Suoy mﬁcr e HOPUOT o ASSIE MBN e diodebuis A

/ OIIUBIDG PUOA @(/ _

IDRNYHOHALN DUAE0S 1Ck)
ALNULEGHE

MEBULS °§ — “|'S"} “oups

OULIOL ‘Oulens eliA - ‘886l 'vZ-0Z aunf

SINFLSAS INLNYNO
(3Z14Y10d NidS




onsuaereyd yim sopnmd jo WBusjeaem onforg op oy & dig = .<v_,
_205 59588 wmuenb,, payres 2q Lew sased yons ¢y < om\./.\ syeuwrered wimywendb
23.1e[ yns sased ur poadxa aq Aet 193550 wmyuenb paounouord ELLR T
‘sioesado Surpuodssrios 10y suoners:
‘uonwintuwiod  pue  suohouny  gaem  jo  sonredoxd  Anmownwds  ‘soponredfisenb)
jo Anuopt wuwenb jo suopmssywew  oidossowvw  om  euswousyd  yong
(sed v jo ammerodwor AoessusGap oy sy 0p) Op>>y oses omssusop Apsrerduwios
ap ur pur Ojecr vordam cimesadwa UUBUZI oY OISSB[D 9yl up yloq - sed
e jo AoerousBop wmuenb jo oo1dop v Jo aancadsown paalasqo aq ues euswouayd
wnpenb  asay jo  Auepy /1y sesseooxd ououpy| w  unooo  sosed paziejod
h_E% ur euswousyd wmjuenb odossowew Bupyins 1sow oy Ajgeqoig

. NOILDNTORLNI T

"SIANEALIOP JSYI PUR XLOBW- ], 9Y) JO SIUSWA[I
9 ySnomp vopdvaswur pmby ymiay oy jo wed oojuou oy ssadxe o)
pue ‘sased aqip jo somoury o1 seyoseoidde pruby sy pue onsupy esisse[s Ay
aredwos o1 suo siuuted suus vonowioluy [EOOf-uou jo uonduossp Syemnace ayf
PRSP SEosapomt sAnvR[e Jo sadAl wasagip jo uoneSedoxd pur ‘wopasy jo
soaudap uwnn Lreniqre yim sopnred jo sosed uuvwzijog Ul Sioopp DAID2[0D
WRIAYOY JO VUNSIXD IOJ PIIV[AUWIO] e SUOHIPUOD AIBSSI0OU SYJ, UONIRIOIUT
9 Ul §)39p9 [ed0[-uou junosoe ot 3upper pue seponred(isenh) Jo  Amuspr
wmuenb jo spaye sy Supnpour uonegnbe SHSUR ISPUG-TURLPEAY POTI[EIOUDS
o JO sISeq 2yl uo PISSNOSIp e euowouwsyd opaun{ osIvAsuRn oy
‘PRIENSUOSP §1 VOREZITEULIOUII SNOJSTA JO soueriodour o1 pue ‘sased ainpp
Jo sad&y uaisyp 105 woard o Judyje00 uolsmyyp omssaxd 1oy suorssordxo
oyl cuersnjyip osossard  (uids) Sy SWISOUOD ISP Ul QI0§3q  POSSNOSIP J0U
ssaooid yodsuen [eurpnyduo] suo Auo oyl -/[/ SAIMSI UF PIPO[OUL 10U SHNSDX
mau uo sieydwa oq yum passnosip st (sesed pozuejod-uids se yons) wopsory
Jo soaidop ewrannm Wika sopnred yo sosed wr euswouoyd oneury ayy,

LOVHLSEV

YOAOILIN ]
SHASYD WNLINVND AAZIA VIO NIdS A0 SOLLANKY

562

o et T



'se8 241 Jo 101004 uonezUROd
uids 9y Aq pedeid s1 uonenuasuocs AUMXIU Y1 JO 3[OI 3P AYM  SIIMXAW
Amuiq a0j ¢/ wonenbs woisnyyp Amupio ue Aq poumaod s1 wossmyyip wds ow
Uy, sossewr [enba yum sdpnsed jo sased jo ampgqu Areuiq B ou uonenjs Yyl
o snoJojeue st podsven ewpniduol oy yowym oy suojuay z/1-uds jo sed
¥ Ag pojussaidar st oses onsyesar jsow 2y pue 1sarduns 2 ‘furens)

"(/1/ SMITASI 935 SIDURIAJAT PUE S[IRIIP
05 1>> ./\\cm StoruIdy jo sased wmuenbenn jo vonezueed e (Sjusionye00
AAONPUOD [RULGY! pur ANSOISIA JO sosgarur Buipuodsenos s pstwedwoose)
yred 231 uwesw  sopnred ap jo  esearow Auyur  L[Iwou o sioapp
opaupouTEW Pa[[EO-0S 918 105 Sy Jo §109y9 peounouoid sow ayy,
"S[erdarut voisifion Furpuodsarios sy Juusua
sanmiqeqoxd  Fuuroneos jo suoneinoEs ur ssppred egnuspr 10 SuUOPOUN} 3ABM
jo vonezinawwds todod jo insar v se £uo madde [pm wodsuen Teurpnaiuo|
ut s109°  wmuenb  oidoossorovs ey oxoparey], omuxtu sed  jusuoduros
<(1+§7) ¥ SMADYJ00 ondury jo 105 oums oy Aq paquosep st uodsuen
reutpniBuol oyl § wids ym ssponoed jo sud pazirejod-uids jo ases mo uy
3{qI8Eau s1 §3[qeLeA [MIIgI0 pur uids Jo Furjdnos voym voneurxoldde sfueyaxe
oy ur Luo syusar Sremooe o) spea] yoeordde spp sosed paztrejod-utds
1Y) ‘a0N (uraroy) SROURISIAL PUBR f7'[/ Smatadr B'2 235) souc awmuadop 10]
anbruyoa sayAg-1joorg pue soseS wuewiziog oy suossuedxs perty so Joysug
-ueamduyy se gons sesed omwojeouow jo samxpu jusuodizoonnm ur suopenages
uodsuen jo sowayos padopeasp-[am oyi sosed onwoletjod 10] Ajdde o1 a1qissod
n osajewr yaeordde siyy (sopnosowr opworenod jo  sased lo; '§9) wnpoads
AGroud pewsjur paeoidwos e yim seponmed jJo sosed ur euswouayd 1rodsuen
Squosep o) pasn fuajo  sp (yoeoxdde yooquopyn pue  Sueyy duepy  poyen
-0s ay) AJojeue ue yong -mou jou st sed luzuodwospn[nu awios Jof suonenbs
oneuUny Jo 138 ® yna sed AP B jo uonoUny uOTNQLISIP Jo  sjuauodwod
[euodetp 10 wopenbs onsury jo A3opue [euuOy S Jo ueneziun ayj,
"sased paziejod ur vuatwousyd wodsuen euipniguor
Jo suos qe 2oy myasn oq Aew A3opue yong soppred wsp Jo sadi 1+82
Jo amixpu sed oyr 1) suonwnbs onmoury [+§7 Jo 128 oyl se oums ap 1snf oq o
wo wm g wds ynm soppured peonuspr oy uonoung uonnqusip jo sjwauodinos
(unds ur) Eeuofeip 10y suonenbe ousun] Ayl usy) ‘sappred Jo S0 JuRIAYIp

62

sg soymis (uids) wmuenb omd UMD W soponaed oyl SIOPISUOD JUO  MIA
30 wrod [eumoy woxy J ‘uonosfoxd uids Jo san[Ea JWYIP YUA sopoured syl ol
o1 ‘soponred Jo soiels unds mh& a1 o1 puodsaliod §109)J9 OSHIUL| [eUpMIAUC|
103 ofqisuodsar uondUn} UONUGLUSIP YL JO sjusuodwos uwds ur euodeiq
NOISNIATA TANSSHAL NIdS ‘SLOHILH TYNIAN.LIDNOT T

‘sayovoadde

juspuadepur  £q  Aperedes  §31091y9  oSIsAsuend  pue mupnyduo;  Apms O
JUBIUsATI0D ST 11 “uslenrp 9imb ore wuswoudyd jo sadhr omy ssayl AdUIg .

. -soaum uids Jo vonededord ayy apniout sassacoid
yons ‘Aurene) ‘wenezpaufew  Jo  siuduodmiod  asioAsuRn  [[EWS Fureodde
oyl jJo Sommeudp 3y O ‘On[eA IAN[OSGE SII uf SIFURYD INOYIM uoneznaudem
JO uopmIOr oYl 2qUOSIP puw  XimEw  Ausuop S jO siusuodmos  peuoesp
-jj0 o jo sonueudp oy Aq pIUTULRALP BIE sassaooid osIoAsuRn Ay

. ¥irew Asuap

spnred-a(furs jo swauodmod (uwds up reuoSerp jo somueuAp I Aq peqUIsIp

ore sossecoxd yong C(uolsnyyp amssaxd puw  [EALISY) uids  ‘worsnyp  wids
[ensn) suopeiol noym uonezuejod uids jo uolsnyp pue *KIATIONPUOD  [ELLLISYI
pue Ansoosta Sse yons Jexdsuen [Emsn - JOIIA wopgznouew  JO UORDAAP
aip ur sofueyo o sessaoord omeun (B suTEIUOD dnoxd jsmy Yy -So[qELEA
rengie pue wids Fundnod suoroeINNUL somer-mds Jo o[odip eam $199[3oU QU0
JT exe st uonemedos ¥ yong 'sI9js 9sIsAsuen puE reurpmrduop - sdnosd oml
ojur pareredos oq Aew sased pozmwpod-uids awnpp Ol guamouayd ansury
. "UOTHRIANT A[O1HTRd-OmI JO SISE] ST U0 pue A1susp v uonemrxordde 159,401
Y1 JO sowrely oYl uf suonoa1I0d wnuenb Jo SUOLEMOED 10BX? IO} Kujrqussod
€ §I151xa sempe 21041 sased uwewzIjog UL snyL C 4 _\Qﬁﬁ.ﬁmvom =V L soagp
wmuenb pue ZmOm ssouminpp 0y sierowrered ORSHIAMOEIEYD- JO  Q0USLIFP
oy ur Supnsal J, armyesaduio; oy 4q A[UO pauNILILIDp SI .@;-G.E@m‘ = dy =
\2 fuspeAns o seseld uumRwzZijog V[ I9PIO IS Ay puodaq suone[nored
wexs jo Arpqissodun [ropoeid v o) Furped] ¢ :Zo« Ansuap w commswnxu Ll
yus sopouoo  \J e ur suondonoo wnmenb jO UOREA[EAS 3 pUE AoEEMH
nun sad sepnred jo Jequnu 2yl St N) Ve ~ ufdle ~ N
<<] SSIUIMIP JO uonipuod B Ueyl Juons SSI| UIAI ST | &2 ¢<4\on uoIpUO
Janpmenb, o 01>>1 sosed ojerousfop ur «Or  voswsmp pre d  wmuswow

962



Therefore all longitudinal transport coefficients may be evalvated from
e already known formal results for binary mixwres of dilute gases. For
xample, one may use for polarized spin-1/2 Boltzmann gas just the formulae
i/ of the classic kinetic theory expressing the transport coefficients of binary
ases throngh the well-known integrals {) . The only remaining problem is to
xpress the scattering amplitudes entering b,wsﬁmq&m via parameters of
wo-particle potential, and to exploit the proper symmetrization procedure, Such
alcutations have already ben performed in most of the interesting cases for all
sngitudinal transport coefficients (see reviews /1/ and references therein).

Probably the single exception is the spin pressure diffusion. Usually the
ressure  diffusion  ratio is determined on the |basis of irreversible
hermodynamics /3,4/ providing in our case
=007 {3 (g, - pumyrd oYl . @.1)
~here p = m, N, + mN_is the density of the gas with pressure P m,,m_,
Me s and ' N 4o N_ are the (effective) masses, chemical potentials and densities
af (quasi)particles with up and down spins, N, + N. = N (normally in dilute
-xchange spin-polarized gases m, = m_ ). The calculations based on Eq.(2.1)
nave already been reported /I/. Note, that the spin pressure diffusion ratio
(2.1} is equal to zero in Boltzmann gases veflecting the well-known fact of
ihsence of usual pressure diffusion in binary mixtures of ideal Boltzmann gases
of particles with equal masses.

Unfortunately, the standard equation (2.1) is not valid practically in all
real sitations of viscous flows in Jiquid or gaseous systems ./5/. This results
from almost unavoidable motion of a liguid/gas in presence of pressure
gradients. Since the second spatial derivatives of mass wvelogity u of a
liquid/gas are of the same order as gradients of pressure (according to Navier-
Stokes equation, Ao~V P _..w . »N is the viscosity), the second derivatives
of w must be included into the expression for the diffusion (spin) current
along with ﬂ. P. Of course, it does not mean that the second derivatives of u
are uvsulally anomalously large and have the same order as V 1roVWVL (
d= (N 4+ N /(N st N) is the degree of spin polarization); on the contrary, it
means that the pressure gradients in stationary situations are usually small. The
second spatial derivatives of gas velocity u  being included into the expression
for (spin) diffusion currents lead to important "viscous" renormalization of

pressure diffusion and to considerable difference from Eq.(2.1) /5/.
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Recently we made an attempt to generalize results of Ref./5/. It was
shown /6/ that with the viscous renormalization the wvalue of w% in low-

density binary mixtures (or spin-polarized gases of spin-1/2 particles) is equal
1o

kyp =P { WD p1/2 P, T U DMID ) 1 (g gmN,
@
<o Ny} WDk iy - (U D g D .1}

at all degrees of quantum degeneracy of a gas. Here 7, are the "partial®
viscosities of (spin) components of the gas. The difference between Eqs. (2.1)
and (2.2) is due to the term with viscosity in the first brackets.
In dilute Boltzmann T >> A.o gases Eq.(2.2) reduces to
kgp =20N,N/ 5 N) (9 N~ § /N, 2.3)
while in the degenerate case, T << Ty,
_ww =310 ) {90+ e h -« vma‘: A+ )3+ o
PR}y -a)¥3 @.4)
Generally, the partial viscosities 7, in Eq.(23) for the mixture of classic
gases may be expressed via the Z._m.-co% interaction potential or scattering
amplitude using Chapman-Enskog or Grad expansions for binary mixtures (such
formulse may be easily obtained from the detailed results of Ref/7/). Below I
will give the expression for 7 w\ 2 only in the ultraqugntum limit, ag/ A

.AA_.

N7 =1-2.17 =@N2+N N2 /N2 +2N 24NN @.5)
As it was stated in the Introduction, the calculation of guantum corrections in
ag/ A\, s quite sensible and is not beyond accuracy.

The partial i%ommmnm for binary {or polarized) degenerate gases (2.4) may
be evaluated on the basis of exact solution of kinetic equation /1,8,9/. In the
ultraquantum limit ag//A << 1 it results in

g o 62 p ch)
+§u%ama~ %:E&Sa-w%v g

(2.6)
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(ad

CON = (1 -AYS (49 + wiﬂ? D2V + :mf {2V + :,\Qw
M)

p Jy=t-p 17 =20 p12ch p+ e -3a10 chy ]

No=1-2a2+6aYs, A =155, d=QL/NYY,

here a is the two-particle s-wave scattering length. Note, that in accordance
with the Introductin one has to calculate quantum corrections in  a/ A 1o
q.(2.6) simultaneously with the density corrections in mZ:w to Eqs.(2.2),
{2.4), (2.6). At present it is possible to obtain only the first order correction.

Some analogous results may be obtained phenomenologically also in the
case of dense spin-polarized Fermi liquids /6/.

Dealing with the problems of flows of dilute spin-polarized gases one

must take into account also the slip effects near boundary walls.” Such boundary
slip results in a considerable spin diffusion in the Knudsen boundary layers at
the walls. This leads to the following boundary condition on the mass velocity
component u, parallel to the wall (z = 0): . .

u@=0) ={ A1 dufdz el Vi M+ k13 UT $omp 2.7)
(instead of usual hydrodynamic condition wu, (z=0) = 0 ), and to the following
- expressions for the boundary (spin) diffusion n:ﬂgc.%ov and heat flow a:mov"

5O =2 ugdz 4V, prrdyaViT f gy
_ @.8)

00 =312 w22 +d sV, P33V, | 1og

where x& = M, /m, - \&..\B-. and the slip coefficients’ QAzn are
roportional to the particles mean free path 1,
ol 12 ~ 1/¢,

¢ is the sound velocity. Nondiagonal elements of the matrix QA:A are related
_to each other by Onsager symmetry conditions. For example,

o) =dyy - ND@u/d) p(p/Nym, - 7 IN.m),
where D is the usual (longitudinal) spin diffusion coefficient. Unfortunately,
the exact calculations of slip ccefficients have not been performed yet for spin-
” polarized pases even in the ultraquantum limit,
The above results may be applied to spin- polarized gases 3He t , H4 D?
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{provided that hydrogen gases contain only two hyperfine components) and for
other types of polarized or binary gases and Fermi liquids similar to dense
normal umn» . One of the most interesting objects is a system  of 3He
quasiparticles in dilute liquid 3Het -He mixtures: this system may be studied at
arbitrary degrees of quantum degeneracy and spin polarization, and in wide
range of values of the quantum parameter  ag/. > .

3. TRANSVERSE KINETICS. SPIN WAVES AND RELATED PHENOMENA

The off-diagonal elements of the single-particle density matrix responsible
for transverse dynamics are purely quantum objects. Thus the corresponding
macroscopic transverse phenomena are basically of the guantum origin.

Usually quantum effects related to off-diagonal elements of density matrix
and to commutation rules for operators of internal variables of particles are
studied for classical Boltzmann -gases on the basis of Waldmann-Snider kinetic
equation (see, e.g., review /2/ and references therein). In our case (e.g., for
internal spin variables) the standard Waldmann-Snider equation cannot be
applied - it does not take into account the quantum identity of (quasi)particles
thus overlooking some important collective phenomena of exchange origin.
Probably this was the reason why the spin waves propagation in polarized
Boltzmann quantum gases was regarded for a rather long time as & unigque
phenomenon (and with considerable suspicion).

Below we will see how the generalization of Waldmann-Snider equation in
case of identical particles with internal structure leads to the existence of
different types of collective modes analogous to spin waves in spin-polarized
Boltzmann gases. We will be able o derive the spectra of these modes,
conditions of their propagation, and the influence of non-local and gradient
terms on the spectra. This will also allow us 10 study the limits of applicability
for the Femi liquid approaches to the molecular field effects in  dilute
Boltzmann gases. These results may also help us to understand some of the
differences between iransverse and longindinal relaxation times introduced for
polarized gases several years ago /10/.

The quantum identity of particles with an arbitrary spectrum of internal
degrees of freedom (certainly mrn_z&zm the spin states) does not cause any
complicated pecularities in deriving the kinetic equation. Cne must only provide
a more careful symmetrization for operators especially including the @Bnoaﬁm
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