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A proposed liquid state of metallic hydrogen at zero temperature is explored, and a variational
upper bound to the ground-state energy is calculated. It is shown that the possibility that metallic hydrogen
is a liquid around the metastable point (r; = 1.64) cannot be ruled out. This conclusion crucially hinges on
the contribution to the energy arising from the third order in the electron-proton interaction, which is shown
here to be more significant in the liquid phase than in crystals.

I. INTRODUCTION

An interesting possibility of a zero-temperature
liquid ground state of metallic hydrogen has been
recently explored in a calculation! that makes use
of a Jastrow-Slater many-particle variational
wave function?’ 2 to calculate the ground-state en-
ergies of both solid and liquid phases. The sym-
metric part of the wave function is treated by the
Monte Carlo technique and exchange is neglected in
both liquid and solid phases. Itis found thatthe differ-
ences in the energies of the liquid and the solid
phases varies from 0.1% at 7, =1,6 to about 3% at
7,=0.8 [here 47/3(r;a,)* =1/ and % is proton or
electron density]. From a rough estimate of the
energies it is argued that the solid phase is en-
ergetically more favorable throughout the entire
range of densities considered. However, the cal-
culation is based on a model of pair interactions
between protons and therefore contains only terms
generated to second order in the electron-proton
interaction. The contribution coming from the
third order in the electron-proton interaction is
known to be significant in the calculation of the
band-structure energy*'® in the solid. In view of
the small energy difference between the solid and
the liquid phases it is therefore necessary to esti-
mate the third-order term for the liquid as well.
Furthermore, since in the liquid certain configura-
tions will permit three protons to come closer to-
gether than they would in a solid, we might also
expect that the contribution from the term third
order in the electron-proton interaction may be
relatively more important in the liquid phase.

In this paper we shall first show that a simple
one-parameter variational wave function, when
combined with the hypernetted-chain (HNC) integral
equation,? can reproduce the energies calculated
in Ref. 1 (with a six-parameter variational wave
function and the Monte Carlo technique) to within
0.025%-4.2%, and therefore provides a very rea-
sonable upper bound. Precise agreementisnotin
fact necessary in order to provide variational

answers to the following questions: (a) How much
does the third-order term contribute to the ground-
state energy of the liquid? (b) What are the correc-
tions inthe energy of the liquid state attributable to
long-wavelength phonons? (c)Is it possible to lower
the energy of the liquid by permitting partial align-
ment of the spins of the protons?

The calculation described below is a judicious
combination of variational and perturbative meth-
ods, and is intended to suggest that for certain den-
sities the possibility of a liquid metallic phase of
hydrogen at zero temperature cannot be ruled out.
The conclusion hinges on the fact that the third-
order term is significant and is perhaps more so
in the liquid.

II. FORMULATION

In a sense, hydrogen is the simplest metal; its
Hamiltonian is known exactly: For N protons, N
electrons, and volume Q we write

H=H,+H,+H,,

N
n2 e2?
( zmeg ri+;[ri_r1‘[)

N
ﬁz e2 eZ
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+( 2m, Z:l By :L; IR, -R, 4.21 [T, -R;
(2.1)

Here we have denoted the proton coordinates by
{R,} and the electron coordinates by {T;}. A major
simplification takes place® when we realize that
there are two widely different time scales involved
in the problem, allowing us to remove electronic
degrees of freedom by assuming that at any instant
we can consider the electrons to be in the ground
state corresponding to the instantaneous proton
configuration. This Born-Oppenheimer adiabatic '

. approximation reformulates the problem in terms

of an effective Hamiltonian of protons. The price
we pay is that the indirect interaction between the
protons, now mediated by the electrons, is no
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18 GROUND STATE OF METALLIC HYDROGEN 4589

longer a simple Coulombic pair interaction, but
contains many-body forces.” With electron co-
ordinates now integrated out, the total Hamiltonian.
for the protons becomes®

Hy=Eop +Tp+Vpy +E(b2)({§1}) +E§3) ({ﬁx} e,
(2.2)

where E,, which is the exact ground-state energy
of the interacting electrons in a uniform positive
background appears as a constant energy, and sim-
ply drops out of the calculation. In Eq. (2.2) T,

and V,, are the parts of the original Hamiltonian of
the protons and E(") ({R,}) which are functions of
the proton coordinates, are the electron-mediated
interactions between protons that are generated by
adiabatic perturbation theory. Provided Eq. (2.2)
converges, the procedure is exact within the adia-
batic approximation. Most important, note that to
this point we have not made any assumptions re-
garding the positions of the ions; the discussion
holds for liquids and crystals, whether static or
dynamic. The precise form of E{® ({R,}) can
easily be written®

EP (RN =0T VRV EEOR),  @3)

ky

E® (R} =30 Z

2:3

XX ® (&, Ke)OR L T, L Ts, O

V&, )V @&,V (k)

(2.4)
and similarly for the #th-order term. Here,
- ,.* 2
Vi) =2 et Rz%”f— (2.47)
I—il
and
k2 1
KO8 =g (o7 ~1) (2.5)

is the exact first-order static response of the in-
teracting electron gas to an external potential.
Similarly, X™(&,,%,,..., k,,,) is the exact nth
order response. In other words, if we know the
nth-order response function of the interacting elec-
tron gas exactly, we would also know exactly these
extra many-body interactions between protons, and
we can proceed to diagonalize the proton Hamilton-
ian. :

The interesting point to note is that the rewriting
of the original Hamiltonian in the form given in Eq.
(2.2) splits off a large volume-dependent term (or-
der 1 Ry) that does not depend on whether the pro-
tons form a liquid or a solid, and therefore simply

drops out of the difference in energies between the
liquid and the solid phases, which is the important
quantity in examining the phase transitions between
the two. The uncertamtles in the electron-gas re-
sponse functions X" (kl,k k,,u) will surely
affect each of the terms E (")({ R,}) but, once again,
they will not influence too greatly the a’szerence

in energies. Thus this particular reformulation,
Eq. (2.2), should be a reliable starting point to cal-
culate the energy difference between liquid and sol-
id phases.

For x*(k) we shall choose the Hubbard-Geldart-
Vosko® (HGV) form for the dielectric function € (?)
which is known to be of sufficient accuracy at
least for 7,<2. For X,(&,, k,, k,) we shall make use
of the form used by Brovman, Kagan and Holas,®
in which the one-body interactions are screened by
the HGV dielectric function. This approximation
for x@ (El,iz,ﬁs) has been used extensively, and is
believed to be reasonably accurate. The Hamil-
tonian can now explicitly be written!® if we neglect

EM{R)) for n=>4:

H= EQ——- 2:1 V- +?_: @ R;;)

+ z ¢(3)(R11,Rﬂz,Rin), (2-6)
i<ji<ek
where
> 4me? 1
Eo=E,, —~ -
0 =%er 2<zv>3 by E TE (e(k) 1)
2.7)

is a large volume-dependent term that is conveni-
ent to separate out. In Eq. (2.7) 7 is the number
density (N/Q) and « is the compressibility of the
uniform interacting electron gas neutralized by a
uniform positive back§round at the same density.
Note that the terms E@({R,}) and V,, have been
combined to give

1 > 47e? 1‘ Te (R.-R.
o0 gl | R R

an effective linear-response pair potential, Fin-
ally, the third-order term!! is given by

¢(3) (R{i ’ le’R(l)

1 - -
=~ &F S dak, [ 4,
X e‘.ﬁl.‘il"ﬁz. i{j“(il*ig)'.ﬁl

-

XAk, k,, -k, ~k,). (2.9)
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Hereﬂis
~> > > (4"32)3 P
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(2.10)
with
N LAY YA 2k, 4k,
Al ko, ky) —(—"%T) (klkzki\) ({:1 coséyln 2kg — ks

- 20(kp —Rp)Atan™a A
- [1 "e(kF - R)]
1-AA
1+AA ,>’
(2.11)

where ©(x) =1 for x>0 and 0 for x<0. The re-
maining parameters are given below:

X Aln

k kR 1 k2+k=+k2)‘1

1273 i | 2773
a-ghy (-7 ) (2.12)
A=k -qilllz/qn ’

kkk

dg= 123 2.13)

R 2[kzlrk§_(ﬁl.k2)z]1/2 (
cost, = -k, k,/kk, , (2.14)
cost, = -k, k, /kk, (2.15)

and

cosb,=-k, k& /k,k, . (2.16)

If we take € (%) to be the random-phase approxima-
tion (RPA) dielectric function, then A would be
precisely the RPA approximation for the three-
tailed diagram.

As mentioned earlier, the dielectric function
€ (k) is taken to be of the HGV form and is explicitly
given as

T
where
Fm)=1+[a-m)/2nlnl@+n)/1-n)l, (2.18)
a=(r,/2m)@4/9mR | (2.19)
g=1/[1+0.031(4/97)3nr /2] , (2.20)

and n =k/2kF.

Finally, we obtain

H=Eq+H® . 2 ¢ (Ry; Ry, Ry)

L , (2.21)

where E, is a constant volume-dependent term and
we have split off the $(® term from H® given by

N
72
H(2)=_§_m—p 2 V2 +Z ¢(2)(Rij) .

i<j

(2.22)

In Ref, 1, H was approximated by E ¢ +H®, we
proceed from this point and shall first attempt to
diagonalize H® as well as possible with a one
parameter-variational function that, as we shall
see, will give an error of no more than 4% when
compared to the calculation of Ref. 1 employing six
variational parameters. An optimum wave function
obtained in this way will be used to calculate the
variational bound for the contribution from ¢(3).

III. CALCULATIONAL TECHNIQUE

In this section we shall outline the method used
in calculating the ground-state energy of the Fermi
liquid corresponding to the Hamiltonian given in
Eq. (2.6). A Jastrow-Slater variational wave func-
tion?* 3

‘I'(1,2,...,N)=D‘I’°” (3.1)
will be used to calculate an upper bound to the
ground-state energy. In Eq. (3.1) D is a Slater
determinant made out of plane waves and ¥¢ is a
symmetric correlating factor designed to take
care of the strong interparticle interactions. It is
responsible for a large part of the energy. A sub-
sequent Wu-Feenberg expansion®’ ? then uses an
exact transformation to recast the problem into

a calculation of two distinct parts. Thus we shall
set

E=Eg+E , (3.2)

where E . is the exchange contribution and E is
the eigenvalue of a symmetric ground state corre-
sponding to the Hamiltonian. Then

HER, })¥Z =E ¥, (3.3)
where ¥7 in Eq. (3.1) is chosen to be the eigenfunc-
tion of Eq. (3.3). The calculation of E therefore
does not involve the antisymmetric factor and re-

sults in a considerably simplified problem. A
knowledge of this ‘I’f is then utilized to calculate

N
2 ..
Eo=gm 3, (WFV,D*.v,Daf, - di,
11

x[f(wg)zd;---dfﬂ]" , (3.4)

which may be calculated by a statistical cluster



expansion of the type

E, =EQ+ER+EP 4--- (3.5)
where E¢' involves n-particle exchange. These

terms are easily calculated (at least up to the
third order) as we shall see below. The entire
procedure is meaningful when Ez is much greater
than E., and the series in E. converges rapidly.
We shall see later that the first condition is very
well satisfied, E ; being several orders of magni-
tude larger than E,. However, the second is only
moderately well satisfied, each term dropping by
a factor of 3—% of the previous term.

So far we have implictly assumed a paramagnetic
ground state, each level being doubly occupied in
the Slater determinant. However, it is easy to ex-
tend the result to a departure from double occup-
ancy.?" 32 The resulting form for E,, is then

Ea()=EFE)+E®®)+E®®)+-** , (3.6)

where ¥ is the spin-imbalance order parameter de-
fined by

x=(N,-N_)/N , 3.7

Here N, (N_) are the numbers of up (down) spins
and N is the total number of spins. A nonzero

value of ¥ will signify a magnetically ordered

phase. Clearly ¥ =1 will represent a ferromag-
netically ordered phase. Notice that EZ does not
depend on ¥x. We shall try to determine whether
E,,(x) possesses a minimum E™(x,) per particle
at a nonzero value of x. It will turn out that the

J

“TP/N PPN,

where all distances are scaled with respect to the
inverse Fermi wave vector, 1/k;, including the
variational parameter b (b =bg/k;). In Eq. (4.4),
7¢ denotes the average interparticle distance
scaled by the Bohr radius and g3(x)=g%(),

=% /kg) is the pair correlation function defined as2'?

NN -1) . .
g230ry)= n2 f (\Ilg)zd rycccdry

[f o}

Note that ¥? is defined in Egs. (4.2) and (4.3). The
corresponding static-structure factor Sf(k) is de-
fined by the Fourier transform?’ 3

s3()=1+n [ aie™ gy -1]. «.6)

) g [ el o D66 )
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energy difference AE(x)=E, (x =0) - E% (v,) per
particle is small, only ~10° Ry. (It is worth noting
that this is not small on the scale of a supercon-
ducting pairing energy.)

IV. VARIATIONAL METHOD

From the variational point of view, Ep in Eq.
(3.2) is conveniently split into three parts,

Ep=E$ +EY +0% . (4.1)

The first term, E,(BZ), is calculated by variationally
optimizing the Hamiltonian H® { &, }) with the
many-body Jastrow wave function given by

‘I!B““iI;Ij e-u(r” V2 , (4.2)
where
u@r)=(@/rpe /v’ (4.3)

This wave function is a simplified one-parameter
form for that used in Ref. 1. The energy functional
is minimized with respect to the parameter 0 at
every value of 7, and the resulting wave function
is then used to calculate the expectation value of
o® {R,}). The EQobtained in this first-order
perturbation is also a variational bound. The «(7)
expressed in Eq. (4.3) is short ranged and does
not include the contribution due to the long-wave-
length phonons. This is done perturbatively with
the help of the Chester-Reatto wave function.!?
The relevant formulas are summarized below:

L) L[ wrvmae

(4.4)

%inally, with the distance and the wave vector
scaled,

° sinxy 1
U°(x)’,/; dy Xy e(y) 2e2k

is the screened interaction and €(¥) is the HGV
dielectric function. Once again, all wave vectors
are scaled by Rz (|| =ykz). For £%() we shall use -
the HNC approximation,?’ * which is known to be
satisfactory for Bose fluids and has been tested

for a variety of interaction potentials.?”® In this
approximation £% () is the solution of the non-
linear integral equations relating the direct corre-
lation function ¢(7) to g%(¥):

@ (%) (4.7)

g30)-1=cr)+n [ dF c(|F-F1) (230" -1],
(4.8)
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c(r)=g3()-1-1ngg(r)+u(r). (4.9)

The procedure is to solve Eqs. (4.8) and (4.9) for
a given value of the variational parameter 6 by a
standard numerical procedure and to use the re-
sulting £%(7) in Eq. (4.4) to calculate the energy.
This process is repeated for a number of different
values of b to find the optimum g%(7), #(¥), and
the minimum in energy at a given density or 7.
We then proceed to calculate the contribution due

to ¢ ({R}). Thus
(¥B | B R D ¥D

o)
Es =)
ed . ~ 1 1
= fdkqu < @) e (®)
1 > > >
59 k-
G-Rre@-% 3k, q, q)
xAfk,q, -k-q), (4.10)
where
SOB(I’{; ay _—E -a) =(\I”OB lpfp; -i--al\l’é%/(\lloﬂl ‘I’OB>
(4.11)
and
N >
pr=, e i k#0. (4.12)
i=1

A distinct feature!* of the response function of
A (k,q, -~k - q) is its singular behavior when k +q
=0, i.e.,

A, -k,0)~1n| 2 - 552 (4.13)

This singularity is stronger here than in the sec-
ond-order response, where only the derivative
has a logarithmic singularity. This amplification
is due to the confluence of the usual second-order
Kohn anomaly, which is always present in the
third-order response, and the intrinsic singularity
of the third order response. It is clear that the
integral in Eq. (4.10) can only be defined if this
singularity is canceled by other terms present in
the integrand. To this effect we prove rigorously
in the Appendix the following result:
lim, . S5k, 1, -k=1)~ ok if lim, ;S (k) ~ ak.
Similar results hold when I~ 0 and |k +1| = 0.

Thus it is necessary that S () vanish at least
linearly with & in the limit of small k. Further-
more, any approximation for the three-particle-
structure factor must be such as to preserve this
property. One such approximation is the convolu-
tion approximation®’ 3 for the three-particle-struc-

ture factor, an approximation that has been ex-
tensively tested for soft-core potentials'* and in
many other situations.'* Thus we set

Sslk, 4, -k - ~Ss®S@Ss &+,  (4.14)
which clearly has the required property that it
vanishes when any of the three arguments vanish-
es. As is made clear in the Appendix, this is sim-
ply because of the fact that the convolution approxi-
mation satisfies all of the normalization conditions
to be required of the probability-distribution func-

. tions. However, as is well known,?’? the short-

range wave function in Eq. (4.3) does not lead to a
S (k) that vanishes as 2=~ 0. This needs to be cor-
rected for the presence, expected physically, of
long-range phonons before we can evaluate the
third-order energy given by Eqs. (4.10) and (4.14).
The procedure is almost standard.’® The Chester
and Reatto wave function is long ranged and has the
form

U, ("l _ 3mpc< 1 i
€ “Lr =exp ﬁkp x2+xg N (4.15)

where we have scaled the distance by %, i.e.,
v =x /kp and X, is a variational cutoff parameter.
Here ¢ is the velocity of sound in this hypothetical
Boson system and can be obtained from the energy
E("’)/N-

B .

1/3 25 (2) (2)\ 14
c(T)=-C-§i[r 4 nEEE o dEB) 2}
STTY3 L S\on 2 ar? s drg

4.16)

b

where Cgs =V p/V3)(m,/m, )t % and Vg =lkg/m, .

The choice of such a long-range wave function leads
to a sequence of changes, given next. The structure
factor S} (%) calculated with the short-ranged (LR)
wave function is modified to S;(k), given by

Sp(k)=S§(k)/[1+nSY(R) UL ()] , (4.17)

where LR is long ranged and the corresponding
correction in the pair-correlation function is

0g(r)=g3()(e" T 1), (4.18)

where

8e(r)=8%(r)+%g(r), (4.19)

and U (k) is the Fourier transform of U,,. Fin-
ally,

1 %7 SYkPULRE) -
') =gy | T Thadinm *-

(4.20)
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The correction to the energy is then +%pfv(y) bg(r)dr . (4.21)

AER
AR 0 [ aF g4 0)9"0,n)

Finally, Eq. (4.10) can be rewritten to obtain the

+8m, [u@) +ULR(r)] third-order contribution to the energy,
B __8e [ 4 Sa®) f $5@) [ ginoas 1 1 EADAE 5 —-§
= -k - 4.22
AL A A e s S
where 6 is the angle between the vectors k and q. 'to the energy. The total energy per particle is
(3) . .
Thus pg /N can now be calculated numerically if E@)/N =E, /N
S5(@) is known. .
=[ER +ER +AEL )N +Eal¥)/N , (5.1)
where E.,(*)/N is the exchange energy of the ferm-
ions (protons in this case). In Eq. (5.1) the energy
up to third order in exchange is given by
V. EXCHANGE CONTRIBUTIONS E./N =Eg (,%)/N +E5, (n,x)/N +EF (0 x)/N 4+ |
As mentioned earlier, the Wu-Feenberg expan- (5.2)
sion is used to obtain the exchange contributions where
J
E
EalX) _ao ((1axp 1 -xp5], (5.3)

u2(5296) 1261‘_((1_'_")3/3/' (¥ =35 +597)S 2k y)_l]dy+(1_x)s/3f (¥ =395 +3Y7)[S@kpY) - 1]dy>,

o

(5.4)
and
F 3
Enzj%’rﬂ:—%(%) ((1 +x)u/3fyi<1 2,8 (k3 0, [S (e3,) - 11 [S (k3 3,.) - 1] 6, 45, &,
=0 [ SO 3, () ~ IS ki) - 1] 5,5, 47, ). (5.5)
¥i®1
Note that e, =/2k% /2m,  k; =k, (1 tx)1/3, and X lcula'ting the Wu-Feenberg series used here. The
=(N,= N_)/N. Asmentioned earlier, our intention structure factor Sy(k) corresponding to g5(¥) is
is to compute the ground-state energy as a func- shown in Fig. 3 for a few typical values of 7. It
tion of ¥. The term EL, is calculated by making is clear from these plots that there is a consider-
the quadratic approx1mat10n described in Refs. able amount of short-range order in liquid metal-
2 and 12, lic hydrogen as compared to, say, liquid helium.
One should also note that the interaction potential
VI. RESULTS exhibits a strong density dependence.
Table I compares our results for E@ [Eq. (4.4)]
In Fig. 1 we show the dimensionless potential with the calculation in Ref, 1, It is clear that our
function v (x) [Eq. 4.7)] for some typical values one-parameter variational wave function gives a
of 75, In Fig. 2 we show the corresponding pair- reasonably good upper bound. Also shown in Table
correlation functions £5(). The actual fermion I is the detailed decomposition of E (3) into kinetic
pair-correlation function can be obtained from and potential energies. We should emphasize that
these by the Wu-Feenberg expansion,®® fermion precise agreement between our one-parameter
corrections being small in this case. The reason variational results with the six-parameter Monte
why we have not displayed them is because they Carlo results,! is not necessary since we are sim-

are not explicitly required in the method of cal- ply interested in an upper bound for the contribu-
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FIG. 1. vy(7) for some typical values of 7.

tion arising from the three-body forces. These
are given in Table I along with the volume-depend-
ent terms. In calculating Eg and E,, we have made
use of the Noziéres and Pines interpolation'® form-
ula for the correlation energy of electron gas,
which is consistent with our choice of HGV dielec-

2.0

0.5+

FIG. 2. gg(7) for some typical values of 7.

2.0 T T T T

0.5

y = k/kg

FIG. 3. Sg (2) for some typical values of 7.

tric function. From Table I one can also see that
AE}' /N [Eq. (4.21)] makes a negligible contribu-
tion to the total energy. The main effect of the
long-range phonons is to produce an Sg(®) that
vanishes in the limit of small k, which, in turn,
allows us to calculate E$/N [Eq. (4.22)]. As
noted above, the integral is ill conditioned if S 3(k)
approaches a nonzero value as ® goes to zero.

In Table II we have shown the exchange correc-
tions. It is seen that a partially spin-aligned state
of protons is in fact favored throughout the entire
range of densities considered. As mentioned earl-
ier we should be cautious about this conclusion,
since Ef, has been calculated with the help of the
conventional®* 1% 12 quadratic approximation, and
thus may be quite inaccurate, especially for lar-
ger values of the order parameter ¥, In view of
the fact that this term is considerably smaller
than the rest and that one needs a complicated
numerical procedure to calculate accurately, we
have not examined it using a more elaborate com-
putational method. We do not believe that the re-
sults will change qualitatively. Since the quadra-
tic approximation is good in the neighborhood of
% =0, the fact that the energy is lowered for non-
zero values of ¥ can be established although the
exact value of ¥ may be inaccurate. It is also
worth remembering that the convergence of Wu-
Feenberg series is not rigorously established.

The total energy for the liquid is compared in
Table III, with the static energies for the solid
phase obtained by Hammerberg and Ashcroft.?
Note that the static energies do not contain the vi-
brational zero-point energy, which in the case of
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TABLE 1. Boson part Ep of the ground-state energy. Eg)(MC) is the Monte Carlo results of
Ref. 1. All energies are expressed in Ry.

v, bp TY/N PP/N EY/N EPMC)/N AEs/N  EQ/N Eq/N
0.50 5.35 0.07406 2.76268 2.83674 -0.00158 =0.01442 0.540 62
0.80 5.55 0.03195 0.76254 0.79449 0.7943 -0.00054 -0.02120 -0.86188
1.20 5.50 0.01386 0.19986 0.21372 -0.00021 -0.02944 -1.10353

! 0.2079
1.30 5.435 0.01143 0.14616 0.15759 ‘
1.36 540 0.01026 012104 0.13130  0.1262
1.40 537 0.00954 0.10665 0.11619
1.45 5.315 0.00865 0.09095 0.09960
1.488 0.0847
1.50 5.28 0.00794 0.07726 0.08520
1.55  5.225 0.00723 0.06543 0.07266
1.60 5.175 0.00661 0.05510 0.06171  0.0592
1.70  5.05 0.00549 0.03824 0.04373
1.80 4.9  0.00452 0.02531 0.02983

-0.00016 -0.03258 —1.10050

-0.00012 -0.03528 -—1.08394

-0.00011 -0.03718 -1.06790
-0.00009 -0.03908 ~—1.04988
—0.00008 -0.04100 -1.03074

cannot be ruled out. We have found that the third-
order terms in the liquid are significantly lower
than the corresponding ones in the solid, and a
careful estimate of these terms in the solid phase,
which also incorporates the dynamics of the pro-
tons, is essential to determine the liquid-solid
transition (if any). We have also found that the

hydrogen!® could easily be of the order of 0.01 Ry.
The contribution of the third-order term in the
liquid is more significant than in the solid. For
example, at 7;=1.6, the third-order energy in the
liquid is —-0.0372 Ry, as opposed to —0.0322 Ry
as calculated by Hammerberg and Ashcroft. The
corresponding comparison at 73 =1,36 yields

-0.0326 Ry for liquid as opposed to -0.0281 Ry
for the solid.!” Finally, the liquid-state energies
calculated in this paper are a variational upper
bound, and the exact energy is expected to be low-
er. Thus one cannot in principle exclude the ex-

contribution to the ground-state energy due to the
long-range phonons is neglible, although their

presence is necessary. An interesting part of our
calculation is that the energy of this proton-elec-
tron liquid can be lowered by a partial spin align-

istence of a liquid ground state of metallic hydro-
gen, though it is certainly not established as a
preferred ground state.

ment of the protons.
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VII. CONCLUSION

We have investigated the possibility for a liquid
ground state of metallic hydrogen at zero tempera-
ture. We conclude that the possibility of a liquid :
phase near the metastable zero pressure point TABLE IIIl. Comparisons of the ground-state energies
of the liquid [E(x)/N] and the solid phases [ES(HA)/N:
Hammerberg and Ashcroft, (Ref. 4)]. All energies are
expressed in Ry. sc: simple cubic; bee: body-centered
TABLE II. Exchange contribution to the ground-state cubic; face-centered cubic.

energy. All energies are expressed in Ry.

7 E°(HA)/N E)/N
Vs x Eex(x)/N -
sc fee bee
0.50 0.589 0.00263 0.50 3.363 99
0.80 0.579 0.001 02 0.80 -0.08811
1.20 0.582 0.00045 1.00 -0.71188 -=0.71929 -0.71819
1.30 0.585 0.000 39 1.20 -0.93796 -—0.94019 -0.93902 -0.91901
1.36 0.587 0.00035 1.25 -0.96842 -0.96961 —0.96843
1.40 0.588 0.00033 1.30 -0.99217 =-0.99242 -0.99122
1.45 0.591 0.000 31 1.36 -1.00159
1.50 0.593 0.00029 1.50 -1.04104 -1.03818 -1.03693 -1.03385
1.55 0.595 0.00027 1.60 -—1.04759 -1.04345 -1.04222 -1.04322
1.60 0.598 0.00026 1.65 -1.04803 —-1.04338 ~1.04209
1.70 0.603 0.00023 1.70 —-1.04509
1.80 0.607 0.00021 1.80 -1.04178
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APPENDIX

We shall prove that the limiting value of
SB(E,E, —E-E) as any one of the wave vectors ap-
proaches zero from above, vanishes, provided the
static-structure factor Sz(R) vanishes in the same
limit, Strictly speaking, this result should be con-
sidered as a limiting value, defining the function
by continuity at the origin and requiring the defini-
tion to hold in the thermodynamic limit.

First note that?

Ry

= > = = (¥Eprpy
Splk,q, ‘k"'q)— Nz(q,gl‘p5>
=2+5(k)+S@)+S(1k+ql)
+1lv f T LT DT
XP(t,, T,, T,)d Fld de F3 ,
(A1)
where the three-particle-distribution function
P (I:U-fz: Fa) is

PG5, 5 - M= 1)(W=2)

n3

x f @PRdTE, - dFy

«[f Waraz, a5, | w2)

Since S (k, 4, —-k-q) is invariant with respect to the
interchange of its arguments. it is sufficient to
prove the result when any one of the wave vectors
tends to zero, say K~ 0*. The following cluster
decomposition? of P (r,, T,, T,) is exact as long as
one does not specify 0P (r,,T,,T,):

P (fls Fz; Fs) =n3[1 +h(712) +h(713) +h(723)
+h(rlz)h('rz3) + h(1'23)h(731)

+h(731)h('}’32)] + G‘P(;l’ an ;3) , (A3)

where k(¥)=gg(r)~1. Then one can easily prove
from the normalization of the probability-distri-
bution functions that?

PG, Ey B dE, =t R h(r,,) dF,

(A4)

Now one can easily evaluate the right-hand side
of Eq. (A1) for k= 0* and obtain the stated result.
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