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BBEJIEHUE

[To namnpiv kosrabopanun PLANCK [1] orHocuTesnbias snepreTudeckas miot-
HOCTB BelecTBa Bo Beenennoii cocrasisier €2, = 0.315. Ilpu sToM OapuoHHast
IJIOTHOCTB OKA3LIBAETCSI 3HAUNTEILHO MEHbIIIe JTanHoil Beananabl: £, = 0.0493.
CymiectBoBanue ckpbiToit Maccel (anri. «hidden mass» mam «dark matters,
cokparénno — DM), obbsicHsItomee ¢ToJb CYIECTBEHHYIO PA3HUILY, MOITBEp-
JKJIAeTCsl MHOT'OYHMC/ICHHBIMU HAOIIOACHUSIMIA 1 aCTPOMU3NIECKUME JIAHHBIMIU,
OJIHAKO TIPUPOJIa 1 IUHAMuUecKne Xapakrepuctukn DM ocraiorcs meycranos-
JIHHBIMH. TakuM o0Opa3oM, Kak 9KCIePUMEHTaJIbHbIE ITOUCKU, TaK 1 TeOPeTH-
yeckoe M3ydeHue KaHIMJIATOB Ha POJIb YaCTUI-IIEPEHOCUMKOB CKPBITOH MacChl

IIO-IIpe2KHEMY UCKJIIOYUTE/IbHO aKTyaJIbHBI.

Ha ceropnsgamuiuii JieHb MpeJIozKeH0 MHOYKECTBO MoJiesieil, MpeTeH1yio-
X Ha pelleHne JaHHOW mpobseMbl (cM., Hampumep, o63oper [2—5]). Hosroe
BpeMsi HanboJiee MoIyIgpHbIe CPEJId HIUX TPUJICPKIBAJINCH MOJIKPEILIEHHOM TIPe/I-
CKA3aHUSIMU CYTIEPCUMMETPUIHBIX (SuSy) Teopwuil TUIOTe3bl O CYIIEeCTBOBAHUN
«CJ1ab0B3ANMO/ICHCTBYIONINX MAcCHBHBIX dacTuily (auri. « Weakly Interacting
Massive Particles wim cokpaménno — WIMP). Onnako nx mpoBepka Ha yCKO-

PUTEJIbHBIX IKCIIEPUMEHTAX He Jlajia MOJOKNUTEeIbHBIX Pe3yabTaToB [0; ().

PesynbTarh! Ke 1MOMCKa 9acTUI-TIEPEHOCTNMKOB CKPBITONH MacChl B KOCMU-
YeCKNX JiydaxX HeogHo3HadHbl. C o/HOil CTOPOHBI, JaHHbIe, MMOJTy9YeHHble abco-
JIIOTHBIM OOJILITMHCTBOM TaKUX SKCIIEPUMEHTOB, He JAl0T OCHOBaHUII TOBOPHUTDH
00 obHapy KEeHNN NCKOMBIX YaCTHIL. DHITN HATOKEHBI CUJILHBIE OTPaHIIeHUS Ha
BO3MOYKHYIO 3HepreTudeckyto mioraoctb WIMP Bo Beenennoii. C jpyroit ke,
sxcrepumenTsl DAMA /Nal (1995 — 2002 rr) w1 DAMA/LIBRA (2003 — u. B.)
Ha MpOTsKeHnn nodtu 30 j1eT HabJII0IaI0T roJIOBbIe KoJIeDaHns CUTHAJIA, CBUIe-
TEJIbCTBYIOIINE O HAJIMINN TTOTOKA IACTHI-TIEPEHOCTNKOB CKPBITONH Macchl |7].
DTO TaKzKe MOXKET TOBOPUTH O JIOCTATOYHO CIIeNU(UIHON TPUPOJIE JTeTEKTHPY-

€MbIX HaCTHII.

[TporuBopeqariue, Ha 1epBbiit B3rs, Hao oaeHnssM DAMA pesysibra-



o1 9KcrieprmMenToB ANAIS n COSINE [8—10] B neficTBuTesbHOCTI OKA3BIBAIOT-
Csl HEIIPUMEHNMBI. XOTs yCTPOHCTBO BCEX TPEX YCTAHOBOK JIOCTATOYHO CXOXKI,
ANAIS u COSINE B ormymuane or DAMA /LIBRA paccmarpuBaioT curtas or
siep ormaqdn [10]. Bosee Toro, Ha JaHHBII MOMEHT YPOBEHDb JOCTOBEPHOCTH

pE3YyJIbTATOB HE ABJIACTCA JOCTATOYHBIM JIJIA OIIPOBEPZKEHU .

Hanuume curaasa mMoxkeT ObITh OObSCHEHO B paMKaX MOAEJel, BKJIIO-
yalomux B cebs TéMHble aTombl B Buje X-resus (X 2%(He™?),). Cocrasubie
JaCTHIIBI JIAHHOTO THIIA JOJKHBI BOBHUKATH B psjie pacimupenuit CM, npe-
CKa3BIBAIOMINX (POPMIPOBAHUE CTAONILHBIX TSKEIbIX cocTostHmit X 2", TIpume-
POM MOYKET BBICTYIIUTh MIHUMAJIbHAST MOJIEIb «OpeIyIero» TeXHUIBeTa (aHII.
«Walking Technicolor» - coxpamgénno WTC) [11-13].

TémHubIe aTOMBI JIOJIZKHBI (POPMUPOBATHCS Ha dTale HYKJICOCHHTE3a Iy TEM
II0CJIe/IOBATEIBLHOTO 3aXBaTa JETKUX SIJIEP CBEPXTSKEIbIMU dYacTuiiaMu. HoBbie
ITPOTIECCHI MOTYT 3HAYUTEIHHO TOBJIUATH Ha COCTAB MEPBUIHOIN TIa3Mbl. Bos-
MOYKHOCTBH (POPMUPOBAHUS B 9TUX YCJIOBUSIX AHOMAJILHBIX U30TOIOB U MEPEIPO-
u3BOJICcTBa JiuTus ||1| nmpeacrapisier cepbé3Hyio mpobJieMy JIJisi paccMaTpuBae-
Moit Mojiesn. B To ke BpeMs BO3HUMKAIOIINE BCJIECTBIE B3AMMOJIEHCTBUSA JIBYX
TEMHBIX aTOMOB MOJIEKYJIONOI00HBIE CTPYKTYPhI HE M3yUYeHbl U TaKyKe MOIyT

[IPEJICTABIATh UHTEPEC.

Ienbro JaHHOI PAOOTHI ABJIAETCA TOCTPOEHNE MOJIETN (POPMUPOBAHUA
TEMHBIX @TOMOB Ha PAHHUX dTarax BoJionun Beenennoit. s eé moctmzkennst

H€O6XO£LI/IMO peminuThb HECKOJIbKO TeOpeTUuieCKUX 3ada9d:

e Pazpaborarh MOjie/Ib BHYTPEHHETI'O CTPOCHUST TEMHBIX aTOMOB, ITO3BOJIAIO-
I1YIO BBISABUTDH CTaOMIbHBIC COSJIMHEHNSI 1 ONPEICNTD UX SHEPreTHYeCKIe
1apaMeTphl.

e CocTaBUTDb KapTy SIJEPHBIX PEAKIil ¢ yIacTneM TEMHBIX aTOMOB U OIIpe-
JICJINTh X CKOPOCTU IIPU 3a/IaHHBIX TeMIlepaTypax.

e HaiiTn 3aBUCHMOCTH KOHIIEHTPAIN JACTUIL, COCTABISIONINX TEPBUIHYIO

IJIa3MYy, OT TeMIIEPaTyPhI.

Takum obpasoM, B MEePCHEKTUBE JaHHOE HCCJIe0BaHNEe JIOJIXKHO J1aTh
OIMCAHNE MEXaHN3MOB BOSHUKHOBEHUsI CKPBITOI Macchl B hopme X-rejms. Tax-
JKe B Xojie paboThbl MOI'YT ObITh IOJIYUYEeHbI TEOPETHUYECKUE OIPAHIMYCHUS Ha CY-
IIeCTBOBaHIE MHOro3apsaaHbX dactun X 2. HaydHad HOBU3HA HCCIeI0Ba-

HHUsA OoIIpeae/IsdeTCda OTCYyTCTBUEM Ha TeKyHH/Iﬁ MOMEHT TaKOI'O poda OIIMCaHM .



[IpesncraBiennslil gajiee TEKCT OTUETA pas3/ie/ieH Ha HECKOJBKO TaB. B
1epBoil U3 HUX 1 HpejcTaBIeH 0030p JUTEPATYPbhI, OTParKaloNuil COBpEMEH-
HOE COCTOdHUE M3ydaeMoil 1pobseMbl. /lasiee, B raBe 2 olMcaHbl IIEPBLIE pe-
3yJIbTaThl PACCMOTPEHUs HYKJIEOCUHTE3a B MOJEeINn TEMHBLIX aToMoB X He. B
[IpuoxkeHun 1npejicraBjieH CIMCOK IyOuKaluii 3a 4 cemectp. TekcTwl crareit

IIPUJIOZKEHDI.



1 OB30P JINTEPATYPDBI

B jaHHOIT IJ1aBe MCCJie/lyeTcss COBPEMEHHOe COCTOsSTHUE M3ydaeMoil mpoOsieMbl.
B pazzaene 1.1 obcyx)1aeTcs BHyTpEeHHEe CTPOCHIE TEMHBIX aTOMOB, B TO BpEeMs
Kak paszesi 1.2 MocBAIIEH OINCAHIIO peakinii ¢ ux ydactueMm. Hakowerr, B pas-
nesie 1.3 npencrapied 0030p COBPEMEHHBIX IKCIEPUMEHTAJILHBIX OrpaHUYIeHN

U1 paccMaTpuBaeMOil MOJIEJIN.

1.1 BHYTPEHHEE CTPOEHME TEMHBEIX ATOMOB

Bompoc o cyIecTBOBAHUN HOBBIX TSKEIBIX JIEKTPUIECKI 3aPSAZKEHHBIX YaCTHUI]
U UX BJIUSHUU Ha HYKJEOCHHTe3 paccMmarpuBasicd emé B 80-x rogax XX Be-
ka. Hanpumep, B pabore [15] yke ObLn paccMOTPeHbI IJIABHBIE TEOPETHYECKUE
BOIIPOCHI, BOBHUKAIONINE B MOJIEJIN TEMHBIX aTOMOB. ABTODPBI PacCMaTPUBAIOT
caydait ognozapsiHoil yactunbl X . JlaHnbiit BapranT, oj{HaKo, OKa3bIBaeTCs
HCKJTIOUEH cpa3y HECKOJIBLKNMU OoJiee MO3THIMEI KOCMOJIOTTYeCKIMI HAOJTIO 1e-
ausiMu ("'non-go" Teopema 0 MEPernpon3BOJICTBE AHOMAJBHBIX H30TONOB |10],

IEPENTPON3BO/ICTBO MEPBUIHBIX MeTALIOB [17]).

["1aBHas C/I02KHOCTH B ONUCAHUYT CTPYKTYPBI TEMHBIX ATOMOB 3aKJII0Ya€T-
¢ B TOM, UTO OTHOIIEHWE PaJIyca siIepHOil 000JI0UKI K OOPOBCKOMY PaJINnyCy
X—Zn

a:T—NzZXZNoszTQA%?’ (1.1)

B
MOZKET IIpUHUMaTb 3HaYCHMA 60.Hlee €JINHUIIDBI. STO COOTBETCTBYET IIEPEXOY
OT TIPUBBITHON OOPOBCKOI MOJE/NN aToMa K HEKOTOPOMY aHaJOor'y TOMIICOHOB-
ckoit mojesu. JIg yuéra 9Toif 0cCOOEHHOCTH OOBITHO PacCMATPUBACTCH YpaB-
nenne [Ipénunrepa, onuceiBaioiee cucremy X — N, COCTOSIILYIO W3 TAXKETOTO
jenitona X u gyeproro djapa N. KiodeBast pa3Huiia 3ak/1i09aeTcs B UCIOJIb3Y-

eMbIx noTeHnuasiax. Tak, B psje pabor [15; 18; 19] 6bLT UCIO/IB30BaH TPOCTOI
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riae byHKIUs A(a) HAXOAUTCS BAPUAIMOHHBIM METOJIOM, a Ipn a < 1 SHeprus

HAXOJIUTCA B paMKax OOPOBCKON MOJIEIN.

B nepasneit pabore ||| Takzke ucnosb3yercst npubsmKerne chepuieckn
CUMMETPUYIHOIO sJIPa € OJIHOPOJIHO PACIPeIeAEHHBIM 3apsIoM. Y TBEPK 1aeTcs,
YTO UCIIOJIb30BaHue DoJiee CJIOXKHBIX cpepuiecKr CUMMETPUYIHBIX [TOTEHIINAIOB

HE IPUBOAUT K CYIIECTBECHHBIM U3MCHEHUMAM.

Takum 06paszom, BO Bcex paboTax, pacCMaTPUBAIONINX BHY TPEHHIOI CTPYK-
TYpy TEMHBIX aTOMOB, HCIIOJIb3YETCsS OJUH M TOT K€ IOJXOJ, C JIUIIh HeOOJIb-
UMK 13MeHeHusiMiu. K ero HejocTarkaM MOYKHO OTHECTU BHU/I KCIIOJIb3YEeMbIX
noreHnnaoB. C oJHOI CTOPOHBI, ITOJTHOCTBIO OIIyCKaroTcst 3 deKThl nedopma-
U 1JIpa BCJICJICTBUE SKPAHUPOBAHUS 3aPsiJIOB 1, CJIe0BaTE/IbHO, TT0IaB/ICHIE
KYJIOHOBCKOT'O OTTaJIKuBaHus. Hanbosiee cuyibHO Takoe SKpaHUPOBAHUE JIOJIK-
HO MPOSABJISITHCS B JIEFKUX ITPOTOH-M30BITOYHBIX siJIpax, Jlefas X CTaOujIbHee.
B pab6otre [11]| 6bu1a nmpeanpuHATa MOMNBITKA yIeCTh 9TOT 3(hD(MEKT KauecTBeH-
HO JIIsi ciydasi Jy = 2, OJIHAKO 3TOI0 MOYKeT OKa3aTbCsl HejgocTaTodHo. C
JIDYTOil YKe CTOPOHBI, CBOMCTBA JIEMKUX sJIep BO MHOIOM OOYCJIOBJIEHBI IOBBI-
IIEHHON CTaOMILHOCTBIO aJIbda-K/IacTepoB. fjaepHble MOTEHIUAJIBI TAKIX CO-
; 21]). Xorsa

CBOMCTBA OOBIYHBIX $1JIep MOTYT OBITH BOCIPOU3BEJIEHBI B IIPOCTHIX 000/I04€Y-

CTOSIHUIT 3a9aCTYIO CYIIECTBEHHO HecepuuHbl (CM., HAIpUMED, |

HBIX MOJICJISIX, IOBEJICHNE ajibda-KJIacTepoB B 000JI0YKe TEMHBIX aTOMOB He
n3ydeHo. Bo3HUKAOIMAS [P 9TOM AHAJIOTHs ¢ OO30HHBIMU aToMaMmu [22—2/]

YCUJIMBAET MHTEPEC K TaKOro PoJia OMUCAHUIO sAJIePHOIT 000I0UKH.

Iomxox, passuThiii B padotax [20; 21] mus anep ?Be u ? B, taxsxe Moxker



ObITH NPUMEHEH IPU OIMUCAHUN "TEMHBIX MOJIEKYJ" - CBSI3aHHBIX COCTOSIHUI

JIByX TEMHBIX aTOMOB BHJa XolV.

Il1s1 6ojiee TOYHOI'O OIUCAHUSI SIAEPHOI 000JI0UKN TEMHBIX HMOHOB HEOD-
XOJIMIMO HCIIOJIb30BaTh COBPEMEHHbIE MeTOJIbl sijaepHoil du3uku. OJHaKO 3TO
B CYIIECTBEHHOI Mepe OCJIOYKHEHO OTCYTCTBHEM SKCIIePUMEHTaJIbHBIX JaHHbIX,

Y9TO HE II03BOJIAET OIIpeAe/INTh TOYHbIE SHAYCHUA IIapaMETPOB.

1.2 PEAKIIN C YYACTUEM TAXKEJIBIX
SAPAKEHHBIX HACTUL],

1.2.1 CKOPOCTH PEAKIINI

[Ipomiecc 3axBaTa JIETKUX dJep JOJKEH CTAHOBUTHCSI BO3MOXKHDLIM II0CJIE UX
dbopmupoBanust Ha Temneparypax < 100 kaB. Ommcanne Takux peaxiuii 10mK-
HO cOYeTaTh B cede 4epThl, XapaKTepHbIE KaK JIJIs IIPOIecca PEKOMOMHAIINN, TaK
u I peakiuii oObIYHOIO HYKJeocuHTe3a. B xoune mccienoBannst HEOOXOINMO
OIPEJIEJINTH CKOPOCTh PACCMATPUBAEMBIX peakiuil (ov) Kak (DYHKIMIO OT TeM-
neparypsl 1. B ToMm ducie cieayer onpenesnTb TeMIeparyphbl, IIPU KOTOPBIX

oOpaTHbIE TTPOIECCHI TIEPECTAIOT UI'PATh BaXKHYIO POJIb.

B cirydae, eciim KOHEIHOE COCTOAHUE TIPEJICTaBsIeT coboil aHaor 60POB-
CKOTO aroMma, T.e. Zx W Zy JIOCTaTOuHO Majibl [14; 18], nepsble peakiun B
nernouke (X + N — XN + «) MoryT ObITh ONUCAHBI B MOJIHOM AHAJOIHU C
pekoMmOuHarmeit Bojiopojia. Cevuenne peakiiny HAXOAUTCA U3 MPUHITAIA JIeTaTb-
HOT'O paBHOBecus i (poTodadderTa 1 pekomobunaruu. Ceuenne porodpdexTa
JIJIsi OCHOBHOI'O YPOBHSI Ollpe/ie/isieTcst perenneM ypasrenusi [HIpénuarepa ¢ Ky-

JIOHOBCKHM TOTEHITHAJIOM [25; 20]:

4 1
L XP | — arctan
272, (Ex_n TBDPN TB DN
O®orosddexr — TOC 'p E
y 2 (1 4)
l—exp| — '
'BPN




rie py - UMIYJIbC KOHeTHOro (cBoOOIHOrO) siipa. B pabore [20] pacemorpen

6oJ1ee OOIIMIT CTydail, BKIIOYAIONINI PEKOMOMHAIINIO Ha BO30YKIEHHBIE YPOBHHU.

Ex_n
T

Haiiena eé ckopocTh Kak (OYHKIUS OT OTHOIIEHUA , KODPEKTHO BeyIast

cebs Ipy OOJILIINX €ro 3HAUEHUSIX:

S
e

Ex,

In | —X .
T n|——|+7/|, (15)

<O-U>I'GC =

e v = 0.5772 - xoncranta Diyiepa. Tem He MeHee, JiJisi OOIBIUX 3aPsi/IOB
CYIIECTBEHHYIO POJIb HAUMHAET UI'PATh HETOUEUHOCTD SIJIPa, & MOTOMY (POPMYJIbI

(1.4) u (1.5) cTanOBUTCA HENIPUMEHUMDL.

B noJstHOfl aHAJIOrMN cO CTaHAAPTHON peKoMOWHAIME BOI0po/Ia, TepBhIe
peakIy peKoMOUHAINN TEMHBIX aTOMOB CTAHOBSATCS CYIIECTBEHHBIMU TOJIHLKO
110CJIe TOTO, KaK KOJTMIECTBO BHICOKOIHEPTETUIECKNX (POTOHOB CTAHOBUTCH IIpe-
HeOpexknMo MasibiM. OLEHNTH TaKylo TeMIepaTypy 1rec MOXKHO 13 (POPMYJIbI
Caxa [27], omHako, Kak ObLIO MOKa3aHO B paboTe |1 7], 910 MOXKET MPUBOIUTH K
CYIIECTBEHHBIM OIMUOKAM MPHU pacdére KOHIEHTpaImii TéMHbIX noHoB. C apy-
roif CTOPOHBI, MPOCTEfiITas KauecTBEHHAs OIeHKa TeMIIEPATYPhI PEKOMOMHAIINH,

npejiozkertast B [14] mist ciydast n = 1, ykasbiBaeT Ha TO, 9T0 Tree 2, 40 k9B.

[Tocnemyrormmue peakmun (XN + N — ...) cleyer paccMaTpuBaTh yrKe
KaK siJIepHbIe C yIacTHeM aHOMaJIbHBbIX HyKJieopn10B. CedeHns sIIEPHBIX pe-
aKIUil B 3HAUYNTEJILHON CTENeHN ONMMPAIOTCs Ha SKCIepUMeHTabHbIe JTaHHbIE,
OTCYTCTBYIOIIUE JIJIst Caydast TEMHBIX aToMoB. [lojydaeMast ycpegHeHHeM I10
pacupenenennio Makcseia-bosbiiMana GyHKINS TeMIIepaTyphbl

. 2 2 mi—ij T g E
(o0)” (T) = 7 —Tw/UU(E)Ee_TdE (1.6)
0 iy

OIIpeJIesISIeTCS TIOJIbIHTEerpaJbHOll (PYHKIUEH OT KUHETHIECKON SHEPIuu B CHU-

creMe TieHTpa Macc. [locseanion mpungaTo mapaMeTpu30BhIBaThH KaK

_ Si(E) .

o(B) = T e,

(1.7)

1

rae N = ZiZio gt = 2—\/F9 — napamerp 3ommepdenbia, F, —
(3 J '7T

sueprust lamosa. @ynkiua S(E), onpe/essieMast 13 SKCIePUMEHTa, MOKeT ObITh



npeJicTaBiena B Buje psijia Teffopa 1 siBJIsieTCst TIaBHBIM MCTOUYHUKOM HETOU-
noctu [23]. Cieyer ormeruts Besmuuna o/ (E) o4enb 4yBeTBATEILHA K 3HAUE-
HIIO [OKA3aTeJ s 9KCIIOHEHTDI, Ope/IesIsieMoMy (hOPMOil KyJIOHOBCKOTO Oapbepa.
Baaromapst unrerpabroii vactu yuxims (1.6) nveeT aciMMeTpUIHBINH Mak-
CHMYM, Ha3bIBaeMblil B jinTeparype koM [avosa. Tounast ero dpopma, oHaKO,
CHJIBHO 3aBHCUT OT (POPMBI BBICOKOIHEPTETHIECKINX XBOCTOB PACIPE/ICICHNS I
o (E).

OrcyTeTBHE 9KCIEPUMEHTATBHBIX JAHHBIX MPUBOJUT K HEOOXOIMMOCTH
FICTIOJTB30BAHNST PA3JIMIHBIX TpHO/mKeHnit  ananoruit. Hanbosee mpocteiv n

pr6bIM 13 HUX fABJIAETCA MCIIOJIb30BaHNC I'€OMETPUYICCKOI'O CECYCHM A [ ]
o ~mrky ~ 10 Pen? = 250 5B 72 (1.8)

JI1s1 onmcaHms MPOIECCOB € ydacTHeM HeHTpaJibHbIX cocTosuuit X He,, Tpedy-
IOIIEro OOJIBIEl TOUHOCTH, OBLIO IPEJIJIOZKEHO 0000IIUTH ceueHne oOpa3oBaHue
neiirepus (n+p — D+ 7):

fra 3 (Z2\° T

=S a\a) e

rie f = 1.4-107% — dbaxTop nojaBIeHNd, CBA3AHHDBIN ¢ HECOXPAHEHIEM H30-

(1.9)

cunHa, 4, A — xapaKTepucTuKy HaJjeraromero sijapa N, E — sHeprust ¢Bsi3n
cucrembl X He,, — N.

Cebunasich Ha napamerpusaiio (1.7) asropsl [14] BBOjSIT Npyryto ana-
goruto. IIpeiaraercs nemonb30BaTh CEUCHNsT AHAJIOTNYHBIX 9ICPHBIX PeaKIuii
(N1 + Ny — N3+ Ny it XNy + No — X N3+ Ny) ¢ m3MEHEHHBIMU TTApaMeT-
pamu 3ommepdertbia. JJaHHblil 01X0/] HCIIBITBIBAET 3aMETHBIE TPYIHOCTH IIPU

OIIMCaHNN IIPOIECCOB, HEBOSMOXKHBIX JIJIA OOBIYHBIX AI€EP.

Hakomerr, Xopo1io u3BecTen MpsaMoii KBAHTOBO-MeXaHMYIeCKNl pacuéT ce-
YeHU il peakIii, MpOTEeKAIONIX Ha STalle HyK/JIeOCUHTe3a /s OTHO3APSTHBIX Ta-
crur [29]. C ucnosib30BaHIeM METOJIA, TPUMEHSIEMOTO MDY U3y IeHIN ME30HHOTO
KaTa/m3a, Oblja N3ydeHa CUCTeMa TPEX TeJ, COCTOSIas 13 TIyKEJI0ro JIenTOHA
X7, JIETKOrO dapa Ha ero oDOJ0YKEe M HAJETAIOMIErO dApa. DBLIN MOJydeHbl
KaK 9HEPIUHU CBsA3U COCTOSIHUIL, TaK M cedeHus mporeccoB. HepocraTkom JiaH-
HOT'O pacdéTa, He IO3BOJISIONINM IPSIMO OOOOIIUTL TOJIYUYeHHBI pe3yIbraT Ha

caydail MHOTO3apsiIHBbIX YaCTHUIL, ABJIsIeTCsT He0OXOMMOCTh OOPOBCKOI'O CTPOE-
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HUg TEMHOTO aTOMA.
1.2.2 KINHETNYECKNE YPABHEHU ¢

Tounasi 3aBUCUMOCTH KOHIIEHTPAIIMI YACTUIL B IIEPBUYHOI I1J1a3Me OT TeMIlepa-
TypbI Ha dTalle HyKJIeOCUHTe3a MOXKET ObIThH HailjleHa MyTEéM penieHus CUCTEeMbI

KUHETHIeCKIUX ypaBHeHuit Bumga [27; 30]

d

T
pn Zn]nk ov)! —nZZn] ov) (1.10)

ik - . .
e cevenust (ov)!" peaxuuil Buja j + k — ¢ + | yCpPeJHEHbI 110 UMIIYJIbCAM.
Cnaraemoe 3Hn; yanTbIiBaeT yMeHbIIEHNE KOHIEHTPAIUH, BHI3BAHHOE PaCIIIi-
petneM Bceesiennoit. YpaBHeHne, OJHAKO, MOYKET OBbIThH YIIPOIIEHO MEPEXOI0M K
o TN
PACCMOTPEHHIO OTHOIIEHUs] KOHIEHTpanuit 1. B sToM ciyvae, HanpumMep, ciia-

raemoe 3Hn; ncuesaer.

B obrmiem cirydae, ojiHaKO, JOJ2KHBI OBITH YUTEHBI HEPABHOBECHbBIE YaCTH-

Obl, OJId KOTOPbIX KMHETUYECKNE YPpaBHEHNA UMEIOT BU

5¢
- Z”ﬂn’“ﬁ_@v Zn, av)™ (pw,) ¢Ni2/¢Nj(UU)NidePNj,
j

(1.11)
Fﬂe queHO paCHpe,ZLeﬂeHI/Ie qaCTI/IH 110 MO,[Ly.HIO I/IMHy.Hbca,:
PN o) (1.12)
— = ON pN, . .
de

Ha ceromnsiiumii JIeHb CyIIECTBYET HECKOJILKO IIAKETOB, aBTOMAaTU3UPY-
IOIIUX pelleHre KUHeTUYeCKUX ypaBHeHuii. [Ijisi BBIIIOJIHEHHUSI pacueéToB ObLI
BeiOpan LINX [31]. /lanHblii TakeT HAIMCAH HA IMTHPOKO UCIIOJIB3YEMOM S3BIKE
Python, uTo ymnpomaer mMoauduKaimuo Koja, a TaKzKe COJEP:KUT aKTyaJbHbIe
3HaUeHUs] (PU3NIECKUX BEJIMYMH BBHUJY OTHOCUTEJIHBHO MAaJIOI0 BPEMEHH, IIPO-
HieIrero ¢ MoMenTa mnyosukamnun koga. LINX mpojosnkaer momiep:KuBaTbCst

pa3pabOTIMKAMI.
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1.3 DKCIIEPIMEHTAJIBHBIE OTPAHUYEHIA
JId TEMHBIX ATOMOB

OmanM n3 Hanbosiee BaKHBIX JIOCTOMHCTB MOJEJN TEMHBIX ATOMOB SBJISETCS
BO3MOKHOCTDb 00'bsiCHeHUsI pe3ysibraTos skcrepumenta DAMA /LIBRA [7]. Ox-
HAKO, B TO K€ BpeMs, JIaHHbIE, IOJYYeHHbIe Ha IPUHIUINAILHO OTJINIHBIX
YCTAHOBKAX, CIIOCOOHBI HAJOXKUTH OIDaHUYeHUs Ha CBONCTBA pacCMaTpuUBae-
MBIX JaCTHII-TIEPEHOCYNKOB CKPBITON Macchl. MOYKHO BBIIETUTH TP OCHOBHBIX

THUIIa TaAKNX OFpaHI/I‘{eHI/IﬁI

e VCKOPHUTEJbHDbIE SKCIIEPUMEHTBI TOBOPSIT O TOM, YTO MaCChl MHOTO3aPSIJI-
HBIX YaCTHUIL JOJKHBI peBbiath ~ 1.1 — 1.6 9B [32]. Tounbie orpanu-
JeHnd CHu3y g X ~2" ppmmcanbl B Tabsmie 1.1.

e CymecTBOBaHNE TEMHBIX &TOMOB HE JIOJIZKHO ITPUBOJINTD K HEPEPON3BO/I-
CTBY aHOMAJILHBIX H30TOMNOB [|0] 1 mepBIIHbIX MeTaswtoB ||| Ha pamnHnx
STarax dBOJIONNN Bcenennoii. /lanHnoe ycjioBue TeCHO CBSA3AHO C BHYT-
peHHell CTpyKTYpoii X-Tesns, KBaHTOBOMEXaHIYeCKOe OlNCcaHe KOTOPOil
JIUIs OOJIBIITMHCTBA, CJIy4daeB OTCYTCTBYeT. Pacuér KOHIEeHTpaIu TaKnX
CBSI3QHHBIX COCTOsIHUIT TpeOyeT 3HaTbh, C OJHOII CTOPOHBI, KaKHe IIpOMe-
JKYTOUHBIE CTAJIUH SBJSIOTCS CTAOUIBHBIMU (T.€. 3HATH SHEPIUU CBS3M),
a ¢ IPYTroil - ceueHnsi NX B3aUMOJIEHCTBUsI ¢ OOBIYHOI MaTepuei.

e Orpannvenns Ha CeYeHHs U MACChl CHJIBHO B3aUMOJENHCTBYIOIINX Mac-
cuBHbIX Yactutl (anri. «Strong Interacting Massive Particles nin cokpa-
menno — SIMP) [33-35] no/oKHBI B 3HAUNTENILHOl CTeleHn n30eraThest
TéMubIMEI aToMamu [19; 30; 37|, JeficTBUTeIbHO, Psijl IPENOTIOKEHNIT,
3aJI02KEHHBIX B OCHOBY aHaJIN3a HE BBIIOJIHAETCS JJjIs TEMHBIX aTOMOB.
Bo-11epBbIX, TaKne YacTHUIlbl He SBJIAIOTCA TOYEUHBIMU, & BO-BTOPBIX, Pac-
cestHIIe Ha OOBITHOM BeI[eCTBE HE MOXKeT PacCMaTpPUBaThCs KaK yIPyroe
13-3a TOJISIPU3AIIMOHHBIX TpolleccoB. Takzke, B pabote [35| 6bL10 MOKa3a-
HO, YTO BOIPEKN 3asBJIEHUSM, MOJydaeMble OTPDAHNYEHNs] ABJISIOTCA MO-
JIeJIbHO 3aBUCHMbIME. CJiejtyeT JIONOJIHUTEIbHO OTMETUTD, 9TO Pe3y/IbTa-
THI aHAJIN3a JAHHBIX, OJy4YeHHBIX dKcrepuMenToM XQC, HelTpnMeHnMbI
BBEJy TOT'O, UTO, C OJHOII CTOPOHBI, YyBCTBUTEIHHOCTD allllapaTa B OXKNI-
maeMoM nuanasone suepruit (~ 1 — 10k9B) cymectsenno crmxkena [19],
a ¢ JIPyroif - CUrHAJ OT TEMHBIX aTOMOB JIOJIZKeH JiaBaTh MeHee 10% do-
HOBbIX COOBITHIT [30].
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n 1 2 3
mx, I'sB | 1060 | 1520 | 1600

Tabmnna 1.1 — OrpaHndennst Ha MacChl MHOTO3aPSIHBIX dacTuil X 27, TI0JIy-
YeHHbBIE U3 YCKOPUTEJIbHBIX IKCIEPUMEHTOB [32]

Taxum obpasom, Mojie/ib TEMHBIX aTOMOB m30eraeT OOJIbIIeil JacT SKC-
IepUMEHTaJIbHBIX orpanndeHuil. s ux npuMeHeHus HEOOXOINUMO He TOJIBKO
IIPOBECTH JIOIOJHUTEIbHBIN aHaIN3 JTaHHBIX, HO U IIOCTPOUTH MOJIEIN BHYTPEH-
Hell CTPYKTYPhI 9TUX COCTABHLIX YACTHUI[ U UX B3aUMOJEHCTBUsI ¢ OAPUOHHOI
MaTepueil Ipu Pa3HbIX SHEPIUSIX.
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2HYKJIEOCUHTES B ITPUCYTCTBUNNA
TAVKEJIBIX MHOI'O3APA IHBIX YACTUIL]

B nannoit riaBe mpejicTaBIeHbl PE3YILTATH pabOThI IO OMUCAHWIO IMPOIEcca
dopMupoBaHusl B X01e MOJUMPUIINPOBAHHOIO HYKJIEOCHHTE3a TEMHBIX aTOMOB
X He. llepswrrit miar, caeanablii B pazaene 2.1, 1o1KeH 3aK/II09aThCd B OIIpeie-
JIGHUU TUIIa BHYTPEHHEN CTPYKTYPbI CBA3aHHBIX cocTOsTHUI Tuna X N, a TakxKe
IIEPBUYHOI OIIEHKE TeMIIepaTyp, Ha KOTOPBIX JOJI?KHA IPOUCXOIUTH PEKOMOMHA-
ust TEMHBIX HOHOB. [Ij1st 9moro 6buin paccunTanbl 3Hadenus mapamerpa (1.1),
ucnosb3oBana gopmysia Caxa. [loydeHHbBIN TPOTUBOPEUNBLII Pe3yIbTaT 110/I-
TBEPKIAeT HEOOXOINMOCTEL OOPATUTHLCA K 00J1ee CTPOTOMY OTTUCAHUIO SBOJIIOIINN
cocTaBa IEPBUYHOI TIJIa3MbI ¢ UCIIOJIB30BaHIEM KTHETHYEeCKNX ypaBHeHuil. Tak-
yKe ObLJIN KPAaTKO PacCMOTPEHBI CIIEHAPUH 3aBepIieHusT (POPMUPOBAHISA TEMHBIX

aTOMOB Ha Pa3HbIX TeMIlepaTypax.

Pazniesr 2.2 nocssmén 6ojiee TOYHOMY OINUCAHUIO BHYTPEHHEN CTPYKTY-
pPbI TEMHBIX HOHOB U XapaKTePUCTUK peakinii ¢ ux ydacrtuem. st mocranos-
KU 33J1a491 O HYKJCOCHHTE3€e B PUCYTCTBUN TKETBIX MHOIO3aPSIHBIX YACTHUIL
HEOOXOIMMO OIPEJIETUTh, KaKIe CBI3aHHbIE COCTOSHUS B MPUHIIAIIE MOTYT CY-
mecTBOBaTh. OrpejiesieHne e sepHbIX SHEPIUil CBA3U JIOJZKHO TTOMOYb B CO-

CTaBJICHUU CETU peaKIIuil.

Hakoner, B pazjese 2.3 npejcTaBieHbl Pe3yJibTaThbl pellenns KuHeTude-
cKkux ypaHeHuii. OupejeseHbl OTHOCHTE/IbHbIE KOHIIEHTPAIUN TEMHBIX HOHOB

Ha MOMEHT 3aBe€plIcHNA HYKJIEOCUHTE3A.
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2.1 TEMIIEPATYPA PEKOMBUHAIINN

[TycTh HA cTaun HYKJIEOCHHTE3a ITPOTEKAIOT PEAKITUHN 2 B 2 YeTHIPEX OCHOBHBIX
TUIIOB:

N'4+ N? = N3 4+ 4/N*, (2
X+ N — XN+, (2.
XN'+ N? = XN° 4 v/N*, (2
XN+ XN? = X,N? 4+ v/N*, (2

[lepBblii 13 HUX ONMICHIBAET CTAHIAPTHBIE PEAKIINN, B KOTOPBIX YUYaCTBYIOT TOJIb-
ko nérkue aapa (H, D, T, 3He, *He, usoronnt Li) npu temueparypax 1 <
100 k3B. Peakmuu (2.2) u (2.3) BKIIOTIAIOT B ceOst TAKETYIO MHOIO3a S THYIO Y-
cruiy X 2" 1 OIHCHIBAIOT 3Tallbl (DOPMUPOBAHUA HYKJICAPHUIOB. DTU IIPOIECCHI
I CXOKI 110 CBoeil hopme co cTaHIapTHONI peKoMOMHAITIE 1 111 OOJILITNHCTBA,
3HAUEHUH N IPUBOJAT K 06pazoBaHmio TéMHBIX HoHOB (X N) ™2V g snaunr,
MOT'YT TIPUBOJIUTD K [EPEPON3BOJICTBY aHOMAJIBHBIX 130TOM0B || 1]. [Toceqanit
ke Tull (2.4) OIUChIBAeT B3aNMOJIeHCTBIE JIBYX TEMHBIX HOHOB ¢ 0Opa30BaHUeM
MOJIEKYJIONOIOOHOTO CBsI3aHHOTO cocTosiHust X9V, BKJIIOYAIONIEro B cedsi JiBe

TsI2KEJIbIe MHOTO3aPSIIHbIE YACTUIIHI X —2n,

Host yaéra Brmsnus peaxruii (2.2)-(2.4) ma cocraB MepBHYHOMN IIA3MBI
HEOOXO/INMO B TEPBYIO OYepejib YCTAHOBUTH TEMIIEPATYPbI, HA KOTOPBIX pPac-
cMaTpHUBaeMble TIPOIECCHl CTAHOBSATCST BO3SMOYKHBIMI. DTO, B CBOIO 0UEPE/Th, TPe-
OyeT 3HaHWST BHYTPEHHEH CTPYKTYPbl TEMHBIX aToMoB. B Tabsmrie 2.1 nepese;ie-
HBI PE3YJ/IBTAThI pacuéTos 1o popmyiie (1.1) ¢ rg = 1.3-5 ['sB~!. Ucnonbzopanb:

cJIeJIytolme 00O3HATCHMST

e B - Bce M30TONBI TAHHOTO 3JIeMeHTa (POPMUPYIOT OOPOBCKUE CBA3AHHBIE
COCTOSIHUSI;

e 'T' - Bce M30TOMBI JAHHOTO dIeMEHTa (DOPMUPYIOT TOMIICOHOBCKHUE CBA3AH-
HbI€ COCTOSHUS;

e Yucsio - coorBeTcTBYET MaccoBoMy umcity A jerdaiiniero msororna, Gop-

MUDPYIOIIETO TOMIICOHOBCKOE CBA3aHHOE COCTOAHUE.

st Gostee TSXKENBIX sijIep — BCe N30TOIBI (DOPMUPYIOT TOMIICOHOBCKHIE TEMHbIE
HOHBI.
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A
"H[He| Li| Be
1B 4 3T
2la4 |3 |T|T
313/ T |T|T
A3 T |T|T
512 T |T|T

Tabmuma 2.1 — CrpykTypa TéMHBIX HOHOB X V.

CieryerT OTMETHUTD, UTO NpUBeAEHHBIE B Tabiume 2.1 dncjaeHHble 3Ha-
JeHust A cOOTBETCTBYIOT CKOpee 'HepexoaHbIM' COCTOSHHSIM, JJIs KOTOPBIX
a ~ 0.9 —1.1. B Takux cjydasgx CyIIeCTBEHHbIM OKa3bIBaeTCsS HEOIPE/Ie/1EH-
HOCTD, CBSI3aHHAsi C 3HAUEHUEM 'y (KOTOPOEe MOYKET ObITh B IPUHIIUIE YMEHb-
mero 710 (1.1—1.2)-5 ['5B ™). Baskubiv mpinvepom ssisiercs coctosmme X 4 He
(Takzke obozuauaemoe O He), st koroporo a ~ 0.95—1.12, koTopsrit paccmart-

puBaetcs B jureparype |19] ckopee kak TéMHBI aTOM OOPOBCKOIO THIIA.

[Iporecc hopmupoBanus sepPHOI 000JIO0UKN TEMHBIX aTOMOB HAUYMHAETCS
¢ peakiuii (2.2), aHAJOMMIHBIX TI0 CBOEMY BUJLy CTaHJIAPTHON PEAKINN PEKOM-
OuHanuKu BoAOpoida. IToToMy OHM JOJIZKHBI CTAHOBUTHCA BO3MOXKHBIMU JIHIIIh
pu HEKOTOPoii Temiieparype Tree [27], onpenensemoii u3 ypasuenusi Caxa. Ve-

IIOJIb3Yyd HEPEJIATUBUCTCKUE PaBHOBECHLIE KOHIICHTPAIlNN

now T 3 mlT% _mg 95
. e . T
U\ L) T 20 )" 29

110 aHaJIOTUH CO CTaHAapPTHBLIM CJIy9acM MO2KET OBITD Haﬁ,ZLeHOi

-1

[SJ[eY

gxgn mNTr?ow 1

now )

gxnN \2rEx_Nn | ny

Trec = EX—N In (26)

rjie g; — YNCJI0 CIIMHOBBIX cTereHelr ¢cBobobl yacTuipl "i" | Fx_ n — 3Heprus
CBSI3HM CHCTEMBI U3 TsKesI0ro siyipa X 2" u siaepHoit obostoukn N. 3ech 6bLIn

HCIIOJIb30BAHBI IPUOJIMKEHHUSI Ny = NxN U Mx = MYN.

Beipazkenue (2.6) copepKuT HECKOJIBKO HeM3BECTHBIX Benant. Crine da-

cruiel X 2" 3aBUCHT OT BEIOPAHHOI MOJICIIH 1 MOZKET IPHHIMATD IOUTH JTI00bIE
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3HaueHus. Hanmpumep, B MUHUMAJIbHON TEXHHUI[BETOBON MOJIEIN POJIb TSIZKEIO-
o sijipa MOI'YT UTPATh CKaJsSIpHbIE TeXHUOAPHOHBL (gx = 1) U TeXHUJIENTOHBI
(9x = 2), B TO BpeMsl KAk B MOJIEJIU C JIOMOJTHUTETHHBIM CTaOMIBHBIM TTOKO-
nerneM cdepmuonos cocrogune UUU pomkno obagars crmnom 3/2. Crmmbt
JIErKUX s1jIep TaKyKe MOTYT CIJIBHO OTJINYAThCs JAPYT oT aApyra. OJIHAKO JaHHas
HEOIIPEJIeJIEHHOCTD He UTPAET CYIIeCTBEHHON POJIH, TaK KaK IIPON3BEICHIE gg);—g]év

BxoauT B hopmyity (2.6) mog sorapudnom.

Jpyroit HeM3BECTHOI BeJIMYUHON OKA3bIBAETCSI SHEPIHSI CBA3U TEMHOI'O
aroma Fx_n, 3aBHCAINAdA OT THIA YacTUIbL. JJ1s1 TEMHBIX aTOMOB OOPOBCKOTO

OH& PaBHA
Bohr 22 2 1
EX"y =202 a"my = —- (2.7)
X—N 2 2
O/1HAKO JIJIsT TOMIICOHOBCKIX CBSI3AHHBIX COCTOSTHUI TaKasi SHEPIUsT MOYKET ObITh
IoKa JINIIh orerena 1o dopmyste (1.3) s ocrmigropaoro norennuaia (1.2).
[Ipu sTOM, CiIe1yeT 0OpaTHTh BHUMAHNE, ITO [t BCEX JOMYCTUMbIX 3HATCHUSIX

napameTrpa a
3 !
Byt = RO P (1 - a_2> < EX*'y. (2.8)

BakHO OTMETHTDH, YTO 9HEPrOBBIJIEICHIHE B HEKOTOPBIX peakiusx Tuma (2.3)
MOZKET 3HAUYUTEJIbHO MMOBBICUTBHCA 110 CPABHEHUIO CO CTAHJIAPTHBIMU aHAJIOraMu
3a CYET U3MEHeHUs CTPYKTYPbl. ONacHOCTh Pa3pylIeHnsi TEMHBIX aTOMOB B X0JI€

TaKHX IIPOIEeCCOB JOJIZKHA OBITH BHIMATEIHLHO U3y4cHa.

B Tabsure 2.2 npejcraBieHbl TpUOJIM3UTE/IbHBIC 3HAUEHNST TEMIIEPATY P
pekombuHarmn (2.6), HaiijgeHHbIe ¢ ncnosb3oBanueM dbopmya (2.7) u (1.3) ps
ooposcknx (B) n rommconoseknx (T) TémuBIX aToMOB cooTBeTCTBEHHO. JlIst
nepexoaHbX ciayudaes (D u He) ykasanbl JuIb MPAHUYHbIC 3HAUEHH, COOT-

BETCTBYIOIIUE paCCMaTpPpHUBacMbIM CJIYyYdadM.
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Trec7 k5B
n
P D SHe ‘He
3 (B) 4 (B) 28 (B) 37 (B

)

9 (B) | ~42(T) | 85(T)
44 (B) |~ 116 (T) | 180 (T)
9 (B) |~ 198 (T) 285 (T)
~ 126 (B) | ~ 286 (T) | 395 (T)

G | W N~
(\)
Ne)
||
os)

Tabmuia 2.2 — TemrepaTypbl peKOMOUHAIIMKE TEMHBIX aTOMOB.

Tak kak renunii-4 obpasyercst Ha TemiiepaTypax okoyio 1~ 65 k3B [27],

OKa3bIBalOTCA BO3MOXKHDBI JIBa CIHEHAPMA:

1) Ilpun < 3 aapa * He ycnesaioT 06pa30BaThesl 0 TOTO, KAK 3aXBaT H30TO-
II0B BOJIOPO/IA CTAHOBUTCS BO3MOYKHBIM. Peaktuu Buja (2.2) mIpon3BojsT
B OCHOBHOM TéMHbIe nonbl (X He) 22,

2) Ilpu n > 4 3axBaT BOJOPO/Ia CTAHOBUTCS BO3MOKEH JI0 00PA30BAHISI sIJIED
resms. Ienouxa peaxiuii 3axpata HadnHaeTca ¢ obpazopannsa (X H )2
9TO MPUBOJUT K JIONOJHUTETLHON OMACHOCTH ITEPEPON3BOJICTBA AHOMAJIb-
HBIX M30TONOB. IloTeHInaIbHO 9TO MOYKET OTPAHUYUTL 3apsijl TAKEIbIX

JaCTHUL] CBEPXY.

CuiejtyeT oTMETHTh HEOOXOIMMOCTD JIONOJTHUTEILHOIO PACCMOTPEHMsS TEMHOIO
nona X D nipu n = 5. B 3aBUCUMOCTH OT TOTO, KaKyi0 B TOYHOCTH CTPYKTYPY
(a 3HAYUT - SHEPIUIO CBA3U U, CJICJOBATEIBLHO, TEMIEPATYPY DEKOMOUHAIINN)

MeeT 3TOT TEMHbBII HOH, BOSMO2KHbI HECKOJIBKO Pa3HbIX CHEeHapUeEB.

N3 Tabsunpl 2.2 gBHO CegAyeT, 4To 00pa30BaHUe IEPBUYHBIX METAJIIOB
IIPOTEKAET OJIHOBPEMEHHO ¢ (hOPMHUPOBAHNEM TEMHBIX ATOMOB, UTO IPUBOIUT K
BO3HUKHOBEHNIO KOHKYPEHITIH 3a sI/[pa W30TOIOB BOJA0PO/1a 1 resins. MaremaTu-
YECKH 9TO MOYKET OBbITH OIICAHO KaK JOMOJHUTEIbHAS 3aBUCHMOCTh KOHIIEHTPa-
Uil JAHHBIX YacTHUIl OT TemiepaTypbl. K coxkajeHuio, jaHHas 0COOCHHOCTH He
MI03BOJIAET HCIIOJIL30BaTh ypaHenne Caxa, mpejroaramoliee n3MeHeHne KOH-
IEeHTpalnii JIUIIb 3a cuéT pacimmpenus Bceenennoit. Tpedbyercs Oosiee cTporoe

paccMOTpeHHne C NCIIOJIb30BaHNEM CHUCTEMbI KHHETHUYECKUX ypaBHeHHﬁ.

DopmupoBatne IaCTUI-TIEPEHOCUNKOB CKPBITONH MaCChl 3aBEPIIACTCS Pe-
akiusgMu tuma (2.3) u (2.4), ONUCHIBAIOIINMI 3aXBaTa, JIOMOJTHUTEIBHBIX JIETKIX

sijiep 1 0Opa30BaHIe MOJIEKYJIOMO00HBIX CBABAHHBIX COCTOAHII. Bo3aMoKHOCTD
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IPOTEKaHNA JTAaHHBIX PEaKIHil ormpeesseTcd ypaBHEeHIEeM
NxXHe <0'fU>t > 1, (29)

rjie koumeHTpaiusi X He MoxkeT ObITh oIpejiesieHa Kak

3

_ L now
NXHe = DM

2.10
MmxHe Tnow ’ ( )

a BpeMd MEXY aKTaMH BSaI/IMO,ZLeﬁCTBI/IH Ha CTaJnn JOMMHHPOBaHNA HU3JIY4EC-

mnst (RD)
3mp1 5)
47?2\ 7wg,

3aech 2y, — coBpeMeHHast OTHOCHTE/IbHAS SHEPreTHIecKast IIJIOTHOCT CKPBI-

(2.11)

Toit Mmacchl Bo Beenennoit, mp; — macca llnanka, g, — sapdexkTuBHoe 4ncio yib-
TpapesIsITUBUCTCKUX cTereHeil cBobo bl [27]. Tlpu Temueparypax HyK/ieoCHHTe-

3a yesoBue (2.9) MoxKeT ObITh Hepenucano B popme

3 pe QWY mp o | 10T

Q

~

e t
nxHp <OU> 272 mXHeTIzl’)OW Gs MN (2.12)

g
310 —— T3> 1,
MXxHer/TNN

Q

rjge Takzxe ObLI& MCIIOJIL30BAHA cpeatsdasd CKOPOCTb HEPEJIATUBUCTCKUX JIETKUX

siep ¢ Maccoit my: (v) = /%. 3J1ech Bce dHEPreTuIecKrue XapakKTepuCTUKN

nsMepsitorest B 1B.

s cedenmii, Tpy6o onereHHbIX O dopmyse (1.2.2), maHHOE yeioBue
6T CXOKMe pe3yIbTaThl /it obonx TUNoB peakinnii. [Ipn remmeparype T' ~
50 — 100 k3B oka3zbiBaeTCcst BO3MOXKHO 00pa3oBaHne KaK aHOMaJIbHBIX U30TOIIOB,
TaK 1 MOJIEKYJIONOMOOHBIX coennaenuii. OHako o0a Ipolecca 3aBepiialoTcesd K
Kouiy mHykseocunresa (1T ~ 1 ksB). Pasunna Mexkiry cKopocTsiMI Ha BCEX TEM-

MXxHe
neparypax onpejeaseTcs OTHOINIEHNEM Mace — a moToMy (hOpMUPOBAHUE
TEMHBIX MOJIeKYT Xo/N Menee BepOSTHO. :
Taknum obpa3oM, OKasbIBaeTCsd HEOOXOINMBIM YTOYHEHUE CeueHuil pac-

cMaTpuBaeMbIX IporieccoB. Ecin nepsble peakiun (2.2) u (2.3) nporekaroT jio-
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CTATOYHO OBICTPO, TO, C OAHON CTOPOHBI, TpedyeTcs onucanne "xumun' TEMHBIX
ATOMOB, & C JPYIoii »Ke - BO3HUKAET OIACHOCTH CEPhE3HOI0 IePerpon3BOICTRA
aHOMAJILHBIX M30TOIOB. BepHo n obparnoe: ecyin mporece (hopMIPOBaHUS Ua-
CTHUIL CKPBLITOIl MACChl JOCTATOYHO MEJJICHEH, TO KOHIIEHTPAIUAMUI 000X YIIO-

MSIHYTBIX COEJINHEHWNI MOYKHO ITPeHeOpeyb.
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2.2 CBA3AHHBIE COCTOAHUA 1 X
B3AMOJEVICTBUE

B paMKax 1mocTaBjeHHOM 3a/iadqu CJIeIyeT, BOOOIIE rOBOPs, BBIJIEIUTD JIBE SHEP-
I'UU CBSI3U: JIJIsI CUCTEMBbI TSI?KEJIBIN JIIITOH - sijiepHasi 000Ji0uKa Fx_n 1 cucre-
MbI HYKJIOHOB B 3TOii 06osi0uke (Qn. B To BpeMmsi Kak jijist OOPOBCKUX TEMHBIX
ATOMOB 9TH J[BE BEJIMIMHBI ONPEJIEISIOTCS HE3aBUCUMO, JIJIsT TOMIICOHOBCKUX
COCTOSIHUI CUTYyalllsl OCJI0KHAETCA. BIoJiHe 04eBUIHO, UTO IIepecTpoiiKa, sijiep-
HBIX YPOBHEM, BbI3BaAHHAsI TPUCYTCTBUEM MHOIO3apsIHOM dacTuilbl (pakTide-
CKI — SKpaHUPOBAHUEM 3aps0B, MOJaBIeHIEM KYJIOHOBCKOI'O OTTAJIKIBaHUSI
IIPOTOHOB), JOJZKHA YBEJIUIUTh (. DTO MOXKET, C OJIHON CTOPOHBI, MPUBECTH
K CTadMIM3alii HEKOTOPBIX sIJIEP, & ¢ JAPYIoif - K OTKPBITHIO HOBBIX OCKOJIOU-
HBbIX KaHAJIOB peakinii. BoiiensemMas mpu o0pa3soBaHUN CBA3AHHOI'O COCTOsTHUS
sHeprus, paphag pasuuie QNPT u QX jo/pKHA MO0 YHTH ¢ M3IyYaeMbIM
doroHoM, OO TIEpepacpeIe/InThCsl, OTPhIBast OT sijipa CJ1aboCBs3aHHbIE HYK-
Jionbl. IIpu sTOoM oOpaTHas peaxiust oTopacIielIeHns] J0JKHA TPeOOBATh
bosbItteit sueprun poTona. BBe Iy 9TOT0 BRIPBIBAHNE TAKEIOTO JIETITOHA U3 CB-
3aHHOT'O COCTOSTHHS MOYKET OBITh HECKOJILKO IOJIABIEHO, 8 3HAYUT U CKOPOCTH

X-Karajms3a yMeHbIIaeTCs.

Onucanne BHYTPEHHEH CTPYKTYPbI TEMHBIX aTOMOB Y Ke 00CYKJIaI0Ch B
pazyene 1.1. Bbio ormMedeHo, 9T0 UCHMOIB3YyEMbIil B OOJILITUHCTBE PadOT T10/I-
X071, 00J18/1aeT PSJIOM HeJIOCTATKOB, He TO3BOJISIONNX J1aTh OJIHO3HAYHBII OTBET
Ha BOIIPOC O CTAOMIBHOCTH HEKOTOPBIX CBSI3aHHBIX COCTOSIHUI, BO3MOYKHOCTHU
TeX WM UHBIX MporeccoB. [[yis perenns 3Toit mpodbIeMbl ciemryeT OoJiee BHU-

MaTeJIbHO PACCMOTPETH HEKOTOPBIE JIETKUE SIJIPA.

2.2.1 YPABHEHUE INIPEAMHTEPA OJId ATOMA C
HETOYEYHBIM 4/IPOM

[Ipexk e gem rmepeiiTi K OIMcaHnio TEMHOTO aToOMa KaK CyTry0o siepHOro 00bek-
Ta, cjejyeT BCE-TakKu oOpaTUTh BHUMaHUE Ha KBAHTOBO-MEXaHUYIECKUN pacdéT
C HCIIOJIb30BaHUEM IIPOCTOro 3dpdeKTuBHOrO norennnaa. Onucanme y»xe mpo-
creiinero cpsi3aHHoro cocrosinust O H e, Boob1e roBopst, TpedyeT paccMOTPEHNUsT
ypaBHEHMIT, 0018 IAI0IINX JINIIb aKCHATbHON cuMMeTpueil, Ho He cheprIecKoil.

JleiicTBUTE/IHLHO, B CHCTEME TIeHTPpa WHEPIUH IEHTP SAJIePHOrO MOTEHIINAIa OKa~
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3bIBAETCS CMEIEH U3 Hadasta oTcuéra. [lepexon B cuctemy oTcuéra, CBA3aAHHYIO
C TeJIeM, TO3BOJIeT MPUJIaTh YpaBHEHUsIM c(HepHUIecKyi0 CUMMETPHUIO B I0JI-
HOIl aHAJIOTUM C ATOMOM BOJIOPOJIa, OJJHAKO IPUBOJUT, KaK CTAHET {CHO HUZKE,

K HEKOTOPBIM BBIYUCJINTE/IbHBIM CJIOZKHOCTZAM.

[Tycth TsKéNnas aBaxK/Ibl 3apszKeHHas dactuna O~ JABUXKETCA B KYJO-
HOBCKOM T10JI€, CO3/IaBaeMOM $JIPOM T'eJIisd, HETOYEYHOCTh KOTOPOr'0 YYTEeHA BBe-
JleHneM BHyTpeHHero norennuaJja Byjca-Cakconoekoro tuia. B takom ciry-
Yyae BOJIHOBast (DYHKIINS TAXKETIOTO JIEITOHA B OCHOBHOM COCTOSTHUN MOYKET OBITh

Hafijiena perenneM cuctembl ypasuennit IIpénunrepa

4

1
Pin(r)” + _Z + Cin exp(_Bin T’) Pl (T) = 07
2.13
Pout ()" + 1 + - Pu(r) =0,
\
rae paJuajibHasg JacTh BOJHOBON dyHkunu R(r) = @ UITeTCs B JIBYX 00-
nactax (BHyTpu sijpa u cHapyxku), Kosbduruentor Cy, = 2}% exp (%) u

1
Bin55 3aBUCAT OT apaMeTpoB sjipa, B 4acTHocTh Ry. = 1A% 1 HacTpanbae-

Moro b ~ 0.25Ry.. ['panumdHble ycaoBust:
Pm(o) = 07 Rn(RHe) = Pout(RHe)a Pout(oo) = 0. (214>

I[JIH HaXOzKICeHI A HOCJIe,B;HefI KOHCTaHTbI MHTCI'PUPOBaHMA NCIIOJIB3YETCA YCJIO-

BUE HOPMUPOBKHU.

Perienne it BHerHell 00J1acTi XOPOIIIO U3BECTHO 110 3ajade 00 aTome
Bostoposia (Rowt (1)) = Cy exp (g), B TO BpeMsl Kak JIJIsI BHyTPEHHEe — BbIpaskKa-
eTcs 4epe3 JuHelinyo komounamnuio ¢yt bBeccensg. CyrecTBeHHYIO POJIh
urpaeT Macca JABYyX3apsiIHOIO JienToHa. I1pu BBICOKUX €€ 3HaYeHHUsIX BOJHOBAasI
dbyuknus npuobperaeT JOMUHUPYOMUN MUK HA IpaHure sjpa (cM. puc. 2.1).
Kapruna coorBercTByeT oxKujganusim: dactuiia O~ ¢ HaubOJIbIIel BePOsiTHO-
CTBIO MOXKeT OBITH OOHapy»keHa B objacTu, rje a ~ 1. K coxkajeHuto, orpe-
JleJieHne KOHCTAHT MHTEeIPUPOBAHUs U, CJIEJ0BATEIHLHO, TOYHONW BBICOTHI ITHNKA
OKa3bIBAETCS 3aTPYIHUTEIHHBIM U3-3a 9KCIOHEHINAJILHOIO XapakTepa (DyHK-

IMIA.

Taxum obpazoM, XoTs perieHne (popMaJbHO MOYKET OBIThH MTOJIyYEHO, U3-3a

OO0JIBINION pa3HUIILI B MacIITadax Macc UCII0JIb30BaTh €ro B JIaJIbHEHIInX pacié-
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Rir)

Pucynok 2.1 — Pajmnaibnas gactb BOIHOBOM GyHKIE O~ B TEMHOM aToMe.

TaxX OCJIOZKHEHO.

2.2.2 BOSGMO2KHOCTb YTOUYHEHNA

2.2.2.1 KuaacrepHble gapa

Haubosbimmit mHTEpec mpu ncciefoBaHinn 000I09€K TEMHBIX ATOMOB IPEJICTAB-
JA10T a-dacTHanbe gapa: SBe, 2C, 190. Jlag Hux MOKHO TIPOBECTH aHAJIOTTIO
¢ 603ouHBIME atomamn (cM. [22-24]). B rakom mojxome 000J0UKa paccMar-
pPUBAETCsT KaK COBOKYITHOCTb HE3aBHCHMBIX (-9acTHIl. DHEpPrus aedopMalinm
siapa AQ Ny MOKeT ObITh HHTEPIPEeTHPOBaHa, KaK N3MEHEeHIe B SHEPIuyl B3al-
MOJIeficTBIsI He1eDOPMUPOBAHHBIX (-KJIACTEPOB 1 HailJieHa IIpu IOMOIIH Pelile-
Hisl OO30HHBIX ypaBHeHuii XapTpu-Poka 1 cpaBHEHUsI CO 3HAYEHUEM JIJIsi CTaH-
JapTHLIX sijep. OUeBUIHO, JIydllle BCEro TaKoe OIMUCAHKEe HOAXOMUT JIJIsd CIIydast
MUHUMAQJILHOI'O 3apdaa O——H €n, KOIJla Jlake IPH OJHOM T'eJInid Ha 000/10Y-
Ke TSIKEBIN JIENITOH HAXOAUTCsT Ha TpaHuie sjapa. MoxKHO 0yKUaTh, 9TO MPH

,ZLO6&BH€HI/II/I (-KJIaCTEPOB IIOJIdpu3annd YJIYyIIInT TOYHOCTb aHaJIOI'MH.

13-3a HOBBIIIEHHOII CTAOMILHOCTH JBazKIbl Marndeckoro syipa “He s
MHOTHX JIEPKHX s1JIep JIOMUHUPYIOITIM KaHaJIOM Paciiajia dBJIsieTCs BhIOpachiBa-
HI€ OJIHOTO MJIM HECKOJIbKUX HYKJIOHOB, a-pactaj (cM. puc. 2.2). Témuble HOHbI

TaKOr'0 poja BITOJIHE BOBMOXKHO PacCMOTPETh Tak »Ke. boJiee TOro, MOXKHO O¥KH-
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Pucynok 2.2 — JIérkue gjipa, UCHBLITBIBAIONIE PACIAJL IIyTEM BbIOPACHLIBAHUS
IPOTOHOB (KpAaCHbIE), HEHTPOHOB (buoseToBsie), a-pactaj (xKéarsie). CKpuH-
ot janis, ganabie Nubase 2012.

JdaTh XOpOoHIero oOllMCaHn A HECYIECTBYIOHINX CBO60,I];HO A0ep Bpoe 2He, T. €.

CBSI3aHHOI'O COCTOSIHUSA X Po.

2.2.2.2 Cdepuueckue gapa

K coxasiennto, st sijiep, He 00JIaIAIONINX SIPKO BBIPAYKEHHBIMU KJIACTEPHBI-
MU CBOHCTBaMU, OIpejie/ieHe SHePruil CBs3u 3arpyausercd. dueprusd Fx y
BIIOJIHE MOXKET OBITh OIleHeHa U3 pelieHns ypaBHenus [Ipéunrepa c¢ npocreii-
M chepruuecKrt CUMMETPUYHBIM [TOTEHIIUAJIOM, YTO JIeJIaJI0Ch HEOIHOKPATHO.
Omnpenenienne ke AQy TpedyeT CUMYJISIIIN s/ipa. 3ajiada CJI0KHA, HO Pera-
ema. C OJHON CTOPOHBI, TaKWe sJIpa HEILJIOXO OINCHIBAIOTCS PEeIIeHneM YpaB-
nennii Xaprpu-Poka-Borosodosa ¢ norenruagsom Ckupma. C apyroii, cyiie-
CTBYIOT COIVIACYIONINECS] C IKCIIEPUMEHTOM CHMYJISIIIUN $I/Iep, OCHOBAHHBIE HA
MEe30HHBIX moTeHimagax [39; 10].
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2.3 IIEPBUYHbBIE KOHIIEHTPAIINU

st osnakomyienus ¢ makerom LINX [31] pemum mpocreiitnyto 3agady o pe-
KOMOMHAINY TEMHOTO aTOMa C 3apA0M TAKEI0ro jgenrtona —2: X 2" = O™,

K peaknusiM cTaHIapTHOIO HYKJIEOCUHTE3a JI00aBUM €IIE JIBE:

1) O~ +%He — OHe + 7;
2) OHe + *He — OBe + 7.

B kadectBe cedenusi BTOPO M3 HUX MOXKHO HCIIOJIB30BaTh Bbhipazkenne (1.9).
Jyist peakiun peKOMOMHAIINN MOZKHO CPa3y HCIOIb30BaTh GOPMYIYy CKOPOCTH
nporiecca (1.5). CoorBercTByIOMast CKOPOCTh (hOTOPACIICIICHNS TEMHOTO aTo-
Ma HAXOJIUTCA U3 MPUHIHIA JeTaJbHOro (CM., HampuMmep, §56 [25]) paBroBecHst

KaK
2F% v/ 1 2F% v [2mpe.
R ~ , 2.15
<UU>Iec m%{e Vife <0-U>'y ml%le T <O-v>'y ( )

rae ycpeaHeHue IIPOMU3BOAUTCA II0 MaKCBEJJIJIOBCKOMY pPacCIIpeAe/ICHNIO CKOPO-
creit rejgud, a TaKzKe Yy4ITCEHO, 4YTO KHHETUYECKUE ISHEPI'UU BCEX YaCTUI Ma-
JIBI 110 CPABHEHUIO C IJIYOMHOI SIMBI, & IIOTOMY YHEPI'usl UCIIyCKAaeMOro (bOoTOHA
EW ~ EX—N-

[TakeTr Tpebyer HaliTH OTHOIIEHUE CKOPOCTEil OOPATHBIX U IPSIMBIX PeaK-
muit (I'. u [, coorBercTBento) B hopme
N_—-1 B
I'e pp= A T 7y
= exp | ———— |,
P\ 7/10°K

= = | —

(2.16)

rjle TeMIepaTypa yka3aHna B KeJbBuHax, N, mw N, — 9UCI0 JacTuIll B HadaIb-

HOM COCTOSHWU JIJIA NMPsMOil 1 obpaTHOi peaknuu. JIn3aitH mporpaMMbl TaK»Ke
n

110J[pa3yMeBaeT, YTO OTHOCUTE/IbHAsA IJIOTHOCTL (POTOHOB Y, = > BOSHIKAIO-

asl B peakIusix (poTopaciiel/ieHnsI 10/ I2KHA ObITh BK/IIOUeHa B KO3(MDUIINEHThI

(2.16). Ciemyer TakyKe yuecThb, 9TO Jjisi 0OPATHON PeaKIUi HY?KHbI (DOTOHBI €
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T, [MeV]

l”"‘

“‘i_

l|| 10 L

1012 . : =

Pucynox 2.3 — DBoJitonnsi KOHIIEHTPAIUit

SHeprueil, mpepwinaoieil £y . I'pybas oneHka nxX KOHIICHTPAIMN JACT:

e.¢]

1 7 E? 1 7 E% Ex_n
n2¢(3)T exp (%) —1 n2¢3) T T

Ex_n

(2.17)
rjie 1 — Oapuon-dporonHoe orHorenne, ((3) — a3era~-dyukiust Pumana. C 1e-
JIBIO TIPUBE/ICHNUS BbIpazkeHus K (popme (2.16) mpu ero BbIBOjIE OBLIO HCITOJIB30-
BaHO TO, YTO pacCMaTpPUBaeTCs XBOCT paclpe/le/IeHus], EXTN > 1. Takum obpa-

30M, JIJIS [IPOIEcca PeKOMOUHAIINN:

V273

Q] = ————m}, 10°K - kx_ MsB _%;
L= 5@y e -+B)
B = —3/2, (2.18)
Ex_n
"=

10°K - kk— MoB

Amnajyiornunbie Ko3hGUIMEHTDI JIJIsT PeakIii 3aXBaTa J0IMOJHATETbHOTO eI
MOTYT OBITH B3IThI PABHBIME HYJIIO (rg = [J9 = 7o = 0, Tak Kak Jijist (poTOpaspy-
mennsg O Be Tpebyercst Ta »Ke SHEPrusd, a 00pa3yeTcsi 9TO COCTOsIHUE YrKe Hpu

zaMeTHOM n30bITKe O He.
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Ha Puc. 2.3 npejcrapiena mogydeHnas 9BoJIIOINs KOHIeHTpaluii. IIpo-
I[ECCHI € YYaCTUEM TKEIbIX JIEITOHOB YUYUTHIBAIOTCA TP TeMmieparypax 1 <
85 k3B. PekoMOunarums TéMHBIX aTOMOB ITPOUCXOIUT IPHU TeMIieparypax ~ 40—
20 k3B, uTo cornacyercs ¢ pe3yabTaTaMHl pacuéra, MpeJICTaBIeHHBIMI B Tab-
murne 2.2. Obpasosanue aHomaibaoro refms (OBe)™™ mporekaer npu rex xe
Temiieparypax. K OKOHUYaHUIO 3TOXU HYKJIEOCHHTE3a IPeJICKa3biBaeMble OTHO-

CUTCJIbHbIC KOHIICHTpPallnn

n NOHe NOBe
0 ~87-1071 Ot 2.5.1073, or

~81-107.  (2.19)

Takum obpazoM, HAOIIOJACTCS 3aMETHBII N30BITOK aHOMAJILHOI'O I'eJIN.

Curejtyer Tak»Ke OTMETUTH, IYTO KOJMIECTBO N3BIMAEMOI0 U3 CPeJibl MeJTHs
NPEBBIIIACT FKCIEPUMEHTAIILHO J0IycTHMOe 3HateHue [11] TAY), ~ 8.25- 1074
DTO ClpaBe/InBO, BOODIIE TOBOPs, /IS BCEX BO3MOYKHBIX 3HAUCHUI 3apsijia 1
mace my < 5TeB. Onnako i1t yeTaHOBICHUST IIPUMEHIMOCTH JIAHHOTO Or'pa-
HUYEHUS K CJIyYar0 TEMHBIX aTOMOB HEOOXOJUMBI JIAJIbHEHIINE MCC/IeI0BaAHMS,
TaK KaK OrpaHUYeHNs] MTOJIyUeHbl HA OCHOBAHUN CIIEKTPOB KOCMUYIECKUX 00hEK-

TOB.
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Abstract. The dark atoms XHe are the composite Thomson like atomic dark matter candi-
dates. We address two cosmological problems of this model. The excess of new superheavy
particles with even negative charge X 2™ over the corresponding antiparticles is balanced
by sphaleron transitions with baryon asymmetry and the mass range of X particles should
be specified at which this excess can provide dominance of dark atoms in the dark matter
density. The other problem is possible capture of light nuclei by dark atoms, which can
lead to formation of anomalous isotopes. The possibility of formation of multi dark atom
systems at the nucleosynthesis stage is also studied. We approach these open questions of
dark atom cosmology in the present work.

Povzetek: Temni atomi XHe so kandidati za temno snov v obliki Thomsonovih atom-
skih struktur. Obravnavamo razli¢ne lastnosti tega modela: PreseZek superteZzkih delcev
z enakomernim negativnim nabojem X — 2n glede na ustrezne antidelce uravnoteZimo
s sfaleronskimi prehodi z barionsko asimetrijo, maso delcev X pa dolo¢imo tako, da je
XHe v temni snovi dominanten. Ce temni atomi ujamejo lahka jedra, pride do nastanka
nenavadnih izotopov. Lahko pa se zgodi tudi, da pri nukleosintezi nastanejo skupki vecjega
Stevila temnih atomov XHe.

2.1 Introduction

The modern cosmological paradigm involves dark matter (DM). Its existing is con-
firmed by numerous astrophysical observations: gravitational lensing, anisotropy
of the cosmic microwave background and the behavior of galaxies. The theoretical
study of cosmological large-scale structures formation also requires to introduce
new stable forms of non-relativistic non-baryonic matter.

The nature of DM particles is determined by physics beyond the Standard Model
(SM). It was shown that new states could have only even negative electric charge
to fulfill the constraints on anomalous isotopes concentration [1]. In that scenario
the DM density should be provided by the X-helium dark atoms X 2™ (He2),,,
which forms in two steps. At first of them the excess of heavy negatively charged

T vitbeylin@gmail.com
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§ sopindo@mail.ru
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particles X 2™ over the corresponding antiparticles finally generates in sphaleron
transitions. The density of the DM could be balanced with the density of baryonic
matter [2—4]. In particular model the constraints on the mass of the new particles
can also be found if it is only one source of the DM. The second stage is the
formation of a bound state by capturing the light primordial nuclei.

However, the description of both steps should be clarified. The properties of
the sphaleron transitions are depends on a model significantly [5, 6]. Therefore
calculations with using the SM parameters could be considered only as the first
estimation. At the same time, the process of the bound state formation is well
described only for small values of charge [7,8]. The serial capture of light nuclei
leads to the significant changes in the inner structure of the dark atom. Moreover,
such reactions have not been described yet. Also the possible interaction of two
bound states at early stages of Universe evaluation has not been studied. In
general case, to solve this problems, it is necessary to use the quantum description
of Thompson-like dark atoms, which is absent.

We approach these open questions of dark atom cosmology in the present work.
Section 2.2 provides a brief review of papers on the properties of sphaleron(s) in
models with heavy particle. The minimal Walking Technicolor (WTC) model is con-
sidered as an example. In section 2.3 the dark atom formation at nucleosynthesis
stage is discussed. The results are summarized in the Conclusion.

2.2 Sphaleron in WTC model

The static unstable solution of electroweak field equations in pure gauge theory
was originally found by Manton in 1983 [9] and called “sphaleron” . It corresponds
to the saddle point at the top of the potential barrier separating topologically
nonequivalent vacuums in configuration space. Author pointed that sphaleron
arises as a consequence of the topology of the SU(2) group. The main properties
of the similar solution in the SM were considered in several papers throughout
the 90s [10-13]. There were found that

1. Only for non-physical values of the Higgs parameters, the existence of addi-
tional branches of sphaleron transitions are possible [10].

2. Sphaleron can be described with high accuracy using the spherically symmet-
ric ansatz [11]. Its physical energy should be Esp, ~ 9.1 TeV.

The further study has shown that both these statements can be violated by physics
beyond the SM. For instance, the existing of heavy fermions (with mass in order
of 1TeV) leads to a significant change in the sphaleron energy [13]. The additional
solution of field equations may arise as a consequence of a deformation of the
Higgs potential [6]. Such changes should affect baryosynthesis due to sphaleron
freezing out temperature T, decreases (or increases) [15]. Actually the predicted
ratio of DM and baryonic matter densities depends on the ratio T, where mis a
mass of "1”

type particle. It means that the resulting uncertainty in the temperature
value is insignificant and can be compensated by tuning unknown masses of heavy
species. However, it is also necessary to compare the shifted sphaleron freezing
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out temperature T, with the temperature of electroweak phase transition Tc. The
predictions may differ significantly for cases T, > T, and T, < T, [24,16].
Therefore, the determination of the exact properties of sphaleron transitions is
needed to consider models suggesting the existence of dark atoms. This is es-
pecially true for the minimal WTC model which assumes both the new heavy
fermions and a modified Higgs potential [17-19]. Unfortunately, studying the
features of this SM extension involves some technical difficulties. Indeed, among
others the low energy effective WTC model predicts 19 new (pseudo)scalar fields,
which should be introduced into the system of equations. The problem is not only
in the number of additional degrees of freedom, but also in the fact that the effect
of spinless fields on the sphaleron solution has not yet been studied. All the same
can be said with respect to composite vector fields.

However, it can be expected that this approach will allow to find more precise
upper limits on the masses of heavy particles. Indeed, the height of the sphaleron
potential barrier significantly decreases if new fermions are too heavy. This con-
tradicts the absence of sphaleron transitions in modern experiments [20]. The
influence of additional branches of sphaleron transitions on cosmological evolu-
tion is less obvious and requires a particular case study.

2.3 Dark atom formation

The second step of the dark atom formation is serial capturing of light primordial
nuclei N' by negatively charged heavy particles X~ 2". The simplest possible
scenario assumes n = 2. In that case dark atom X~ ~He™™, which is usually
denoted as OHe, can be considered as a Bohr-like bound state with energy

EBRT — 8a?mye ~ 1.6 MeV. (2.1)

It could easily estimated that O-helium is formed almost immediately after the
formation of helium during standard nucleosynthesis [7]. It is happens at temper-
atures T ~ 1 —100keV.

However, in general case n > 1 it is necessary to consider the much more compli-
cated scenario. Indeed, there are four types of processes are possible at nucleosyn-
thesis stage

N+ N2 5 N3 /N4, (2.2)
X+ N — XN + v, (2.3)
XNT 4+ N? = XN3 4+ /N4, (2.4)
XNT 4+ XN?2 — X,N3 4+ y/N*, (2.5)

The first of them (2.2) describes the standard nuclear reactions. There are eleven
main processes that produce helium-4 and some heavier nuclei (isotopes of
lithium and beryllium) [14]. Reactions (2.3) are similar to the standard recom-
bination. In general case they produce negatively charged bound states (dark ions)
(XN)~2n+dn which are burns in type (2.4) reactions. Unfortunately, this may lead
to overproduction of anomalous isotopes and/or primordial metals [8]. The last
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type processes (2.5) describes the merging of two dark ions into the molecule-like
bound state.

A correct description of nucleosynthesis in the presence of multicharged particles
requires to consider each step of the dark atom formation. First of all, it is necessary
to find the temperature when the (2.3) type reactions become possible. By analogy
with hydrogen recombination for non-relativistic equilibrium concentrations

3
now T _ mlT% — i 2 6
ni Tnow - gl 27’( € ) ( . )

the Saha equation [14] gives

—1

Ix9IgN TnNTr%ow 1
Trec = Ex_ 1 2.7
ec X—N n gxN (27_[ ExN) 'n—r]ljow ) ( )

NJw

where g; is the the number of spin degrees of freedom, my is the mass of captured
light nucleus, nj{" is its present concentration and Ex_n is a binding energy for
the system “heavy core plus nuclear shell” . The last one depends on the inner
structure of the dark ion.

For high values of the charge parameter n the ratio of nuclear and X~2™ Bohr radii

T
a= T—N ~ ZXZN XMN To A]LI/S (28)
B
may have values higher than one. This means that composite particle has not
a Bohr, but Thomson structure (see Figure 2.1). Table 2.1 shows the results of

N

N X
.0

Fig.2.1: Bohr-like (left) and Thompson-like (right) dark atoms

calculations of some XN bound states:

e B — all isotopes form Bohr-like particles;
o T — all isotopes form Thomson-like particles;
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e Number — the mass number of the lightest Thomson-like particle.

There was accepted 19 = 1.3 - 5GeV. It can be noted that almost all neutral and
positively charged states should have a Thomson structure, but hydrogen mostly
forms Bohr-type dark ions. This is consistent with the result of solving the two-
body Coulomb problem obtained in [8]. The predicted structure of transitional
states, which are indicated in the table by numbers, depends on value of t¢. For
instance, OHe is Bohr-like dark atom if the values v ~ (1.1 — 1.2) - 5GeV are
accepted.
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Table 2.1: The structure of the dark ions XN.

Therefore the Bohr energy

1
E)B(Cier - anzzocsz - W‘ (29)
can be used in equation (2.7) only for hydrogen and helium (in case n = 1). To find
the binding energy of other bound states, the harmonic oscillator approximation
is often used in literature [7,21,22]. The Hamiltonian

2 ZxZInx 2
L e L T

Y = sz 2TN ™ (210)
p2 ZX ZN 04
— y T>TN
2my T
leads to the Thompson energy formula
EThompson _ éZXZN x 1 1 _
X=N 2 TN IxZNomMNTN
(2.11)

3ZXZN(X ( T‘B)
2 ™ ™

which should be correct at region 2 < a < co. For intermediate values (1 < a < 2)
it is proposed to find the binding energy variationally. The binding energy value of
Bohr-like states is higher than for Thomson-like dark ions. This can be qualitatively
explained by the compensation of Coulomb repulsion because of the spherical
symmetry of the Hamiltonian (2.10).
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Table 2.2 shows approximate values of dark ions recombination temperatures (start
of reactions (2.3)) calculated with equations (2.9) and (2.11). For the transitional
cases (D and “He), only the boundary values are presented. The inner structure
of the bound states is specified by the corresponding letter in brackets. The result
depends weakly on the values of gx and gxn. Since helium-4 forms at temperature
T ~ 65 keV [14], there are two possible scenarios are predicted:

e For the n < 4, the helium capturing happens earlier than protons and/or
deuterium can be captured. Then, the excess of dark ions, (XHe)2"*2, is
formed to start reactions (2.4).

e For n > 4, hydrogen capturing becomes possible before the *He formation.
Therefore, another branch of reactions (XH+N — ...) is started. Such processes
lead to an additional danger of anomalous isotopes overproduction at later
stages of the dark atom formation. This may help to set limits on the maximum
charge of a heavy core.

Unfortunately, the temperature T, for deuterium in case n = 5 can not be esti-
mated in this simple approach. Moreover, the drop in the energy value caused by
the change of the inner structure can lead to non-trivial consequences.

Trec, keV
S LS P D *He He
1 3 (B) 4 (B) 28 (B) |37(B) / 6 (T)
2 13 (B) 19 (B) ~ 42 (T) 85 (T)
3 29 (B) 44 (B) ~116 (T)| 180 (T)
4 54 (B) 79 (B) ~198 (T)| 285(T)
5 86 (B)|~ 126 (B) / 17 (T)|~286 (T)| 395 (T)

Table 2.2: Recombination temperatures of the dark atoms

Since the standard reactions of nucleosynthesis and formation of dark atoms occur
at the same temperatures, the Saha equation becomes inapplicable. Indeed, it
requires that concentrations change only due to the expansion of the Universe,
which is not true in considered case. Therefore, to describe processes (2.3)-(2.5) it
is necessary to use the system of kinetic equations [23]

dn; i .
- -+ 3Hn = Z nyny (ov))* —ny > (o), (2.12)

where the energy-averaged cross sections <(YV>1k corresponds to 2 — 2 reactions
j+k — i+1. Also it should be mentioned that produced in such processes ordinary

nuclei are not thermalized and should be described by additional equations

0
d)N Zn]“k —CPNLZ“ NI (pn)—dn, ZJdJNj(GV)N‘N’dPNj,
J 2.13)
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where it is defined

dTLN

TN~ on (ot (214
Finally, reactions (2.4) and (2.5) may freeze out before the nucleosynthesis stops.
They are possible only if

XN <O'V> t>1. (215)
For a simple estimation, it can be assumed that
T\°
Pec now
nxN ~ ( 2.16
XN e DM (Tnow> ) (2.16)

where QY is the observable energy density of dark matter. Also it should be
taken into account that radiation dominates. Therefore

. 3mp1 5
472\ mdg.”

(2.17)

Here mp, is the Plank mass and g. is a number of ultrarelativistic degrees of

153

freedom at the considered temperature [14]. For the non-relativistic particles i
with the average thermal speed (v) = ,/-2L the condition (2.15) can be rewritten
as (energy is measured in GeV)

3 pc QMY mpro [10T3
nx (ov) t A 272 CmDMT3 me
XHe 'now g« i (218)

o 3
—1
MXN+/ MY

If the cross section o has a typical nuclear value

~3-10° > 1.

o ~ gy ~ 1072° em? = 250 GeV 2, (2.19)

then equation (2.18) predicts the similar scenario for both types of reactions. This
condition is fulfilled at high temperatures T ~ 50 — 100 keV, but strongly violated
at T ~ 1keV. The rate difference between the reactions of (2.4) and (2.5) types is
determined by the ratio of masses mxw/mn. The production of dark molecules
should stop earlier then capturing of light nuclei. Moreover, if masses of heavy
particles is high enough (mx ~ 10 TeV), the formation of molecule-like states X, N
does not start.

The main source of inaccuracy in considered estimation is the value of cross section
(2.19). Its exact value is unknown for the most reactions therefore it is impossible
to make a correct prediction of the modified nucleosynthesis result.

2.4 Conclusion

The dark atoms XHe are the composite DM candidates. The cosmological con-
sequences of this model are studied pretty well for the simplest case when the



24 V. A. Beylin, M. Yu. Khlopov, D. O. Sopin

heavy particles X are only doubly charged. However, the description of dark atom
formation is still incomplete. On the one hand, the predicted density of DM signif-
icantly depends on the properties of sphaleron transitions, which may change in
different extensions of the SM. On the other hand, the process of light nuclei serial
capturing has not been sufficiently studied.

To solve these two problems of considered model it is necessary to

o find the sphaleron solution of the field equations for the particular extension
of the SM and then to estimate the freezing out temperature of sphaleron
transitions;

o find the solution of the system of kinetic equations which describes the modi-
fied nucleosynthesis.

The computational complexity of such calculations is complemented by the lack
of an accurate quantum description of the Thompson-like dark atoms.
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