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The exchange-correlation of electrons, as a fundamental effect in quantum mechanics, play an
important role in the collective motions of electrons in warm dense matter. We derive the quantum
kinetic equations based on the time-dependent Kohn-Sham equation. By using a temperature-
dependent functional for the exchange-correlation, the excitations of electrostatic waves are analysed
under the adiabatic local density approximation (ALDA). We find that the influences of exchange-
correlation effect on the phase velocity of electrostatic waves can be as high as 10% when both the
density and temperature are low. Moreover, we also compare the results obtained by using ALDA-
based kinetic theory, exchange kinetic theory and quantum hydrodynamics, and the differences

among them are discussed.
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I. INTRODUCTION

Due to its key roles in ICF [1] and astrophysics [2-4], warm dense matter (WDM), with temperature of 1 ~ 100
eV and density of 102! ~ 10?8 cm ™3, has attracted wide attention of researchers. However, even for the homogeneous

electron gas (HEG), as a simplified model, there are still many issues to be investigated because of the harsh conditions.

One of the most crucial research contents is the collective effect of electron-ion systems in WDM. The energy
parameter H = fuwpe/Er representing the ratio of plasmon energy and Fermi energy, as a measure of the strength of
the collective effect, ranges from 0.3 to 3 in WDM [5]. It implies that the collective excitation energy is in the same
order as the fermion ground-state energy, and the collective effect has an important impact in WDM. While classical
plasma theory has provided an accurate theoretical basis for the study of collective excitation in high-temperature
low-density systems, quantum plasma theory, as an effective theory bridging the gap between classical sparse matter

and quantum dense matter, has also attempted to make a breakthrough within WDM [6].

The development of quantum plasma theory originated from the work of Bohm and Pines [7-9] to study the dy-
namic response of dense plasma. Then Lindhard analytically described the density response of free electron gas at
low temperatures and thus added quantum corrections to the plasma theory [10]. Bonitz summarized the quantum
effects of the kinetic theory [11] which is too complicated to solve in three-dimensional systems. Hass and Manfredi et
al. simplified the Wigner equation by fluid approximation to create quantum hydrodynamics (QHD) [12] that is much
easier to analyze for high-dimensional systems. However, the shortcomings of QHD have made its applicability doubt-
ful [13] in the short-wavelength region, and QHD does not contain quantum effects other than quantum diffraction

effects, such as exchange-correlation interactions, to which the nonlinear density response is highly sensitive [14].

To solve the many-body problem in quantum mechanics with the complete inter-particle interactions, the system’s

wave function is calculated from the basic Schrodinger’s equation

N h2v2
> < +vext(ri,t)> + Y U (ri,rj t)| U (ry, 1o, .0, t) = ih0, U (r1,Ta, .1, 1) (1)

2m —
1<J

where N is the number of electrons and U (r;,r;) is the electron-electron interaction. For a Coulomb system one has

2
2 q
U= UGar) =) i 2)
oy — |r; — 1y
J i<j
and veyxt represents the potential that the electron system feels, including the external field and the potential provided

by ions. However, it is impossible to solve this equation in a large system due to its complex properties.

A one-to-one correspondence between electron density n and effective potential Vog has been established by Runge-
Gross theorem [15], which leads to the birth of a powerful and viable alternative — time dependent density functional
theory (TDDFT). It reduces complex multi-particle problems to relatively straightforward single-particle problems
and allows for a comparatively complete consideration of the most intractable exchange-correlation component of
Eq.(2). TDDFT has already made many contributions to the analysis of opacity [16] and electron transport behavior
[17] in WDM, and its time-free simplified model, density functional theory (DFT), has played a crucial role in the
characterization of WDM [18, 19]. The results of TDDFT can also be applied to collisionless plasmas as G. Manfredi
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concluded [20], and the exchange-correlation analysis has been added on the basis of TDDFT-QHD for the electro-
static waves at low temperature limit [21, 22]. Exchange kinetic theory (EKT) established by Ekman, Bordin, and
Zamanian [23], which was obtained by simplifying the collision term of the Bogoliubov-Born-Green-Kirkwood-Yvon
(BBGKY) hierarchy, has also shown some discrepancies in the QHD analysis of the exchange-correlation interaction
[24]. Moreover, most of these completed works cannot be effectively extended to the high-energy density regime,

where high temperatures significantly affect the wave-particle interactions and the exchange-correlation interactions.

This paper is organized as follows. In Sec. II, we derive the kinetic equations on the basis of the TDDFT equations
and summerize the interconnections. In Sec. III, we analyze the effect of the exchange-correlation interaction on
quantum Langmuir waves and quantum ion-acoustic waves in the range of WDM parameters. In Sec. IV we compare
and analyze the similarities and differences between the EKT, QHD and ALDA-based kinetic theory, and give the
exchange interaction corrections for the ion-acoustic wave dispersion relation at low/high temperatures. A summary

and discussion will be given in Sec. V.

II. KINETIC MODEL

We start from the time-dependent electrostatic non-interacting Kohn-Sham equation (TDKS),

52

2me,

m@d)a (r,t)

{_ VQ + Vveff(r’ t)}wa(r’ t) = T’ (3)

where the effective scale potential Vg contains the electron-ion interaction, external field, Hatree term and exchange-

correlation correction,

chﬁ'(rv t) = Vao/(r; t) + V;:xt (I‘, t) + VHa (I‘, t) + cha (ra t) (4)

In fact, if we adopt the Born-Oppenheimer approximation and treat the ion behavior as static, the first two term
can be combined into one external field. However, we split the two parts here in order to study the behavior of both

electrons and ions.

To derive the quantum TDDFT-based kinetic equation, we shall take the quantum analogy of distribution function,

written in second quantization,

o) = [ e (B ) iR+ 12000 (R v/2.0) o)

where the brackets indicate the expectation value of the operators. To describe the time derivative of the distribution

function, which can be calculated from the Heisenberg equation,

_OX
ihr = X, H), (6)



7z we shall take the product ¥*¢ from the definition of the f for the operator X:

Ofa 1 dr ip-r
- = (R 2, ) o (R —1/2,t), H(t)]). 7
de— o e (BF) (iRt v/ 00 R~ w20, ) ™
7 Futhermore, after calculating the content in the ()-brackets, we have
9 p-Vr // drdp’ (P —P) T /
a - £ - a ) R7 t )
(5 + 2 e rn = [ [ 08 L) V- Vil fa9' R 0
7 If we suppose that potential Vg varies slowly in the space coordinate R, and the exchange-correlation interaction

¢ is negligible under classical condition, we may therefore expand the effective potentials as

~

Veg(R£1,t) = Vag (R, ) £ (r/2) - VR Vear(R., 1), (9)

77 and we find precisely the classical collisionless Valsov equation in electrostatic fields as

0 -V
O 4PV GuVin(Ro1) V) falp R 1) =0 (10
t M
78 Now, back to Eq.(8), and assuming the field of the scale potential is sufficiently low, we can follow the usual

7 procedure to obtain the linear response of the system,

fa(p,th):fOOz(p)"_(sfa(pvth)a (11)

s where fy, indicates the system is basically in equilibrium, satisfying the Fermi-Dirac distribution, and J§f is the

s disturbance due to the absence of external fields, ¢ Veys.

& According to the famous random phase approximation (R.P.A),

5fa(p, R, t) = 6 fo(p, k, w)e R
Vet (R, 1) = Vogp (K, w)e kRt

s we have the linearized kinetic equation
(w =X -p/m)dfa=Ver[fou — foul/B: (13)

s where fgg = foa (D £ hk/2). According to the classical plasma theory, combining the linearized kinetic equation with
s the Poisson equation, we can get the classical electrostatic dielectric function. However, considering the complex
s form of effective potential Vog, we need to include the correspondences between electron density and other species of

s7  potential energy as additive terms.

88 For an electron-ion system, we have the Poisson’s equations respectively

Veilr,t) = — - /ni(r/’t)dr/’ (14)

dmeg J |r—1/|
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e? ne(r',t)

Vite(r, t) = 2, (15)

dreg J |r—1/|

And more importantly, the exchange-correlation potential is defined as the functional derivative of the xc-action

Axc, which was originally proposed by Runge and Gross,

0Axc[ne](r,t) _

che(rat) - 5716(1‘775)

(16)

The simplest concept for setting up approximations for xc-action is to turn it into locality in time and space, as the
use of a stationary functional evolving in approximately adiabatic progress, which is usually called Adiabatic Local

Density Approximation (ALDA),

AALD A / dt/dreHEG (r,1)), (17)

HEG () is the xc-energy density of the homogeneous electron gas at gas density n. And the linearized xc

IVace(r, 1)
Ve (T, t) = /dt/d/ 1)

where contains a key quantity of TDDFT in the linear response regime, called time-dependent xc kernel,

_ ’ /il (v =) —iw(t'—t) O Vce (T, 2)
fxc(k,w)—/dt /dre (=)ot Sheelr)

where e

potential can be expressed as

on (r',t). (18)

no

(19)

no(r)

The description of electron quantum kinetic equation is sufficient for high-frequency wave. And low-frequency
electrostatic wave can be explored including ion dynamics, which can be described by classical Vlasov equation due

to their heavy mass,

0  p-Vr
&—’_ m;

where the effective potential Vom = Vi + Vi + Vext, Vie = —Vie and Vg = — V.

— VrVem - Vp}fi(pa R, t) =0, (20)

Linearizing Eq.(20) and including the electron dynamics Eq.(13), we have the dispersion relation of electron-ion

system
el =1-v (k) Xi (kv w) - {’U (k) + [1 - (k) Xi (ka W)] fxc (kvw)}xg (kvw) ) (21)

where

—k- Vf()a

22
w—k-v’ (22)

Xao (k,w) = /dv
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o= [P 1 fou— T
Xo (k?w)_/(Qﬂ_h)gﬁw_Okp})mav (23)

After that, we can also employ the ALDA for fy.,

d2eHEG (n)

xc S(r'—r)o(t —t
i N (x'—r)o (' —1)
VALDA[](r, 1)

n(x’,t")

éLDA (I‘,I‘/;tﬂf’) _

n:no(r)’

where the xc potential VALPA(r t) = V.EPA(n(r,t)). The approximation supplies us with a method to connect
the dispersion relation with the suitable exchange-correlation potentials at finite temperature, such as the LDA
functional proposed by Perrot and Dharma-Wardana [25], Vic(7s,tf), where ry = (3/4mn)*/3 Jag is the Wigner-Seitz

radius, ty = kT /Ep is the Fermi temperature, and ag is the Bohr radius.

III. LONG-WAVELENGTH APPROACH
A. quantum electron Langmuir wave

Let us consider first the long-wavelength limit in which the disturbance varies so slowly in space that w > kvpe >

;:Z And ions cannot timely response to density disturbance due to the high frequency electron waves, so x; = 0.
Then
1 1 k-p (k- p)
~— |1+ — 25
w—k-p/m w( Yo T ’ (25)
We find at long-wavelength limit
2 _ Noefxc ;2 2 2y7.2 Ry
w _<1+mewgek> {wpeﬂ-(z) >l€ +477’Lgk:|’ (26)

where (v?) represents the mean kinetic energy of electrons

(v?) = ni / (er%g (ﬂfe)gfoe(p)- (27)

The quantum electron Langmuir wave dispersion relation Eq.(26) corresponds to the main results of some quantum

hydrodynamic papers which is offered by TDDFT [21, 26], as long as we choose the popular Hedin-Lundqvist (HL)

potential to derive the xc kernel. It is understandable because the fluid equation can be straightly derived from the

kinetic equation under the long-wavelength approximation. And both equations are based on the TDKS architecture.
Especially, ignoring the high-order corrections, we have the following dispersion relation

w? = w2, + (V%) + nge fre/Mme)k* = w2e + (1 — ) (v?)k?, (28)

= Wpe
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FIG. 1. The variation of o with the system density and temperature. The value is greater than 10° in the lower left area.

In Fig.1, the correction of exchange-correlation effects remains essentially above 1% for the entire WDM density

parameter region at low temperature. More importantly when the density is below 10?°cm ™2, the correction provides

a reduction of more than 10% compared to the thermodynamic term derived from the classical quantum theory.

And it keeps weakening with increasing temperature, which is due to the fact that high temperature diminishes the

quantum effect, including the exchange-correlation effects, quantum diffraction effects and so on. In the lower left area,

Langmuir wave exhibits a negative group velocity property, which means the directions of phase and group velocity

are opposite each other. This phenomenon is caused by the exchange-correlation effects and cannot be described in

the classical plasma theory.

B. quantum ion acoustic wave

For the low-frequency ion oscillation mode, ku; < w < kvg,, we can simplified the ion susceptibility as

nOikz

miw?

(29)

For the electron susceptibility, since the phase velocity w/k is on the order of the Fermi velocity, the approximation

method used for Langmuir waves is not applicable. However, we can use the static response approximation (w = 0)

to get its contribution under the expression of Fourier expansion, and real part of the corresponding density response

is

dp 1 fy —fy

Re (v (k,0)) = —P / :

2rh)3 hk - p/me

~ _nOeel (M) T (:u7 k) )
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01 (1) = =g (1) (31)
1) = 8‘un0€ K,
1 0% _ 103 _
O2 (u) = B 02 fige (1) + §8TL3wO€ (1) 5 (32)
N h2k2 @2 (,u)
T(lu’vk> =1- dm, 0, ('u) : (33)

Here, Similar to the quantum diffraction term in the linear dispersion relation of Langmuir waves, the second term
in 7 is proportional to k2, which means that it is a high-order correction term, and can be indeed ignored in the linear

discussion. The imaginary part can be found by the theoretical approach

2m2 1+ exp[Bu — 4 (hw + Ey)’]

= In
AmBhtk |1+ exp[Bu — £ (hw — Ey,)?]

Im (xe (k,w))

; (34)

where Ej, = h%k?/2m represents the electron kinetic energy, and the parameter p and 3 represent, respectively, the
chemical potential and temperature of the system. It should be noted that the xc kernels are analytical functions in
the upper half of the complex w-plane. Due to the Im (x.) < Re (x.) and Im (fx.) < Re (fx.) at long-wavelength

limt, we can reduce the real part of dispersion relation Eq. (21) as

9 C2k% (1)1 — ngeRe (fue) ©1)  C2?k%*v
w- = C2k2 = 2 1.2,,7 (35)
1 + (j?_ (1/T - nOeRe (fxc) @1) 1 + )‘qek v

where the ion-acoustic velocity Cs = 1/1/— (m;01), and A2, = C? /wgi. At zero temperature, the velocity of ion-

acoustic is given by

(36)

which is known as the Bohm-Staver relation [27]. And if we consider the influence of the exchange-correlation
correction, the quantum ion-acoustic velocity should be as C? = /vCy, where v contains both the quantum diffraction

(1, and 7 & 1 in the linear analyze) and exchange-correlation effects.

In Fig.2, we have evaluated the exchange-correlation effects on the ion-acoustic velocity with the help of the
temperature-dependent LDA functional, and found two interesting effects. First of all,similar to the effect on quantum
Langmuir waves, since the xc kernel fy. is inversely proportional to the density n (which should actually be n*/3) and
temperature 7' (in the high-temperature limit, the functional is much more complicated at low temperatures [25]),
the influence of the exchange-correlation effect diminishes with increasing density and temperature of the system.
Secondly, there exits a density and temperature limited region satisfied |fxc| < 1/(no|©1|) in which the ion-acoustic

velocity appears as a pure imaginary number. It also means that the ion-acoustic waves cannot propagate in the
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system that take values in this region.

IV. EXCHANGE-KINETIC THEORY COMPARISON

It is necessary for us to compare the kinetic model based on TDDFT with the equation obtained in other ways, such
as the simplification of BBGKY chain equations, to verify its reliability. Ekman, Zamanian, and Brodin [23, 24] has
derived a kinetic model, where exchange correction were included considering the beginning the antisymmetrization

of the N-particle density matrix. They wrote the dispersion relation as
1+D;+D.+ D, =0, (37)

where the terms are respectively the classical ion term, the classical electron term and exchange correction term.

They are given by

D; = —wéi/w2, (38)
3w, [V zdz

D, = —re : 39
2k2v3 /_1 z —w/kvp (39)

D, = (9h2w§e/16m2k2vg) I(w), (40)
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1 1 _

I(w):/ dx/ gy sz =y) - (41)
-1 Ja VY (w— (2 +y)/2)

where w = w/kvp is the normalized phase velocity. And they compared the exchange correction term I (w) with the

electron exchange contribution of the hydrodynamic version, I (w), where

W« 0.445
" (w) = Y (42)

A. High-frequency comparison

Exchange-kinetic theory (EKT) concluded that when w < 1.4, the sign of the exchange correction would change
and manifested as a strong enhancement for Langmuir waves, which cannot be reflected in the hydrodynamic model.
However, is this due to the error caused by the fluid approximation, or the inapplicability of the ALDA spirit at
short-wavelength region, or even the both? To find the answer, we can also distinguish the quantum effect including

the exchange(-correlation) effect from the classical term in the ALDA-based quantum kinetic theory,

D}, = [v (k) + fue| X2 (k,w) — v (k) xe (k,w), (43)

16m2 k28
IA — F / )
() = T D ()

It should be noted that the zero temperature assumption was made during the derivation of exchange-kinetic
theory and neglected the two-particle correlations. Thus, we choose also the Dirac exchange correction Vx for the

homogeneous electron gas,

1/3 372)%/% 22
V0— g (), = o 0.98587) be ~ 0.375H2ep, (45)
no 3ng 4 mog

And we have

) 10. 1 1 2 10. 1 1 2
IA(W):<OGS772_ 06267)/ dy/ dz Y + 06267/ dy/ de—Y" . (6)
w H o Joa (weay)” - H22/16w2 0 HE Jo T (w—ay)

where the parameter v = w/wpe represents the ratio of wave frequency and electron oscillation frequency. Substituting

Eq.(45) into Eq.(28), we have

w? A w?, + (0.6 — 0.0625H>) vpk>. (47)

Compared with the quantum Langmuir wave dispersion relation obtained by EKT in the long-wavelength approx-
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2 2 2 212
w = U.}pe + (5 — 780H ) ’UFk 5 (48)

the ALDA-based kinetic theory would be a somewhat overestimate for the exchange correction. And we have

2
2 w

T W2 (0.6 — 0.0625H2)

-3
0.05 —— — : g 10
: —1A(H=0.3)
wnnn A —
6% (=)
1A(H=3)

0 L 4
—1A(H=0.3)
s A(H=1)
1A(H=3)
* |h
[
-0.05 42— : :
1 15 2 25 3

FIG. 3.

Fig.3 illustrates that in the long-wavelength range, the three approximation methods have the same trend, although
EKT describes a slightly lower exchange effect than the other two methods. In contrast, in the short-wavelength range,
when w = 1.5, the exchange correction obtained by the ALDA-based kinetic theory shows the same sign change as
EKT, which deviates significantly from QHD. The deviation implies that the mutual coupling effect between the
exchange correction and the kinetic higher-order corrections leads to a modification of the dispersion relation when

w < 2. This effect is neglected in the fluid approach, leading to the inaccuracies in the short-wavelength range.

However, it is worth to be noted that the ALDA-based kinetic theory exhibits two properties that are distinguished
from the exchange kinetic theory. Firstly, the exchange correction given by the ALDA-based kinetic theory is associ-
ated with H, and the effect of the exchange correction deviates more from EKT when H takes a larger value. Secondly,
when w < 1.5, the exchange correction given by the ALDA-based kinetic theory characterizes a different variational

trend from that of EKT.

In fact, both differences arise because the exchange kinetic theory does not reflect the quantum diffraction effect well.
From Eq.(41) we know that the exchange correction integral has singularities when w < 1, i.e., which characterizes

the entry into the resonant absorption region. However, based on the solution of the Wigner approach [5], we have



206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

12
the kinetic resonance relation with resonance frequency w, and wave number k,

Wy k. ~vH
= =1 i~ 1
R T Ty

wer (14 VITH) /2, (51)

It actually implies the resonance effect occurring between the waves with phase velocity up to the Fermi velocity
and Fermi-surface particles, and the total energy/ momentum conservation of the absorption or emission processes
between the radiative quantum waves and fermions [28]. Differing from EKT, it is reflected in the existence condition
of the singularity of the Eq.(46).

It is the quantum fluctuation effect that leads to a significant deviation between the two theories in the short
wavelength region. In Fig.2, I* curves show two exchange interaction ’zeros’, meaning that the exchange interaction
can be neglected under certain phase velocity conditions, one in the non-resonance absorption region and the other in
the resonance absorption region. It is different from the previous EKT conclusion that there is only one zero point in
the non-resonant absorption region. Moreover, comparing the two zero-point values in the non-resonance absorption

region, the results of ALDA-based kinetic theory are also significantly larger than those of EKT.

B. low-frequency comparison

Here, we compare the low-frequency ion-acoustic waves dispersion relation obtained by ALDA-based kinetic theory,

exchange-kinetic theory and classical plasma theory.

1. low-temperature

Considering the Fermi-Dirac distribution, we have the real part of density response function

3 Nge 1 k2
Re (x! 0) = 5= (1- 1553 ). 652)

and according to the Lindhard dispersion relation [10], we have the imaginary part

2

miw
Im (x) = -5
m(xe) = =5 (53)
And we have the imaginary part of quantum ion-acoustic wave dispersion relation
F WheTMe Wi F whi
Im(el') = 2 +(1- 2 Re (fxe) | Im (x5) + 1 - 2 Im (fxc) Re(xe)
(54)

2 .3 2 2 2 2
WpeMew Whi \ noek 3 nge 1k Wi
— e e (4 (1o Re (fx = 1-=2) (1= Im (fxe) -
2noh3k3 ( + < w? ) Mew?2 e(fxe) | + 2 Ep 12 k3 w2 | (fe)

pe
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The damping rate of ion-acoustic waves is
Im (eF 2 Cyk . w2\ nock? AL
o = gt o T YO I (s (1 G ) e e
ORe (€) /0w 4 (1 + k2>\§e2) 3m; w MeVE

2 2
+ 3\5()51@37”06[”_1 (zf"c) (1 - 1k> (1 - wpl) .

w2 12 k3 w?

where )\geg = v} /3w?, represents the quantum shield length. And due to the relation that w < wpe, we have kAL, — 0.

Thus the damping rate approaches

7T2 m

F €
~ ——vCsk . 56
e 4 v 3m; ( )

The dispersion relation for ion-acoustic waves with exchange-correction is then

2

2 2.2 T Me
~ C%k 1—i— 57
we = C; 1/( i ngi>, (57)

where

k2
v (1 —0.187H? + 0.0833k2> . (58)

F

Compared to the dispersion relation derived by EKT,

w® = C2k* [1 — H? (1.24 + 0.591)] , (59)

we find that the value of the frequency shift deviates significantly from our result. If we make the adjustment
0.985 — 6.52 of the numerical prefactor in (45), the real part is conformable as mentioned by the authors. But
even if we apply such an adjustment, the imaginary part is still not compatible. In our result, the damping rate is
proportional to the electron-ion mass ratio, and decreases in the change scale as H?, which also differs from the result

of EKT.

2. high temperature

In contrast to EKT which breaks down in the high temperature limit, the ALDA-based kinetic theory is suitable
for solving the ion-acoustic dispersion relation at high temperature conditions, as long as we replace the distribution
function with a Maxwellian type.

The density response function is

M 7 k2
Xe (ka 0) = Bn(]e 1- %E s (60)

where k2 = 2m,/h?f is the wave number corresponding to the thermal velocity. Coupling with the exchange potential
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at high-temperature limit [25],

2
W= W 61

where the imaginary part can be negligible due to the weakness of exchange correction at high temperature limit.

Thus, we have

. k2 .
Pt (1288 e g0 (1 —i ”m‘> . (62)
' tf kT 2m;

Since the exchange correction is inversely proportional to the Fermi-temperature, Eq.(62) can degenerate into the

classical ion-acoustic wave dispersion relation at high temperature limit.

V. CONCLUSION

In the present paper, we have derived the quantum dispersion relation of electron-ion system using the ALDA-based
kinetic theory, which is based on the time-dependent density functional theory. With the help of the temperature-
dependent functional, we have given a kinetic treatment of exchange-correlation effects covering the full electrostatic
waves region. We found that the exchange-correlation effect on the electrostatic wave phase velocity exceeds 10% at
low density conditions (n < 102*¢m™3), and under relatively low temperature (f; < 1) and sparse density conditions
(n < 10%22em=3), the high-frequency Langmuir waves could exhibit the negative group velocity due to the exchange-
correlation effect. Moreover, the low-frequency ion-acoustic waves could also exhibit imaginary frequencies in the
similar region.

Another important goal of this study is to compare the ALDA-based kinetic theory with the exchange kinetic
theory (EKT) as well as quantum hydrodynamics (QHD). It is concluded that the ALDA-based kinetic theory with
the addition of wave-particle interactions to QHD can be consistent with EKT in a certain short wavelength range,
and can also show the sign change of the exchange component of Langmuir waves. However, in addition to certain
numerical deviations, there are also differences between the ALDA-based kinetic theory and EKT for the description of
quantum diffraction effects under the condition that the phase velocity is close to the Fermi velocity. EKT ignores the
quantum diffraction effects due to the model simplification, and thus cannot point out the exact resonance absorption
boundary. Although the model deficiency of ALDA may lead to an inaccurate description in the resonance absorption
region, it actually provides us with a way to improve the resonance boundary by using better functional forms such
as GGA with the addition of density gradient correction [29], time-dependent functions considering non-adiabatic

processes [30], etc., to study the kinetic processes of the electron-ion system more precisely.
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