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GROUND STATE PROPERTIES OF soutiD 3He

Low PRESSURE PHASE : (v 20 cm¥/mof)

- shodyre s b.c.c.

- amarmom'cﬂ-y S dominant

~ Tor T< Amk rnagne:h'cnfly ovdered
(LFP or vsd2)

H'Cl;f PRESSURE PHASE: (ﬂr > 40 ml/moe)

-shudere s h.cp. (as  low density ‘Mc)

-

v

I16A SUREHENTS

- 1pp:  R.C. Panderf  D.0.Ecdward: PR (69, 222 (1968)
- HPP: T.wh Sfewart PR 129 1950 (1963 )
Magnetic phase diagram:

- D.D. Oshersff | Physica (092008 , et (1982)

- L4 Tang  E.D. Adams & vfy  PRL 52 222 (198¢)
- A-Sawaolul H. Yano, n. Keto . |wa }\asha" Y. Masoolo,

PRL S€ 1592 (19%¢c)
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Fig. 5.8 The magnetic phase diagram of b.c.c. *He of molar volume 24.15 cm’
from the messurements of (@) its nuclear magnetic heat capacity by Sawada er of.
(1986) and (O) the melting curve in a range of magnetic fields by Godirim er af.
(1980). Inset: Details of the phase diagram at melting pressure messured by: (©)
Osheroff (1982) from NMR data; (O) and dotted line, Tang ef of. (1986) from high-
resolution pressure data; beoken line from Kummer et ai. (1975). The tramsitions
to the low-field antiferromagnetic phase (LFP) from either the parsmagnetic phase
(PP) or the high-field phase (HFP) are first order, but the transitions from the PP
to HFP phases are not first-order (after Sawada ef . 1986; Tang er af. 1986).
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THEORIES  FOR soLID “He

”~

o Host o(f the $dheovies .fgr the  Ground state

of solid ’He are based on +he wvariationod)

approoch.

Nosmow (i9¢)

Guess a solwhon dJor +he mony booly Schriolinger
oquerdion -

N PF-Tu) = S4CF 7))
in  Ihe Jorm:
P = Yuyy
Pu (7. Fu) 2 TR10L)) Uiz ¥R R s laie
| f‘cr) v efp (-A YY)
Voo Tof685))  fo= ep[- bt
Ihe dunchim awladne Rvero! porometers which ove
fived oecording A the voriohonod principle
Ll HINe D
Lopeldbed
ard  He  equakby holds omly f e is He hrue

grovwnd Shode of He S)ﬂkﬁt- Sevevol improvemends de
ths  Simpt xlewe Wave bea  carried out  (Holiom (973

Locke , 4984, Svorcifl and Bodgoard, 1486 )

Ey =
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HAGNETIC PROPERTIES OF souD He

p—

Roger ot at. (1983]

EKCMO.v\gz 0} 2 awadl q atoms e maJ'OV Pmu_m
bo determint mognedhc phases .

Efdnoma,( Hamildonion :
%F = - Z p.: & & 1=
o T 2RSS T (P (9 -

[ 3
- ke £ { P:;“ v CP;)H)-'j-—kPZ {Pt;u' f(l":;'u)':f

oty Cifue)

Ke ond Kp eccoum Jor 4 porticles ring e.td-q-"u

A moolel  with Oth J¢ = —0umK omdd ko = ---0."]'“'k
S sofjciend o desoribe ¢ fow freloh
Pf —> V2d2  hranrsihon

Ih ',’? Ct'ﬂhy and IQCUC(‘J.' dC-V‘-'O’PQG O
Padh Indegral Monde Qrlo scheme o evalvafe

erchomge  frequenotes - - Tley  hove compouded
ol He o@effewends In Mee plos sik-spim
¢ tchomepe awnok rerd neoremehbours. A ookl
with  J. emd Kp only oppears o be joshjed
( other lerms ore  oabout "/ 160 In _n:aafm'}w/(o_ J

~F -



(P"\thomnoeosy ooc solrol e s e"-f're,rre,')l

rich, '.nVO‘V!'na several O(A'ﬁerewi hﬂoar-ed-[c
and shuclral phases.

Requirernents Foe A

CONPLETE MIcROSCOP|C
THEORY oF Sovip *He

') [N ORDER TO ACCOUNT FOR NAGNBTIC PROPERTIES
ANTISYTHNETRY OF THE WAVE FUNCTION
HUST BE€ PRESERVED
( Hort variekomod theovies ootually deal with

“mass 3 bosons" anol het with “He !

GOOd &‘ g-<. ehorgy b d‘r .‘O""ﬂ'“s d:e... )

2) NO cCATTICE HAS TO BE Fixer A rriOR

(_ b.c.c. => l\.e.p)

3) UQUID-SOLID  PHALE TRAMEITION SHove D

OCCLUR IN A JIPONTANEOUS wATY WITH THE
WRABCT  STRUCTUR g

(what  ooes He crysdal  remewmb er o vhe
liquid dode 7 )




VARIATIONAL  CALCULATIONS TFOR Mg,

N3 T=0"

Several variational calculations for normal *He in the liquid
phase are already present. The trial wave function used are
usually of the form:

Ur({r}) = D'D'F(#...7y)

where D is a Slater determinant of suitable single particle wave
functions (we have one determinant for the spin up and one for
the spin down particles), and F is a bosonic wave fumction ex-
pressing the usual two body (J astrow) an.d three body (triplet)

" correlations:

Results for the variational energy obta.med with such a wave
function are as good as the analogous results in *He. Here
following we report some results at equilibrium density (pe? =
0.27§,0 = 2.556A)

¥r Eo+ AR,
Jastrow - Slater | —1.08 £0.03
JS4Triplet —1.61 £0.03
53 backflov | =155 3 0.04
JS+T+B —-1.91 +0.63
Experiment —2.474+0.01




SHADOW wAvE FUNCTION
FOR  He

R

A shodlow wave ocuhohon s a gopbiph‘c&M variod'iowa(
ansatz for ik solutiom of # mb. Sohroclinger
U‘oo.l'iom.

Wo (¥, ... #) = ¢Rc+‘....€-..ij(s,m $(3,.-3.)

S= {5.-8,) R=[#.. -7}
v - — — s

AORILIARY VARIASLES PARDICLES COORDINATESF

T he awh's)rmwe,\l'rr ‘'n apo CON be er‘fomod-'

tn  $+wec ways:

4)  Naking G (¥ ...¥,) anhtymmehe

l) "0"‘"”5 ¢t(€--.;p) anh'syvnmcl'n‘t

Roth ptetvre) hove  some advontfogel cnd dmwhﬂ&k’)
q,l%ousk $he ohoted #42 revealed o be

defi nitely svpe Ciov
We (914 4 -H-u. doll owing acrony ms .
w4 ShSBg L Shadows- Slodter - Bockdlow ]

e
42 FSwWT E Fermionic Shadow Wave fFunc}tou)

BT M e sl



The SHADOW- SLATER - BACKFLIOW WAVE T,
(F.P. o al, PRB’ 6., ISKZ (19%¢)

Thl explicid ﬁ:rm of ShSB is 4he fONW!'hg

. - (b/r',-j s
Pol¥..T): e Z )AHNCU X

i

ki
- C '-t t ‘ oi
X fe (re-%) e -5 U;CSJ)

where ’

¢t(l:): exp [LE : (?C'l- )\35.‘ mfm'iﬁa)J’ﬁ)

whaere IZ(V') s a (fohd“bn w_nqooh}nka J..rﬂq badiflow
@ere lobions Ond 30 (1 the pin Sake . Tha
Mlu'cymkic procluct obove 15 - wriflew ea:

\

HCRY = {dety (Duci) Yooty ($u )] ) 0 1-¥h 521, ,xa,}

The shogow- shadow correlafion  prevelspefenhal vs

given by
4403606, G) o Mese)

Y A-030i)6Cj)
US (SJC) > Ug CS,.c) —_— P

Z

and
U ()= §°V(aTS)

where vir) ¢ ¢w intevatomic Po}en-]-v'o:.\
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M

< E > [N (K) <T> (K) wave function
~1.8214£0.029 | ' 11.881 % 0.040 _ ShSB
-1.08 £0.03 — g1
~1.55 £ 0.04 — . JsB?
~1.91£003 , - (J+T)SBY
2,163 £ 0.006 ‘ 12.271 £ 0.008 0JOTB
| 237 0.01 - DMC* |
rium density po” .

TABLE II1. Total and kinetic energy at equilib

forms of the trial wave function. Calculations from Ref.

| (@yK) - Oa (pasticles) 0af N

pa’ wave function (E)/N{K)

91 were done at po® = 0.211.

0427  ShSB-NAF 0.055£0.033  25.8260.065 304 0,291 o
ShSB4exchange 205740039  25.912£0.009 Y Yy

0440  ShSB-NAF  138230.0% 26.5110.047 © 0.496 "
GhSB+exchange  2.405:+£0.042 2695240076 0426 T il

gy and kinetic energy pet at t

TABLE IV. Total ener i e
rial wave functions. The value of the ovder M gtz ot

different functional forms _of the t

the liquid phase is = 0.136.

18
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EXCHANGE " HOVES

o ordinory HC simulation with SWT
Cschange of atowms in a crysitel, alithoyh
possible in prineiple, s exiremely rare.
ln order to mprove 4he apecel of converpera

we con niveduet '.uduuad drial wmoves ¥

® - '.. . - ® ® o The ofoms b." |
- differend spin ow‘,mf
o€ o ® o © ongd ove ohogttw

S o © o ¢ ol rondom

The accaplonce rede o} em.” 18 oheut MY

- Iy -
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STAGGERED cgTIZATION
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SHADOW - SLATER: RACKTLOW WT
e

GOOD NEWS:

O PROVIDES A REASOMVABLE DR IPTION oF
THNE PLUID PHASS

® STABRLE b.c.c. ORTER AT HIGH DENS(TY

BAD NEWS :
A

® ENGERGY / PARTICLE |y THE SOULID PHASE
(s Y00 HICH R .
\

o EBWBRGY TGR DIFFERGNT fAdm ETIC STATES
(e.g NAF , PARAMAGCNET ) Too DIFFERENT :

fronsitions occur. at tempereteves af the
ovrder of mK’

Remark : the nodal struslure does nod choarge

, with the phase , (.ec we how 4
sSome  nedss h e Jiquod o
iw e selid. This s cleortly &
drawbock.

-i% -



FERMNIONIC sHADOW WAVE TFUNCTION
H.-N. Kolos, L. Realo 1995

The FOSWTF con be wrilien as:

- (Y‘ Sc
Ay (R) = T—fCrU)de TMe €7 «

ve)

¢ T fon(smnd det (o€ kusn)

where  +he K. wectors are dilling 4he Torm: e . (n
the cose of aw vnpoloriged Jlvid  the determivnaht
s replced with the product of +wo determinanis,
one pev spin oviendodion .

Demonshrotions n : M-H- Kalos, ¢ nc*ﬂﬁ L
JOHE TFAcCYTS!: * Rogrets 1w Comp. phys. of Nﬂ'cr * . ‘r“

. NeaHd und F. nqug\.. Werld sac.hbe {

o The TSWF nos the wrresl anhisymmehy propoviie
for the real degrees of freedom

o BoacKflow e&,fc;c-l: are impivately ‘nirodues 4
od oany Order

o In the mse of waalitalion of 1 porthides
t"  nodal »tructure ghanges inie shat
o o dc'hrmmovd of gcwsuons .

o FEWY an be )os'hdwto\ 'n terms of prq%
the gs. vt of « I8 wan dunotion

—19-



AVERAGES OF OPERATORS WITH FSw¥F

As in +he case of SWT for bosous the averange
of @& local ovperotor beccmesr Gn i egral
chf }h"e “4: # mfl@bh-’; R: S/J ’

Loy = JdRdsas’TI(R,Ss') OCR)
IWCR,S,.S')A?GILSO‘M”—“

where :

€ . -A__\)z- a - Eg
TC(R,s,s’) = []‘55(%)} ?. N cCre-3). ccre- &) .

X ]T 55‘1 (vav)—]T fchCSuu)de'}(e‘k‘i’)&e# :’s‘?p)

min men’

W esmmor USE 'TT'(R,S,:’)/SJHS-'S"H'CR,S,;') »E

NBABKITY DISTRIBUTION 7O SAMPLE BECAUIE ¢V ﬁm
NuNVE peEFINITE

INE CAM ALWAYS USS ’WCR:S/S") 1 GlVING TWEN A
MNEMVE or negaTv 8 wEIGHT TO THE SYALUATED SETIVANOR

0> = Z‘ we O

Zw

Mhogd we musi  have Z.w. >0 c beanoge bPI° >e )
fhe pvs and munus Slans ome out ‘o be oo iy iy,
Ppohable n  He Imnpl\h’ , ot lmst in e fluist phase

W, = tl

EXTRGHELY W SIGNA»L/NOIS& RATTO

-30 -
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WL A <& A& 4 - =

The difficolty of the problem depencls ow
tine norm ber  of Parh'ole.s:

® Jz-body problem Efluu‘d] . FEASIBLE

® “-body_Pmbleh EJ}U:O‘J ©  HARD BUT SoLVEP

| /fﬂvidJ ! NOT FEASIBCE YET
o 54 >ody . pmbley <
| Csolid ] : FeasisLs
o N- body problam : 4
In oroler do improve the signal —o - noise rochd

befier ownd be ttev So.mp lin 9 4echni 'c’u el e
neeoled .



THE FswWF HAs BEEN PROVED TO BE swPsRIOR
T STARDARD VARIATIONAL FONCTIONS:

L;lquﬂ) ' (aquih'brium olcnsH’)'J

FSWT (38 body) E/N = -2.05 & o.0%
'J'S —-)l.o8 +0.05%
JS+T+8 -1.91 *o.o%
OroT R -2.09 + Q.0
ShSB -1.8] tO.01
WO OPTIMIZATION WAs POSSISLE B N ORDER TO ORTA/W

TRE ERROR QUOTED WE NEEDED # Rum OF > A0% ncs,
MOUT A000 CPL hours on THE CTC IBH-SP2

{

bece. NAF phose !

e/’
FSWF 0.72 + 0.0
ChS8 0.95 1 0.03

Tor rnon MNAF mv-tfiaufo.—ﬁbnr Preh’mimr)f wd¢ o Hons
ave ocor a  reduced d.‘(ﬁfcn?uco n energy wirdh

FSWF  with rspect 4o ShST

bece non- NAT phasc:

TS WF oif:ﬂow
S$hSB 2 05t to0.0§

-qd -



SUH OVER PERHUTATIONS
M.M. Kalos | F-P. 1995

PERNUTATION @F SHADOWS LEAVE THE wWAVE FUMCTIOM
UNCHAMGED DBUT FOR THE SI16N

OBSERVATION :

THE sort ovER AL POSSIBLE PERHUTATIONS OF SHNADOWS
HAS #S: LEADING TERYIS CONTRIBUTIONS WITH APAOX IATELY

THE s8HE HAGWITLOE , BUT OPPOSITE S1GN. IF wg

PERFORIT RANAULITICALLY THIS SOM WE CAN DECREASE TNE WOUE

The orl'sina.l obServation wet mode amiyilns o
Sl'n-Pb ore climensional Pub'tm )

THE ANALITYC SOM OVER PERNUTATIONS CAN BE& WRITTEMS
IN TEBRNS oF AL Q0D IMONSGL DETERMMANT FOR THG
FART) CLE—SNRDOW TBERDN

ap Cr) =_1[&(r;.;_)JalS et [cmcc'ﬁ""f’)t) ~

b‘J

J s - L o7
X AU b (Sme) Sded o Ck"‘mj

ONE cAn DSHO’JS!MTE THAT THIS ‘mr'. K EQUIVALENT TO THE oIS ppl ONE
NOTES !

¥ Artisymmetry in the real degrees of freedom
oppears expliciiely

* For $he unPo)owiQ-ed sys-}em we need fe COW'P(D-H’
€ Skder detevminands at each mewve

¢ for the same number of ileps the evror halves
SO goinc @ Joder 4 speed

-~y -

TH S T T W W

A & B 28 . 4 448l L



CONMMORISON WITH BRPERINENTS

m—

FACT 4 1 Al) +he +heories dor ‘He Cooth e
@mal  dolid wve opprox (mate | t

Meverdheless variadienal theores geem +e wer k
beldor in the Jluid phose. (Toreover PHCc-TE
evalvohons Cf J he bl'noblhj ener gy U'hf'h'n’ droms
ephmiicd wf. ore very close e +he upcn'm%\
waive .

im the sclid we howe only variahonal eshmabes .
The discrepancy with 4o erperimendal whe i
wegt (> 4.5 k) (& besp in the bee. pham )

$ACT 2 An estimadte with DNC of ¢le binding
crergy for 1ASS 3 BOSONS (e
a lower bound ) gives « nom ber whth
ik s)l aboudl Ak MICHER THAM THE
$AP. VALOE (N bee PHASE.

THIS s anN OP®N PROBLEM
APPARBNTLY, WE HAVE NO RELIABLE NICROSCOPIC
THBOR)ES TFOR b« e

- Wewtral  hypoleses can be dome , bt we heve

!

"  defpmiie answerc yet . (worw 5 w *wgcwess )

-8 -



RIS i W IIT Y S ivrEsm I MEMNTY

T T 1 T | T T T
8+ .

) I T W T
18 19 20 21 22 2
Vo(em 3mol"l)

wards (1968) compared with the LOCYV calculations of Svorstgt amd @t

), using the ESMMSYV (solid line) and FDD1 (broken line) potemtiagi, sl die
Geussian model (dotted line) of Locke (1984) with a Lennard-Jomes (12, ) pioten-
thal. The LOCYV calculations also show the phase transition to h.c.p. (see Fig. 2.0,

&s.lo Ground-state energy of b.c.c. *He: experimental data are Posdiort Al

o Jastcow- Notoncw  Ophmired

X ShsSB
+ FswF
[

D (wass 3 bosows)

TH I T W W W

-26 -
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CONCLUS|ONS £?)

@ SHADOW WAVE FONCT IOMNS AN BE
soccESSFULLY APPLIED ALSC TFON
FERMIONVIC SYSTENS

® ShSB PROVIDES A STARLE souiD PHACL
WITH bece ORPER

o FSWF ¢ suPegior TO PREVIOUS VARI AT UM

ANSATZS .  B/PDINE ENERGY inPROVES
Wit RESPECT TO SHe'B

@ OOnPARION WITH EXPERINENTS 8 STt L
POOR . APPARENTLY . WE mMiss SONE [FIPORTANT

ASPECT WHICH CAVNOT BE DESCRIBED 8Y
THE USUAC THEORIES

-l -
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