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Moaenb

M3yyaeTca 1 HEMTPUHHOE NOKONeHMe B3aUMOAENCTBYIOLLEE C
TMMNOTETUYECKMM NETKUM CKaNAPHbIM NOEeM

1
L =iy, — m)v + 5 (0,$0"¢ — M°¢") + g
Macca HenTpuHo m =0.1 eV

OrpaHn4eHmsa Ha maccy ckanapa M 1 KOHCTaAHTY CBA3M g NMPUBEAEHbI B
Berryman et al. (2018)

byaem cumtatb, yTO M~ (10> -104) eV n g~ (104 - 1072)



CKanspHble Nons B GU3NKe IN1eMeHTapPHbIX YacTu,

* HacerogHAawHMM AeHb N3BECTHO 04HO PYHAAMEHTaIbHOE
CKanAapHoe nosae: 6030H XUITca

 B3aumoaencTsume c nonem Xurrca obecneymBaeT Macchl
3/IEMEHTaPHbIX YacTuL,

* JKCMNepMMeHTa/IbHO OTKPLIT B 2012 1

e B pa3/IMYHbIX PaCLUMPEHMAX CTAaHAAPTHOM MOAENN AOMNYyCKaeTCs
HaAM4YMe AONONHUTENbHbIX CKaAAPHbIX YaCcTuL, B TOM YMC/e C
AOCTAaTOYHO MaJIbIMM Maccamm



B3sanmopgencrsme ¢epmMmMOHOB CO CKaNAPHOM
4YacTuuewn npuTtarneatollee

MaTpPUYHbIN 3/1IeMEHT paccesaHuns
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M=—03 7 2 Y vp)u(k)o(k)

Pypbe 06pa3 3dDEKTUBHOO FIOTeHLLl/laﬂa —————
ONA HEPENATUBUCTKMUX YacTuL, Via) = 2+M2

[loTeHuman KOKaBbl V(r) = _ﬁem

MOXHO NMPUNTU K TAKOMY *Ke pe3y/ibTaTy UCKAOUYMB CKaNAPHOE NONE U
PAaCCMOTPEB HENMHENHbIW narpaHmmaHzHeMTpMHo

. g _ _
L =v(iv*0, — m)v + ) (v
Hel/ITpl/IHO I\/\OryT O6pa3OBb|BaTb CBA3dHHbIE COCTOAHWNA




CTpyKTYypa Knactepa (Smirnov & Xu, 2022)

YpaBHeHMA 4158 CKanapHOro 603oHa 1 HEMTPUHO
(8,0" + M) = gov, [iv"8, — (m — g)Jv = 0
dddeKTMBHAS Macca HENTPUHO Megr = M — g (D)

Mcnonb3sysa Teopemy 0 AndPepeHUMpoBaHMM ramnabTOHMaHa No NapameTpy, Haxo4nMm
3HaYeHMe KoHaeHcaTa AN BbIPOXKAEHHbIX HEMTPUHO
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1 [P o Me Mg |— { Pr + 4/ Py +meff\
vy = — d = 2 4m2 — m2.In
(bv) 2 /0 pdp o o2 I_PF \V Pr eff off \ —_— }

B choepmnyeckmn-cMMmMeTpmnYHOM Cay4ae BOHOBAA PYHKLUMA ODO30HA yA0BAETBOPAET
VPaBHEHUIO

E d* 2 d _ gMest [ [ 5 5 {pF+ V p%‘+mgff\
— = == | {#) = o2 [pF Pp + Mg — Mg In \ o }
XUM.NOTEHUMAN HENTPUHO NOCTOAHEH BHYTPU KaacTepa.
v _ 2 2
[TosTOMy PepmMmn-mmnyabe M OO30HHbIM KOHAEHCAT CBA3aHbl: K = \/PF + Megy = const
[laHHOEe onucaHKue KaacTepa aHal0rMYHO (0-w) Mo4eNn B AAepHOM GU3MKe




PacnpeaeneHue nJ1OTHOCTU HEUTPUHO BHYTPU
Knactepa

YncneHo pelwaem ypaBHeHUe 1A CKaaNapHOro noas

Mcnonb3ya CBA3b MEKAY XMM.MOTEHLNANTOM, EPMU-MMMYIBCOM U
3PPEKTUBHOM MACCOM, HAXOAMM GEPMM-UMMYIbC

PelweHune ypaBHEHMA NOA0KAEM NOKa PEPMU-UMMYIbC HE 0OPaTUTCA B
HO/Mb. Ta TOYKa COOTBETCTBYET paMycy Knactepa

[1ONb3YACh TEM, YTO HEUTPUHHbIW ra3 BbIPOXKAEHHbIN, HAXOAMM
3aBNUCUMOCTb N,(r) No pe(r)



CBepxTeKy4ecTb HEUTPUHO

Kapusta (2004) n ap. paHee nccnenoBasv CBEPXTEKYYECTb HENTPUHO 33
cyeT obmeHa CKa/IiPHbIM OO30HOM

NpenctaBasem HENTPUHHBIM BUCNMHOP B BUae v!
HenTpuHHbIM KOHAeHCAT: {(¢—o(P)p+s(P)) = €D

[aMUNbTOHMAH B3aMMOAENCTBUA

= (©, x)

4q° m?

Hint:_—2
M 5 (e+m

{07 b ()b (-p) — b (@b (P + D™ o (@bl (-p) b0 ()] }

[AMUIBHOHMAH HEe B3aWMOAENCTBYOLLMX HEUTPUHO

Hy =Y (e — ) [bL(0)b: (p) + b (P} (p)
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[lnaroHannsauma raMMNbTOHUAHa U YpaBHEHMUE
N1 SHEepPreTUYecKou LWenu

[Tpeobpa3zoBaHme borontobosa

C_|_(p) — e—1et—1a COS §b+(P) i elst—l—la sin EbT_(_p), c_(p) — 6—15t—1a cos Eb—(P) . elE?H-la sin — > bT ( P)

[aMUNbTOHMAH NPUHMMaET popmy

89°m?|D|
M2(e +m)’

H = ZE[C+ —|—ch p], E = \/5— 2+ A2, A=

YpaBHeHUe Ansa saHepreTuyeckon wenm (3W) A nna BbipoKaeHHOro rasa

29° d’ m? 1 B
M? f (27)° (e +m)? /(e — p)? + A2 -



PelweHue ypasHeHunAa JL

MHTerpan pacxoamTca npu 6DoAbWMX MMNYAbcax. HyXKHO BBOAUTb MapamMeTp
obpes3aHua . [1pn pacCMOTPEHNM FOKABCKOro B3aMMOAENCTBMA HE ACHO, KaKOBa
Be/IMYMHa . bygem cumtatb, yto ~ (Jlndwwmu mn MNMutaescknm, 2002)

Mwem peweHne B6AM3M noBepxHOCTM Pepmn, e ~ u + vr(p — pr)

PelweHune
2 2 2
UF mM*(p +m)
A= \/ A — pr)? + pi + 2pr(A — pr) cosh y, —

TemnepaTypa dazosoro nepexoaa 1.~ 0.57A



(a), (b) - umnynbc Pepmum

(c), (d) - TemnepaTypa pa3oBoro nepexoaa

(e), (f) - poavHa KorepeHTHOCT =/

(a), (c), (e): = [/ =01, (0)/ =0.1.CnnowHaa nuHuA -
/ =0.6, wtpuxosas- / = 0.3, wWTpUx-NyHKTMpHaa- / =

0.15.

(b), (d), (f): =0.01, (0)/ =0.01 CnnowHas nuuua - / =

(c) (d)
0.08, wtpuxosas - / = 0.04, wtpux-nyHktnpHaa - / = 0.02.
L ."-"
A Ieeed BuAHO, YTO CBEPXTEKYYECTb MOXKET BO3HMKHYTb MNpn 06pa3oBaHum
5 0% | N :
N N B / KnacTepa 13 PesnKToBbiX HemTpnHo ¢ T =1.95K
.Zw 1072 \J
10°[ . . . - 1




Limits on the scalar boson properties to have a
neutrino superfluidity in a cluster

10°

M, eV

e Excluded areas are grey

 The upper border corresponds to a
solution for the equation for a cluster

where neutrino gas is still superfluid

* The extablished constrains on g and M do
not contradict the experimental bounds

on the scalar boson properties (Berryman
et al., 2018)



Cluster cooling

We suggest that a cluster is formed by relic neutrinos. If a neutrino density rises, the temperature of

the neutrino gas also increases locally
Telust . (nclust )7_1
T n
Here, we assume that the neutrino gas is comressed adiabatically

The enhanced temperature, first, can destroy the cluster. (We recall that the neutrino gas is supposed
to be highly degenerate. The temperature effects on the cluster characteristics are studied by
Dvornikov (2024).)

Second, if the cluster temperature is above the phase transition temperature, the superfluidity
disappers

Smirnov & Xu (2022) suggested the mechanism for the cluster cooling based on bremsstrahlung ( -
) and annihilation ( =~ - ). However, the cooling time is greater than the universe age. Thus,
these mechanisms are unsatisfactory

We take that a neutrino cluster appears in the early universe after the electroweak phase transition. In
this case neutrinos are massive particles

We assumme that it cools down by the neutrino Cherenkov radiation in hot primordial plasma



Neutrino Cherenkov radiation

* A charged particle moving in matter can emit Cherenkov

photons with ¢* = (w,k) having the refration index n =k/ >1

A neutrino is electrically neutral particle. However, in
matter with nonzero temperature and density, it can
acquire the induced electric charge, see, e.g., Oraevsky &

Semikoz (1987)

 The Cherenkov radiation of neutrinos is possible even for

massless neutrinos in frames of the standard model|



[MpoaonbHbIE U NONEepeYHble NNa3MOHbI

Mbl n3ydyaem obpasoBaHme knactepa npu T < (2-3) MaB (TemnepaTypa 3aKaaku HEMTPUHO).

[TOCKONbKY *KenaTe/IbHO UMETb MHTEPBAI TEMNEPaTyp A4 06pa30BaHMA K1acTepa Kak MOXKHO LKpE,
byaem nccnegoBatb HEMTPUHHBIN ra3 B3aMMOAENCTBYOLWNI C HepenaTusmcTckom, T < 500 keV

(Macca aneKkTpoHa), 31eKTPOH-(NPOTOHHOM) N1a3moM
BO3MOXHbI 2 TUMNa N1a3MOHOB: NonepeyHble U Npoao/bHbIE

[lncnepcroHHbIe COOTHOLLIEHWA:

T k?
2 12,2
w"=k"+w, (1 ™ EF) MonepeyHble N1a3MOHb|
w”=w, 1+ — MpoaonbHbIE NN1a3MOHbI
m w

TONbKO npoAo/ibHble MNJ1a3MOHbI AatOT BR/1a, B HEPEHKOBCKOE N3J/IyHeHUNE (k> )



BbluncneHne notepb aHEpPrum 3a cYeT U3ydeHus

MaTpUYHbIM 3N1EMEHT M — GFe (p)’)/,u(l S ) (k)H’“”’(q)e,,(q)
ana v — V4 V2
O606LLEHHbIN NONAPU3ALMOHHDBIN H”’V( ) o / d4p tr [(/ﬁ + m)»y#(cv — CA’)’5)(/p — 4+ ’m)’)/u]
onepartop q (27?)4 [p2 _ mz] [(p _ q)2 _ m2]
w2 w? — k2

KBazpaT MaTpUYHOTO 3N1emMeHTa AN Z IM|? = 4e*GEITE (w, k) (1 — —2) [2E1 (B1 —w) + ] v
HEeKMpPaAbHOM NAa3mbl 3 k 2 long

MoTepw sHeprnm Ha UsnydeHme ¢ Vd3p1 pz A3k w dw

4EeTOM NMepeHOPMMUPOBKM 3apAaa B E = 27) 484 +q— —_—— M2 (1 —
?;eu_LeCTBe pMnp P /2E1 27‘(‘ 3 2E2(27T)3 2(.0(27'(')3 ( 71') (pZ q pl Lk dk Z| | fl( f?)

MpeanonaraeTcs, YTO KNacTep OCTbIBAET LENIMKOM, T.€. NN1a3MOHbI U31y4atoTca U3 Bcero obbema Knactepa V.



3aTyxaHue JlaHgay ana Npoao/ibHbIX N1a3MOHOB

B BelwlecTBe y 4acTOTbl M1a3MOHa NOABAAGTCA MHMMAA YaCTb M3-3a 3aTyXaHUA
JlaHAay.

Ecav annHa ceobogHoro npobera niasmoHa L oKarkeTca MeHblle pa3amepa
Knactepa R, To 4acTb N1a3MOHOB NOrNOTUTCA M NPOLECC OCTbIBaHMA DYAET MeHee
3PPEKTUBHbLIM

MOXHO NoKasaTtb, 4To L >> R B 4OCTAaTOYHO LULMPOKOM AMana3oHe TemnepaTyp

MpeanonoxeHmne ob
OCTbIBaHWUM KaacTepa u3 BCero
obbema OKa3ai0Cb BEPHbIM



Cluster cooling in the early universe

[TpeanonoXMM, YTO K1aCTep BO3HMKAET B PaHHEW BCENEHHOM
Bpema oCcTbiBaHMA Knactepa
Eclust NVEV

E E
[ToTpebyem, 4tobbl t ., O6bIJIO MEHbLLIE BO3PACTa BCENEHHOM
tyniy = H = My /T2

HEO6XO,£I,I/IN\O MOKAa3dTb, YTO NMapaMeTp OCTbIBaHWNA

tcool ~

tcool <1

[1]

tUm'v
[TOCKONbKY XMM.NOTEHLMAN HEMTPUHO BHYTPU KlacTepa OT/IMYEH OT
HYNs, HEODXOAMMO UCCNeA0BaTb 3aBUCUMOCTb = OT |,

B KayacTBe Nnpumepa BO3bMEM KNaCcTep MOKa3aHHbIM CNAOLHOM IMHUEN.
BHYTpU Hero | U/ Tqys | =3.9x1073



JBOIIOLMA NapameTpa OCTbIBAaHUA

1.2 . . ' 3aBUCMMOCTb OT XMM.MOTEHLUMaNa HE3HaYMUTeIbHaA

Mpun 220 keV < T (< 2-3 MeV) knactep rapaHTUPOBAHHO

1 s
OCTbIHET 3a CYET YEPEHKOBCKOTO U3/yYeHMH
081
KnacTepbl MeHbLLEro pasmepa MOryT OCTbITb NPW
(11 0.6 60bLINX TemnepaTypax. Npy 3TOM MCNONb30BaHMeE
5id NPeAnoNOXKeHNA O HEPeNATUBUCTCKOM Naasme
HeoNyCTUMO
0.2
0 1 1 1
300 280 260 240 220

T, keV



BKn1ag HEMTPUHHbBIX KNAacTEPOB B TEMHYIO
MaTepuIo

[TormepHo 25% maccbl BO BCEIEHHOM HaxoaAMTCA B HEOAPUMOHHOM popme U
Ha3blBAaeTCA TEMHOM MaTepuen, KoTopasa y4acTBYET B UCKIHOYNTENbHO B
rpaBUTALMOHHOM B3aMMOAENCTBUN. [1pnpoaa TEMHOM MAaTEPUM HE ACHA.

B 1980-x 661210 NOKA3aHO, YTO BKAAA NETKUX aKTUBHbIX HEMTPUHO B TEMHYIO
MATEPUIO ABIAETCA Ma/ibiM MOCKO/IbKY OHW ABNAIOTCA PENATUBUCTCKUMU N HE
0b6pa3ytoT HabAogaeMble rano TEMHOW MaTePUM BOKPYT ralakTUK.

Ecav npeanonoutb, YTO HEMTPUHO B3aUMOAEMNCTBYET CO CKaNAPHbIMU UM
nceBAoCKaNAPHbIMU BO30HAMM, TO MOXHO MOBbICUTb BKAAJ TaKMX HEUTPUHO B
MNOTHOCTb TEMHOM MaTepunn Ha 2 nopaaKa. MNpu 3Tom npeanonaraeTcs, 4to
HEMTPMHO 0OPa3yOT CB3aHHbIE COCTOAHMA.

Heobxoanmble napameTpbl 6030HOB oLeHeHbl Cline et al. (2026).



Summary

 We showed that the neutrino interaction by a scalar boson is attractive
 This interaction leads to the formation of a neutrino cluster

 Neutrinos can form pairs with opposite spins. These pairs constitute the
superfluid condensate

e Superfluid condensate can consist of relic neutrinos

 The constains on the Yukawa interaction necessary for the existance of
superfluidity are not ruled out by the experimental bounds on the scalar
boson properties

 Cherenkov radiation is a possible channel for the cluster cooling if it
appears in the early universe



