulent motions. In
practice, the way we get around these problems is by determining X factors by empirical
calibration. We generally do this by attempting to measure the total gas column density
by some tracer that measures all the gas along the line of sight, and then subtracting off
the observed atomic gas column — the rest is assumed to be molecular.

Pasnpenenenne mo macm

Armed with these techniques for measuring molecular cloud masses, what do we actually see?
The answer is that in both the Milky Way and in a collection of nearby galaxies, the molecular
cloud mass distribution in the cloud seems to be well-fit by a truncated powerlaw,

AN M\
- (ﬁ) . M < My (12.6)
Tyk M,, e makcnmannara n3mepena maca Ha MCs, a Ny, € ¢hoTBeTHUAT GPOit TaKNBa 0GEKTH.
In the inner, Ho-rich parts of galaxies, the slope is typically v ~ —2 to —1.5. In the outer,
molecule-poor regions of galaxies, and in dwarf galaxies, it is —2 to —2.5. These measurements
imply that, since the bulk of the molecular mass is found in regions with v > —2, most of the

molecular mass is in large clouds rather than small ones. This is just because the mass in some
mass range is proportional to (dN/dM)MdM ~ M?*7.

12.2 Cxkajmapanii OTHOIIIEHUS

Observations of GMCs in the Milky Way and in nearby galaxies yield three basic results,
which are known as Larson’s Laws, since they were first pointed in Larson (1981). The physical
significance of these observational correlations is still debated today.

CkaJjimpaHe Ha CpeaHaTa IJI'bTHOCT

The first is the molecular clouds have characteristic surface densities of ~ 100 My.pc~2. This
appears to be true of molecular in the clouds in the Milky Way and in all nearby galaxies where
we can resolve individual clouds. There may be some residual weak dependence on the galactic
environment — ~ 50 Mg.pc~? in low clouds surface density, low metallicity galaxies like the
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LMC, up ~ 200 Mg.pc~? in molecule- and metal-rich galaxies like M51, but generally around
that mean value.

Note that the universal column density combined with GMC mass spectrum implies are
characteristic volume density for GMCs:

(n) = 3M
" - AMR3pu

= 23530 em? (12.7)

KbeTo Yo = /(100 Me.pc™?), Mg = M/10% M, a 3a cpeaaTa Maca Ha 9acTHIA B MOJIEKYJI-
Hus a3 ce npuema = 3.9 X 1072* g. AKo HOBBLPXHOCTHATA IUI'LTHOCT Ce TIPHeMe 33 HOCTOAHHA
pu MoJIeKyaspauTe 061ann, To M oc ¥ R? oc R? u ToraBa Macata TpabBa 1a ce CKaJImpa KaTo:

(n) < R7! (12.8)

Bebmnocr, Larson (1981) noayuasa (n) o R™'! 3a rossma ussajka or objauu u objiaunu
dparvenTu.

There is an important possible caveat to this, however, which is sensitivity bias: GMCs with
surface densities much lower than this value may be hard to detect in CO surveys. However,
there is no reason that higher surface density regions should not be detectable, so it seems fairly
likely that this is a physical and not just observational result (though that point is disputed).

CkasmmpaHe Ha CKOPOCTTA

The GMCs obey a linewidth-size relation. The velocity dispersion of a given cloud depends
on its radius. Solomon et al. (1997) find o = (0.72 + 0.07)(R/1 pc)®5%%% km.s™! in the
Milky Way. For a sample of a number of external galaxies, Bolatto et al. (2008) find o =
0.44(R/1 pc)?09£0-10 km =1 Within individual molecular clouds Heyer & Brunt (2004) find
o = 0.9(R/1 pc)?0£002 km s~ (Figure 8.3). O60611enH0, ako 03HAYUM C 0 AUCIEPCHATA Ha
CKOPOCTHTE Ha cKaja 1 pc, 3aKOHBT 3a CKaJupaHe Ha CKOPOCTTA Ce 3allMCBa BbB BHJA:

a:o—0< i )1/2 ; (12.9)

1 pc

One interesting thing to notice here is that the exponents of the observed linewidth-size
relation within a single cloud is quite close to o ~ % that is a generic result of supersonic
turbulence. However, turbulence alone does not explain why all molecular clouds follow the
same linewidth-size relation, in the sense that not only is the exponent the same, but the
normalization is the same. It would be fully consistent with supersonic turbulence for different
GMCs to have very different levels of turbulence, so that two clouds of equal size could have
very different velocity dispersions. Thus the fact that turbulence in GMCs is universal is an
important observation.

Bupuaausaiiuga Ha obJiaiure

Tperuar pesyarar Ha Larson e, e MO ca B npubIM3UTETHO BUPHAIHO PABHOBECUE MEKTY
rpaBUTanyATa 1 TyPOYJIEHTHOCTTA, T.€. e Qyiy ~ 1. ToBa ce noTBbpK/aBa OT ChIJIACY BAHOCTTA
MezKJIy cToifHOCTTa Ha X -(baKkTopa, IpecMeTHATA TPU HPEJINOIOKEHNE iy = 1, U Ollpe/iejieHaTa
no apyru meroan. Cien Larson, 10 mogoben pesyarar (i = 1.1) crurar Solomon et al. (1987),
a 3a BbHIOIHE TasjakTuku — Bolatto et al. (2011). Tosa obade m3rye:kaa e BATHIHO CAMO 32
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nocrarnano Macusan GMCs; obnamu ¢ macn < 10° Mg ce XapaKTepusmpaT ¢ Qui, > 1 1
BEPOATHO C€ yA'bpzKaT HE OT I'PaBUTallUATa, & OT BbHIIHO HaJIdl'aHEe.

Bazkuo e ma ce orbesexu, e TpuTe 3akoHa Ha Larson ca B3amMo3aBHCHMHU. AKO 3aMeCTHM
3aKOHA 3a cKajJmpaHe Ha ckKopocrTa (dopmynaa 12.9) B u3pasa 3a BUpHAIHHsS TapamMeThbp, IIe

IIOJIy9IuM:
50%R 5\ of oo\’ (100 My.pc2
vir = = = 3.7 : 12.1
R Vi <7’(.pc) Gy = (1km/s> ( > (12.10)

Taxka ce BuzK/1a, 4e aKO 3aKOHBT 3a CKaJupaHe Ha CKOPOCTTA € YHUBepCcaJeH, TOBa IMpenoa-
ra MOCTOSHHA MOBBLPXHOCTHA IJI'LTHOCT Ha OOJAIUTE U 0OOPATHO. Y HUBEPCAJIHHUAT KOe(PUITUEHT

B 3aKOHa Ha CKaJIUpaHE Ha CKOPOCTTa II'bK BOAU JO 3aKOH 3a BUDHAJIA3AlUA Ha 06.HaI_H/ITe.

12.3 XapakTepHu BpeMeHa

Perhaps the most difficult thing to observe about GMCs are the timescales associated with
their behavior. These are always long compared to any reasonable observation time, so we
must instead infer timescales indirectly. In order to help understand the physical implications
of GMC timescales, it is helpful to compare these to the characteristic timescales implied by
Larson’s Laws.

TypbynenTHO XapakTepHO BpeMe U BpeMe Ha CBOOOIHO maJaHe

TypOyaenTHOTO XapaKTepHO BPpEMe € TUIIHMIHOTO BpeMe, 32 KOeTO MOTOK'BT IIe TPEKOCH 00JIaKa,
W 3aTOBA B AHIVIOE3UIHATA JIUTEPATYPa Ce Hapu4a crossing time (Bpeme 3a npecndane). Mozxkem
Jla TO U3pa3uM KaTo (pyHKIHS HA MacaTa, HOBbPXHOCTHATA IJIHTHOCT U BHPUATHUS IapaMeTbp
110 CjieJHnd HAYUH:

R 1 MY 123 1/4w—3/4
te = —~ —— | == =1lda,' "M% Myr (12.11)

Bpemero Ha cBoOOIHO majgaHe MOxKe j1a ce jJedHrHIpa KaTo BpeMeTo, He0OXOIUMO 33 IDaBH-
TalmoHeH KoJIallc Ha oOJiaKa MpH JUICATa Ha ChIECTBEHA MOIIPHKKA OT ra30BOTO HAJIATAHEe
ujid TypOyJIEeHTHOCTTA.

Bpeme na n3ueprniBane

Ocobeno BazkHa BpemeBa xapakTepuctuka Ha GMC e ckopocTTa, ¢ KOITO OT HEro ce obpasyBar
3Be3u. [loj epeme Ha usuepneane e pasdbupame call this the depletion time

Bpeme Ha >kuBOT

IIpen3Be3HO XapaKTEPHO BpeMe



I'1aBa 13

Ob0pa3yBaHe u CTPyKTypa Ha
MOJIEKYJISIpHU 00J1aIn

13.1 Cienapun 3a Bb3HHKBaHe Ha 00JamuTe

CoabecbOm 1 KoaryJianus

Eun or Haji-mpocTuTe Momenn 3a obpasyBanero Ha MO e To3u Ha Koa2ysauuama, IPeITOKeH
mbpBoHavanno or Qort (1954) u BmocmeacTBHe pa3zpaboTeH oT MHO3MHA aBropu (Hamp. Field
1965; Kwan 1979; Tomisaka 1984; Tasker and Tan 2009). Toii ce ocHoBaBa Ha mpejcraBara 3a
ISM, B K0sITO CTy/eHUST aTOMEH W MOJIEKYJIEH ra3 € paslpeie/ieH B MHOKECTBO OT JUCKPETHU
obJ1any ¢ MUpOK JTHAIA30H OT Macu. MajkuTe aroMapHu 00/1all Bb3HAKBAT HAIIPABO OT TOILTHS
aToMeH ra3 mopaju tomanaHa Heycroiiunsocr (Field 1965). Cerne cOabebiuTe MEXKIY Te3H
00eKTH BOASAT 10 JUCHIIAINS HA €Heprus W TaKa Ce CTHUTa 10 KOaryJalii, ¢ 00pa3yBaHETO HA
no-rojiemu obyiaru. [Tlom obsiarure 10CTUTHAT JTOCTATHIHO TOJEMHU PA3MEPH, T€ €A B ChCTOSHIE
Jla ce caMOeKpaHHupaT OT MexKy3Be3janoro paguaiuonno noje (ISRF); B ro3m momenT B Tsx
3aI109Ba J1a Ipeod/1a1aBa MoKy THudT ra3. Ho u cien KaTo ca ce mpeBbpHAIHN B MOJIEKYJISPHH,
obanuTe IpoIbazKaBaT J1a ThPIAT MOCTOSHHO COTbCHIU U MOTAT Ja CTAHAT TBbP/e MACHBHH.
[IporecbT B JajeH 00Jak MPEKbCBa, KOraro 0OpaTHOTO Bb3jeiicTBhe or 3Be3auTe (BxkK. Jacr
10) e B cbecTOSIHEE Ja IO Pascee.

MogesrbT nma HAKOMKO cuyiau cTpadu. CTOXaCTHYHOCTTA HA MPOIEca Ha COMBCHIU MEXKITY
obJranuTe BOJU MO €CTECTBEH HAYUH K'bM CTeleHHa (PYHKIMS Ha MacuTe, a (PaKTbT, Y€ TaKNBa
cObCBIM CTABAT MO-YECTO B CI'bCTEHU 30HU OT TaJTaKTHIHHSA JUCK, OCUTYPSIBA IPOCTO OOSICHE-
HUe 3a MMOBUINeHATa KOHIEHTPAIUs Ha MOJEKY/IeH Ta3 H IPOIbIKABAIIOTO 3Be31000pa3yBaHe
B 1OoBe4YeTO crnupajau pbkaBu. OCBEH TOBA, MOJEJIbT HA KOATyJalus JIECHO Bb3IPOU3BEZK/IA
o0J1a1m, KOUTO Ce BbPTSAT B 00pPaTHA MOCOKA CIPSIMO TAJIAKTUIHUS JIUCK U ODsICHSIBA, Y€CTOTATA,
¢ KosATO TakuBa obekTH ce cpemar B ISM (see e.g. Phillips 1999; Imara and Blitz 2011).

3a xkajiocT obade, MO bT UMa U rojiemu npodaemu. /lokaro mankure MO morat ga Bb3-
HUKHAT CPABHATETHO 6bp30, 3a ruranTcknTe ¢ Macu 10° — 10 M, me ca HeobxoamMm BpeMeHa
okoi0 100 Myr win noseue (Blitz and Shu 1980). Toa e Ha MOPSIBK MOBEYE OT MOBEYETO
oneHky 3a Bpemero Ha xxusor Ha THnmdaure GMCs (Blitz et al. 2007), dnero Bb3HHKBaHE
B paspelieHn 30HU, a ChINO HAJIMIHETO WM B MeXKIypbKaBHUTe mpocrpaHcTBa (Hamp. B Mb1,
Hughes et al. 2013) e Moxke 1a Obje 06scHeHO OT Mojena. Ipyr npobiaeM or dbyHIaMeHTaIeH
XapakTep e, Ue He € gCHO JIOKOJIKO peaJiHa e npejcraarta 3a ISM, B koaTo GMCs ca auckperHun
obexkTH ¢ m06pe aeduHUpanun Macu u rpanuiu. Habmogenusra couar, ve GMCs ca moBcemec-



13.1 CueHapum 3a Bb3HUKBaHE HA 00JIaIuTe 79

THO MOTOIEHHW B OOIIMPHU OOBUBKH OT aroMeH ra3 (see e.g. Wannier et al. 1983; Elmegreen
and Elmegreen 1987; Lee et al. 2012; Heiner and Vazquez-Semadeni 2013; Motte et al. 2014).
B rakbB ciayuait ToBa, koero Hapudame ‘rpannna’ Ha eaun GMC — onpenesiena OT AeTeKTH-
pyemoctta Ha CO emucusi — Hall-BEPOSITHO MPEICTABISIBA MTPOCTO XUMUYEH MPEXOJ B ra3a, a
He psg3Ka MpOMsgHAa Ha IIbTHOCTTA. Haii-ceTHe, 3HaUnTeIHA YacCT OT MOJIEKYJIHHS Ta3 B €IHA
raJakTHKa Ce CbIbpyKa B OOIHUpHA audy3HA KOMIIOHEHTA, & He B JUCKPETHH obJaru (see e.g.
Pety et al. 2013; Shetty et al. 2014; Smith et al. 2014). ITociieanoro orKpuTHE HOPAZK /A OILIE
CbMHEHUS OTHOCHO MPEJICKA3AHUATA HA MOJENa 38 COTbCHIU MKy 0DJIaIuTe.

CauBamiu ce IoTonu

N306m0 e TBbpae BepoasTHO MO 1a He ca AMCKpPeTHH OOEKTH C JIbJITO BpeMe Ha KUBOT, a
da HnpeacraBjidBaT IIPOCTO Hal-IIJI'bTHUTE 30HU B Typ6yﬂeHTeH I'a30B IIOTOK CBHC 3HAYUTEJJTHO
mo-rojieMu pasmepu. Takaa mpeacTaBa MOTHBUPA Ch3ABAHETO HA AJTEPHATHBEH MOIET 32
Bb3HUKBaHe Ha OOJAINTe, W3BECTEH KaTo Moden wa causawsy ce nomoyu (converging flows).
OcHoBHaTa ujes e, 4e odJanuTe Bb3HUKBAT B CI'bCTEHUTE 30HH CJIeJ[ IpeMUHaBaHe Ha y/IapeH
(bpOoHT, KOraTo Mo-pas3peeHn ra30BH MOTOIM Ce COTBLCKBAT M B3aUMOAEHCTBAT. AKO IIOTOIUTE
II'bPBOHAQ4YaJIHO C€ CbCTOAT OT TOII'bJI aTOMEH I'a3, C6.H'bC'])K'bT UM Iie I1opoJu TOIIJIMHHA& HeYC-
TORYIUBOCT, KOATO OT CBOSI CTPAaHA BOJU 70 ObP30 Bb3HUKBAHE HA 00JIAK OT J0CTA MO-TLIHTEH U
no-xJajien a3 (see e.g. Hennebelle and Perault 1999, 2000; Koyama and Inutsuka 2002; Audit
and Hennebelle 2005; Heitsch et al. 2005, 2006; Vazquez-Semadeni et al. 2006; Hennebelle and
Audit 2007; Heitsch and Hartmann 2008; Banerjee et al. 2009). CpejHaTta IIbTHOCT HA CTYJIe-
HI ra30BU 00J1ay, 06pasyBany 110 TO3M HauuH, € 0ko/10 100 cm™3: gocTarbuno BUCOKA, 3a 1A
pb3uukHe Hy asa 3a xapakrepHo Bpeme, mo-Majko OT Bpemerpaenero Ha corbebka. [lle ce
obpazysa u CO — B 30HH, K'bJIeTO KOJIOHKOBATA IIBTHOCT € JOCTATHIHO BUCOKA, 32 JIa OCUTYPH
edpekTuBHO ekpanupane Ha ISRF. Cumynanuure moka3saT, Ue TaKHBa 30HH Ce IOSABSBAT, aKO
IIOHE YaCT OT CTYJeHus 00JaK nperbpiu rpasuranuonen Komamnc (Heitsch and Hartmann 2008;
Clark et al. 2012b).

Mogenrbr Ha cauBamuTe ce MOTOIM ODSICHSABA 1O ecrecTBeH HaumH 3amo MO, kouto He ca
acolMMpaHu ¢ pailOHW Ha HACTOSAIIO 3Be371000pasyBaHe, ca rojsiMa psiakoct. Habmaogenusra B
emucun Ha CO He Morar /ia JeTeKTUpPAT BTUYAHU DA paHHATA €BOJIIONHS Ha 00J1aKa, Thbil KATO
Ha TO3H eran (bpakIusaTa Ha MOJEKYJHHs Ta3 e MHOro Maska (Hartmann et al. 2001). Tosemu
kosmaecTBa Hy u meTekTupyemo m3nbuBane B tuHunte Ha CO ca HAIUIE caMO HA OTHOCHUTE-
HO K'bCHU €BOJIONUOHHU (ha3u, KaTo mnosBara Ha emucusa B CO mupesmecTBa oOpa3yBaHeTo HA
mbpBuTe 3Be31u ¢ eapa 1-2 Myr (Clark et al. 2012b). B noakpena Ha crieHapusi TOBOPST Ha-
pactBamuTe HabIO aTe Hn cBHaeTeacTBa, 4¢ MO (¢ unaukarop CO) mocTOsIHHO HapacTBaT
10 Maca IPU cBoATa eposionusa’. Taka mpolechbT Ha HelpeKbCHATA aKpelus IIpejara mpoc-
TO obsicHeHUe 3a Haanuunetro Ha TypOyaenTHu npukennsd B GMCs. Kunernynara eneprus Ha
IIOTOKa, OT KOWTO Bb3HUKBA 00JIAK'BT, € JJOCTaThbiHa 33 3a/[BUKBaHE HA BbTPEIIHATa My TypOy-
JEHTHOCT W Jia 0bsicin MHOTO o1 cBoiicTBata My (see Klessen and Hennebelle 2010; Goldbaum
et al. 2011). Karo ciegcTBre oT Ta3u KapTHHA MOXKEM Jla OYakBaMe TYPOYJIeHTHA KacKala OT
roJieM TaJaKTUIYHH CKAJIH HAJI0Iy YaK JO0 CYyO-IIapCeKOBU CKAJIU, K'bJIETO IMPOTUYA JTUCHIIAIIHS
(Bk. Yacr ...).

Hsxou npobiiemun Ha Mojes1a Ha CJAMBAINUATE C€ MOTOIMYM U UJEU 32 TAXHOTO HPEOJ0JIsiBAHE:

'Hampumep, GMCs in the LMC mapactsar ¢ aakomko 1072 Mg.yr~! (Fukui et al. 2009, Kawamura et al.
2009).
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o (Obpasysane Ha macuenwu GMCSs: B YUCIEHUTe MOJEIN PA3TIEKIAHETO € MPeJIUMHO €]I-
HOMEPHO, C 4YejieH COIbChbK MEXK/y ra30BUTE MOTOIM, HO MPOCTOTO HPECMSTaHe OKA3Ba,
Ye mpu TO3W crieHapuii He morar jga Bb3aukHar MacuBHu GMCs. Suppose we have two
flows of convergent gas, each of which has a cross-sectional area A, an initial number
density ng, and a length Lg, /2. ToraBa mbianara Maca Ha o0pa3yBaHus o0sak 6u Oumia
npubmmsuTesHo Mo ~ ungALgey, where we have assumed that all of the gas in the flows
becomes part of the cold cloud and = 1.26my = 2.11 x 10~2* g typical for atomic gas.
If the gas in the flows is initially part of the warm neutral medium, then the number
density is ng ~ 0.5 cm™?(Bx. Tabanua ...) u:

A Lﬂow
My ~ 2300 M, 13.1
: (1000 pc2) (150 pc) © (13.1)

If the flows together have a total length Lg., ~ 150 pc that is comparable to the molecular
gas scale height of the Galactic disk, and a cross-sectional area typical of a reasonably
large GMC (Solomon et al. 1987), then the total mass of the resulting cloud is only a few
thousand solar masses, much smaller than the mass of most GMCs.

Bb3moknure HaunHu 3a periaBane Ha 1npobsema ca HAkoJKO. [Ipu yBemuaBane Ha Loy
10 1000 pc, macara na ob/aka nak ocrasa majka (~ 1.5 x 10* Mg). JIpyr sapuaur e
yBeJIMYaBaHe Ha Ta3oBara KoHIeHTparus. CToifHocTTa, Bbh3NpHUeTa MO-rope, € TUIHIHA
3a ycroitunBata WNM, anma tonnmuaHO HeycTONBHAT audy3eH aTOMEH ra3 MoOXKe J1a € C
eJINH MOPSIbK HO-ITbTeH. Ho n TakaBa Kopekius He OH MOBHIILIA JTOCTATHIHO M iouq,
3a Jla 00sCcHU Bb3HuKBaHero Ha Haii-macuBHure GMCs. OcraBa HM Jia IHOBUIIAM ILIOIL-
ta A. Simulations show that clouds formed in one-dimensional flows tend to collapse
gravitationally in the directions perpendicular to the flow (see e.g. Burkert and Hartmann
2004; Heitsch et al. 2008; Vazquez-Semadeni et al. 2009). 3aroBa e pasyMHO Jia ce mpe/Io-
JIOXKH, Ue HAIIPEYHOTO CeYeHNe Ha IOTOIUTEe, OUepTaBallo 30HATa Ha Bh3HUKBaHe Ha 00J1a-
Ka € BEePOSITHO JIOCTA TO-TOJISIMO OT TOBa Ha, Bbh3uukBarus suocieacrsue GMC. However,
even if we increase A by a factor of 20, so that the width and height of the flow are
comparable to its length, we again only increase M ,,q by an order of magnitude. In
addition, if all of the dimensions of the flow are similar, it is unclear whether we should
really think of it as a one-dimensional flow any longer. In the end, what is needed in order
to explain the formation of the most massive GMCs in this model is a combination of
these points. The flow must consist of gas that is denser than is typical for the WNM,
that has a coherent velocity over a relatively large distance, and that either has a large
cross-sectional area or is actually inflowing from multiple directions simultaneously. How
often these conditions are realized in the real ISM remains an open question.

e 3Zadsusiceane na causawume ce nomouu

Exwn oT oueBnaHUTE MEXaHU3ME € epoMaladHa IpaBUTAIMOHHA HeyCTOoWanBOCT. Analysis
of the behavior of small perturbations in a thin rotating gas disk shows that the key
parameter that determines whether or not they grow exponentially e T.Hap. napamemap

na Toomre (Toomre 1964):
Cs eff K

@= Gy’
KBIETO Cs o 1S the effective sound-speed of the gas, which accounts not only for the
thermal sound speed, but also for the influence of the small-scale turbulent velocity

(13.2)
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dispersion,  is the epicyclic frequency of the disk, and X is the surface density of the
gas. A pure gas disk is unstable whenever Q < 1. In the case of a disk that contains a
mix of gas and stars, the analysis is more complex, but the required value of () remains
close to unity. Measurements of () in nearby spirals and dwarf galaxies suggest that in
most of these systems, the gas is marginally Toomre stable, even when the gravity of the
stellar component is taken into account. However, this does not mean that gravitational
instability is unimportant in these systems, as simulations show that star formation in
disk galaxies tends to self-regulate so that () ~ 1. Briefly, the reason for this is that
if ) < 1, the disk will be highly unstable and will form stars rapidly. This will both
deplete the gas surface density, and also increase ¢ ., due to the injection of thermal
and turbulent energy into the gas by the various stellar feedback processes (Bxk. Hact
10). These effects combine to increase ) until the disk becomes marginally stable.

Another mechanism that can drive large-scale convergent flows of gas in spiral galaxies
is the Parker instability (Parker 1966). This is a magnetic instability which causes a
field that is stratified horizontally in the disk to buckle due to the influence of magnetic
buoyancy. Gas then flows down the buckled magnetic field lines, accumulating near the
midplane of the disk. The characteristic length scale associated with this instability is a
factor of a few larger than the disk scale height. It therefore allows gas to be accumulated
from within a large volume, and is hence capable of producing even the most massive
GMCs (Mouschovias 1974; Mouschovias et al. 1974). However, the density contrasts
produced by the Parker instability are relatively small (see e.g. Kim et al. 1998, 2001,
2002) and so, although this instability may play a role in triggering thermal instability
in the galactic midplane (Mouschovias et al. 2009), it seems unlikely to be the main
mechanism responsible for GMC formation.

Finally, stellar feedback in the form of expanding H1I regions, stellar wind bubbles,
supernova remnants and super-bubbles may also drive converging flows of gas in the
ISM (see e.g. Ntormousi et al. 2011; Dobbs et al. 2012; Hennebelle and Iffrig 2014 for
some recent examples). The idea that stellar feedback may trigger cloud formation, and
hence also star formation, has a long history (see e.g. Elmegreen and Lada 1977 for
a seminal early study). At first sight it has considerable observational support, since
examples of spatial associations between molecular clouds and feedback-driven bubbles
are widespread (e.g. Beaumont and Williams 2010; Deharveng et al. 2010; Hou and Gao
2014). However, this is a case in which the observations are somewhat misleading. The fact
that a molecular cloud is associated with the edge of a feedback-driven bubble does not
necessarily imply that the bubble is responsible for creating the cloud, since the expanding
bubble may simply have swept up some dense, pre-existing structure (e.g. Pringle et al.
2001). Models of cloud formation in a supernova-driven turbulent ISM without self-gravity
find that although some cold, dense clouds are formed in the expanding shells bounding
the supernova remnants, the total star formation rate expected for these regions is only
~ 10 % of the rate required to produce the assumed supernova driving (Joung and Mac
Low 2006). Recent efforts to quantify the effectiveness of triggering in the LMC also
find that no more than about 5-10 % of the total molecular gas mass budget can be
ascribed to the direct effect of stellar feedback (Dawson et al. 2013). Therefore, although
stellar feedback clearly plays an important role in structuring the ISM on small scales
and contributes significantly to the energy budget of interstellar turbulence (Sect. 4.6), it
does not appear to be the main process responsible for the formation of molecular clouds.
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13.2 ﬂepapXMqHM CTPYKTYpPU: CI'bCTABAHUA, 41Pa, BJIAKHA



I'maBa 14
Ilpea3Besanm sijgpa

[Ipu tunmanaure macu u pasmepu Ha HI-obaamure (M = 500 My, R ~ 5 pc) ce oka3ssa, 4e
BbTPEITHATA UM €HEPrus € MO-TOJIsiMa OT MOTeHIHnaaHaTa. 1ToBa O3HadaBa, 4e Te He Ca T'PaBH-
TAIMOHHO CBbP3aHH U Ca YCTOWYHUBHU CaMO, aKO Ca B paBHOBECHE IO HAJsraHe ¢ OKOJHATA UM
cpena. 3a dbusmyeckure yeiaous B Moekynspaure (Hy) obaamu ce ¢ban mo pajunonabiogenns
Ha emucunonnnre quand Ha CO monekynara. ExuBaienTanre uMm mupuan A\ MOICKa3BaT, de
re3u obstany ca Tebpae crygenun: T S 3+ 20 K. Croiinocrure na A\ ca jocra mo-rojeMu or
TEe3W 3a TOIJIMHHU CKOPOCTH IIPHU MOCOYEHUTE TeMIIEPATyPH, 3aII0TO C& OIPEIessIT OT CKOPOC-
TuTe Ha TypOyaeHTHUTE otory. Chriacuo n3caenpanusta (Larson 1981), naaume e Kopeanust
MeK/Iy JIUCIIePCUATa Ha CKOPOCTHTE 0, U pa3Mepa Ha obj1aka R:

0.4

R
» ~ 0.8k — 14.1
o m/s e ( )

Masknte ThMaE o61amu nvat macu 102 — 10 Mou pagnycn 1 — 10 pe, moxkaro GMCs -
cvorBerno 10° — 105 Mou 10 — 60 pe. Hangranero, yopasKaaBaHO OT TypOyJIeHTHATE HOTOIHN B
o0J1aKa, e Mo-TOIsIMO OT TOBa Ha 0OKPbrKaBalaTa cpejia i 3aToBa TPAOBa 1a Ob/ie yPaBHOBECEHO
OT CaMOTpaBUTAIMATA. 3a pa3iuka or HI-obsanure, ruraHTCKATe MOJIEKYJIApHE 00J1anu ca B
npubJIM3UTEeIHO BUPUAJHO paBHOBecue. Torasa 3a obsiak ¢ maca M u paguyc R u Ttunudaen
nabmonaem nipodun p(r) = pR/r, ce noayvasa (npu nperebpersane Ha MArHUTHOTO TI0JIE):

2GM
2 _
3MO’U B § R2
2
M~ 1000 Moy —2 B (14.2)

(km/s)? pc
orkbaero n o< R~ u xononkosara mirbraoct Ny, = 1.5 x 1022 em™2 & const(M). [Tonesxe
MEeK/IY3BEe3HUST MPax € ¢ MPaKTHIeCKN ChITOTO MPOCTPAHCTBEHO paslipejiesieHne, ChIecTBY-
Ba, J00pa kopesamust mexkay Ny u ekcruakimusara Ay. B Miednus mwbT HabIogeHusaTa gaBar

cJIe/THATA, PeJIallus:
Ny = 1.9 x 10** Ay em 2 mag ™



Yact 1V

IIpobiieMn Ha cbBpeMeHHATa Teopud HAa
3Be3/1000pa3yBaHe



I'maBa 15

3Be3J000pa3yBale Ha rajJakTUIHNI
Malnaom

CkopocT u edeKTUBHOCT Ha 3Be37000pa3yBaHe.



I'1aBa 16

Bb3nukBaHe Ha 3Be341 B I'pylu

Mutajin KynoBe n aconuanuu. Pexkumu Ha 3Be371000pa3yBaHe.



I'maBa 17

Hauamna yHknus Ha 3Be3JHUTE MacCH:
HaOJII0JcHUA

3Be311 OT II0JIeTO, KYIIOBE, I'aJJaKTUKHN



I'1aBa 18

Hauvanana pyHKnus Ha 3Be3JHUTE MaCH:
TeopUs

Konkypentna akpernus, (¢pparMeHTaIlnsd, JHHAMAKA HA MJIaU 3BE3/IHA KYIIOBE.
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Obpa3yBaHe Ha NPOTO3BE311

It was Larson (1969) who realized that the dynamical evolution in the initial isothermal collapse
phase can be described by an analytical similarity solution. This was independently discovered
also by Penston (1969b), and later extended by Hunter (1977) into the regime after the
protostar has formed. This so called Larson-Penston solution describes the isothermal collapse
of homogeneous ideal gas spheres initially at rest.
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IIpunoxenne A: V3noa3Bann
CbKpaIleHIs

B nacrosimero y4ueOHO 1ocobue ce u31o/13BaT MPeJIuMHO ChbKPAIEHHs HA aHTJIOC3UTHUTE [TOH -
Tusi. TOBa € HAPABEHO Ch3HATEJ/HO, 33 3 Ce YJIeCHH YNTATE sl TPU U3MOI3BAHETO HA MEZK Iy Ha-
poaHa HaydHa JuTepaTypa. Haii-namnpe ca npuBeaeHn ¢hbKpallleHnst Ha, YTBbPAEHN ObJITapCKu
eKBUBAJIEHTH HA AHIJIOE3NYHUTE MOHATHS (MOCOUYEHU B CKOOH).

'
KM®
MC
MO

CMB
CNM
CR
ISRF
FIR
IMF
ISM
LMC
LTE
MC
MS
NIR
PAHs
PDF
PPV
RMS
SED
SFR
SNR
[OAY
WNM

Ha kupuauma
[nasua IMocaenosarennocr (MS)
Kocmmnuen Mukporbianos @on (CMB)
Mezxay3sesana Cpega (ISM)
Momexymsipern O6max(-mu) (MC, MCs)

Ha jgarununna
Cosmic Microwave Background (kocmudeckn MUKPOBBIHOB (hOH)
Cold Neutral Medium (cTymena HeyTpasHa cpeja)
Cosmic Rays (kocMuaeckn Jibem)
InterStellar Radiation Field (mex/y3Be31HO pajualtoHHO HOJE)
Far InfraRed (gaseden undpadepsen auanaszon)
Initial Mass function (mauanna dbyukms Ha MacuTe)
InterStellar Medium (mexky3Be3na cpeja)
Large Magellanic Cloud
Local Thermodynamic Equilibrium (siokaiHO TepMojgnHAMUYIHO PABHOBECHE)
Molecular Cloud (moJiekyssipen obJak)
Main Sequence (ItaBra mocseoBarenoct)
Near InfraRed (6su3bk nndpauepBen auanasoH )
Polycyclic Aromatic Hydrocarbons (moJMmuKInaau apoMaTHi BbIJIEBOJOPO/IN )
Probability Density Function (dbyHKIus Ha BepOSTHOCTHO Pa3lpejiesieHue)
Position - Position - Velocity (mpocTpascTBO 1M0J10KEeHIE-0TI0KEHNE-CKOPOCT )
Root of Mean Squared (cpenHokBagpaTuyen)
Spectral Energy Distribution (cmekTpasno pasupe/e/ieHne Ha eHeprusra)
Star Formation Rate (ckopoct Ha 3Be310006pa3yBane)
SuperNova Remnant (octanku oT CBpbXHOBA)
UltraViolet (yarpaBrosieroBo usirbuBaHe)
Warm Neutral Medium (romia Heyrpasina cpea)



Ilpnnoxkenne b: V3noa3Bann o3HavueHUsd
Ha BEeJIMYNHU

Cs CkopocT Ha 3ByKa

cy Specific heat at constant volume

r 1) Hakmon ma IMF; 2) Ckopocr na narpasane (heating rate)
Hr Aromen (HellOHU3UPAH) BOIOPOJI

Hir VMounsupan Bogopos

M., MarauTHa KpuTHIHA Maca

M Maca na /I>xuHC

M Yucno na Max

0y 3BykoBa ckama (sonic scale)

A Ckopoct Ha oxJjaxaaue (cooling rate)

Nerit Kpurnana mrsrHocr (critical density)

N-pdf PDF na ko/ioHKOBaTa ILTBTHOCT

p-pdf PDF na npocrpancrBenaTa ILITbTHOCT

Re Yucmo na Reynolds

tAD XapakTepHO BpeMe Ha aMOunoJsisgpHa jiudy3us
tcool XapakTepHO Bpeme Ha oxJjiaxKjane; 7. &~ cy'1/nA
ter XapakTepHo TypOyIeHTHO Bpeme (crossing time)
tayn XapakTepHO JUHAMHYHO BpeMe

te , T Bpeme Ha cBOOOIHO magamne

Thol Bosiomerpuyna Temuneparypa



IIpunoxenune B: @yngamenTaHu n
acTpopU3NIHN KOHCTAHTHU

B cbBpemennara dbusuka ce npegnodnra usnosssanero Ha cucremara SI (MKS), nokaro B
acTpodusnkara, 0T ChoOparkeHus 3a y100CTBO B PeJi Cydan, HO-IITMPOKO MPUIOKEHNEe HaMUPa
cucremara CGS ¢ ocuosuu equuuim (L] = cm, [M] = g u [I] = s. Eauannure 3a cuna u
eeprus B CGS ¢cbOTBETHO ca:

1dyn=10""N
lLerg=10""1J

[TInpoKo W3MoI3BaHATa eIMHATIA 33 I hIKIHA Ha BhIHATa e anzcmpvom: 1A= 107" m, a enep-
ruuTe Ha (POTOHUTE, OCOOEHO KOTaTO Ca BUCOKH, OOMKHOBEHO Ce MPUBEXKJIAT B €JIEKTPOHBOJITH:

leV = 1.6022 x 107'2 erg

QYH,Z[aMeHTaJIHI/I KOHCTAHTHI

G = 6.672041 x 1078 cm?/g.s?
c=2.997925 x 10'° cm/s

h = 6.626176 x 10727 erg.s

m, = 1.672649 x 107 g

me ~ (1/1836) m,

k = 1.380662 x 10716 erg /K

Ry =1.097 x 10° cm™*

o = 5.670327 x 107° erg/cm?.s.K*
¢e = 4.80325 x 10710 CGSEq

R = 8.314 x 10* J/K.kmol

Acrpodusnynu KOHCTAHTU

Eodunuua 3a epeme

e 3Be3nHa rogmua: yr = 36592564
FEounuyu 3a dsaotcuna/pascmosnue

e 3emen pamnyc: Rg = 6.378 x 10% cm

e Coaprues paanyc: Ry = 6.9599 x 10 cm
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e Acrponommuecka exmanna: AU = 1.495979 x 10'3 cm
e Ilapcek: pc = 3.085678 x 10*® cm
Eounuvyu 3a maca
e 3emmna maca: Mg = 5.9764 x 10?7 g
e Maca na FOuurep: My = 317.8 Mg
e Coipruena maca: Mg = 1.989 x 103 g
Edunuuyu 3a mowsmocm na udasuearemo

o Corbauena csernmoct: Lo = 3.8269 x 103 erg/s



