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The influence of vacuum polarization effects on the interactions of multiple ultra-intense lasers with plasmas is dis-
cussed. The nonlinear paraxial monochromatic model of the interactions has been improved by considering the Heisenberg—
Euler Lagrangian density of two laser processes. Comparing the corrections of vacuum polarization effects in the collision
of laser beams with one generated by a single intense laser, we find that the former has a higher order of magnitude cor-
rection. The laser collision also produces variations in the propagation direction and polarization direction of the lasers
propagating in the plasma. In addition, the strong-field quantum electrodynamic (QED) effects can be enhanced by increas-
ing the laser intensity or frequency difference, or by adjusting the incident angles of the two laser beams.
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1. Introduction

The intensity of the laser source has been one of
the most important issues in laser—plasma interactions.
When the intensity of a focused laser reaches or exceeds
10'® (1 um/A)*W /cm?, the perturbation method becomes in-
applicable and nonlinear theory of laser—plasma interactions
is necessary.l!l Further, when the intensity of the laser ex-
ceeds 10% (1 um/A)?>W/cm?, plasmas in the interactions
are ultra-relativistic and the physics of relativistic plasmas
are strongly affected by strong-field quantum electrodynamic
(QED) processes./?! This coupling of quantum processes and
relativistic collective particle dynamics can result in signifi-
cantly new physics phenomena.3#! In this situation, the be-
havior of lasers with extreme intensity also becomes notably
different from that of lasers with lower intensity in plasma. In
particular, vacuum polarization effects cause the laser to prop-
agate in a vacuum as if it is in nonlinear media. Thus, vacuum
polarization effects must be considered when studying the rel-
evant interaction processes.

A large number of laser—plasma interaction processes,
such as inertial confinement fusion (ICF), star surface plasma
layer, etc., usually are multi-light processes. An ideal sin-
gle laser source propagating in plasma is almost non-existent.
This makes it necessary to study the QED vacuum polariza-
tion effects induced by multiple lasers and their laser—plasma
interaction processes. When there are multiple extreme inten-
sity lasers propagating through the vacuum, the multiphoton
processes of strong-field QED such as photon—photon scatter-
ing effects become important.>~’! Most of the QED vacuum
polarization effects can be attributed to the results of these
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processes.!8! We know there is no direct interaction between
light and light propagating in a vacuum in classical electrody-
namics. However, in the overlapping area of two light beams,
interference appears due to the wave character of light; once
they leave the overlapping area, the two light beams are no
longer affected by each other and their propagation proper-
ties are unchanged. The two beams of light do not scatter in
the overlapping region, and no energy or momentum are ex-
changed. However, the existence of QED vacuum polarization
effects changes this classical description. In quantum theory,
the multiphoton processes are a nonlinear interaction with the
electron—positron pairs of vacuum fluctuations acting as an in-
termediate “media”. In contrast with the well-known Faraday
or Cotton—Mouton effect, which is essentially the (circular)
birefringence phenomenon of light under different polariza-
tion states in a material, induced by the projection of a mag-
netic field along or perpendicular the propagation direction of
the light and caused by the motion of the charged particles
in this material under the Lorentz forces of the external mag-
netic field, the process of QED vacuum polarization is a pho-
ton transferring a portion of its energy and momentum to an-
other by interacting with a virtual particle pair in the quantum
vacuum, causing scattering effects.®! This effect of extreme
intensity light does not necessarily require an additional field
and is typically nonlinear and dissipative. Research on multi-
photon processes in strong-field QED has led to some progress

(10-14] Tp current experimental con-

in theory and experiments.
ditions, the observation of these QED processes has not yet
been implemented directly.!'>] However, with the completion
of infrastructures such as Extreme Light Infrastructure (ELI),

Appollon and Shanghai Superintense Ultrafast Laser Facility
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(SULF), it is believed that there will be a breakthrough in the
near future.

On the other hand, special media such as plasmas can ef-
fectively enhance QED vacuum polarization effects. When
strong intensity lasers are injected into the plasma, plasma
fields due to the interactions between the lasers and collec-
tive effects of electrons in plasma are generated. If the in-
tensity of the incident laser is ultra-high and the number den-
sity of the plasma is large enough, the coupling effect of vac-
uum polarization and plasma fields becomes unable to be ne-
glected. Considering the effects of vacuum polarization in an
ultra-intense laser and plasma interaction is necessary. Such
research includes Lundin et al. who studied the plasma disper-

16,17

sion relation,| 1 Bu and Ji who studied the correction of the

laser pulse frequency shift,['8] and our previous paper which
investigated the correction of the nonlinear interaction.!!"]
These works show that plasmas are useful for studying QED
vacuum polarization effects. Specific to the work related to
multiple extreme intensity laser QED vacuum effects in plas-
mas, there are also Roberts’s research on x-ray free electron
laser,[?%! Shen et al.’s study of vacuum birefringence, ! and
Koga et al.’s work on the use of relativistic flying mirrors to

22] etc.

study photon—photon scattering effect observability,!

In this paper, the laser field dynamics equation including
the QED vacuum polarization in collision of laser beams is
discussed in detail. Combined with the hydrodynamic equa-
tion of a plasma, nonlinear coupled equations with QED vac-
uum correction are obtained. The corrections of vacuum polar-
ization from colliding lasers has a larger correction magnitude
and is more varied than that from the single laser source con-
dition. It also causes the laser propagation direction and the
polarization direction to produce components that are differ-
ent from the original direction. In laser—plasma interactions,
the collision process not only changes the properties of the
laser’s direction of propagation, polarization, etc. after the
overlapping region, but also causes a corresponding change in
the laser-driven plasma wave (the laser wakefield). Detecting
various changes of lasers in the plasma and the plasma waves
may provide a good solution for observing the vacuum polar-
ization effects in experiments.

2. Laser field equations with QED vacuum po-
larization in collision of laser beams

The nonlinear effects of a QED vacuum can be described
by the Heisenberg—Euler (HE) Lagrangian density. Thus, the
Lagrangian density of electromagnetic fields with nonlinear
QED vacuum polarization effects can be written as>*!

1
£:£0+6£HE_EJ”AM7

1 K
- wv %
FywF™ + 287

2 n 2
167 [4(F,UVFIJV) +7(F#VF'uv) ]

—%j” Ay, ey
where Ly is the classical electromagnetic field Lagrangian
density, and 8§ Lyg, the HE Lagrangian density, is composed
of two Lorentz invariants, F,yF*Y = 72(E2 — B2) = —4F,
FyF" = —4E - B = —4G. Here, F*V = JFAY — 9VAH
is the four-dimensional electromagnetic field tensor, FHy —
gMVATE, /2, j* is the four-dimensional current density, and
A" is the four-dimensional electric vector potential. The pa-
rameter kK = o2k /45 ﬂm‘; ¢ gives the nonlinear HE coupling,
where o = ¢?/ic ~ 1/137 is the fine-structure constant.

Using the FEuler-Lagrange equation to obtain the
Maxwell equations with the quantum vacuum effects,

Oy F"* + k0, (4FFY* +7GFVH) = 47” i, )
which is
V-E = —4nedn —47Pyqc,
(—i&,E—i—VxB) = —%env-&-‘%jvac, 3)

where 0n = n — ny is the density perturbation of electrons, ng
is the ambient plasma density, and v is the electron fluid ve-
locity. In our model, the ions are considered as stationary, so
the effect of the mass and charge of the ions is not accounted
for. Equation (3) demonstrates the vacuum polarization ef-
fects with effective vacuum “sources”, vacuum ‘“‘charge” Pyac
and vacuum “current” Jyac,

K
Puc =V _(4FE+TGB),

WL _ x _
dvie =0 (4FE+7GB) = cV x 1 (4FB~TGE). (4)

The electromagnetic field takes the Coulomb gauge V- A =0,
where A is the vector electromagnetic potential. Considering
that the electromagnetic field is composed of two lasers, we
obtain the relations V. =e; d. +V,, +e,d, +V,,; A=
A, +A +A,+A, and ® = P + Py, where P is the
scalar electromagnetic potential, laser 1 propagates along the
z1 axis direction and laser 2 along the z; axis direction. In
the case of neglecting the effects of self-focusing and diffrac-
tion of each laser beam, the propagation of these two lasers
can be described in a paraxial monochromatic model, V —
e; 0, +e,d, =e;d/dz +e;,d/dz. Considering intense
lasers with large amplitude, the transverse component of vec-
tor potentials, perpendicular to the z; axis and z, axis direction
respectively, is much larger than its longitudinal component,
Ay | <AL Arm AL =Adey ;s [A,] <AL Aa =
A, =Aey,.

In our electromagnetic field model, the initial elec-
tromagnetic potentials of laser beams can be described as
Ay(z,t) = Ay (z1,1) e and &y(z;,1) = Py (z7,1) e, where
Aj (Ay, Pyy) and ¥ = —ayt + kizy + y; are the amplitude
and phase of the electromagnetic potential of the two lasers
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(I =1,2). During the process of the laser beams propagating in
media, the beams’ amplitude and phase will be perturbed. In
the calculation of vacuum “sources” py,c and jyac from Eq. (4),
only the perturbations of their amplitude 8.4,(0A;,8P;)
and phase dy; induced by the vacuum polarization effects
need to be considered, and they are small-varying, i.e.,
10A;| < | Ay, [8w| < |yi|, (I =1,2). The electromagnetic
potentials in Eq. (4) can be written as A;[A;(z;,1), Dy (z,1)] =
[Aj, + 8 A (z,1)] e E0+3vi@n] - Therefore, in the pro-
cess of calculating the corrections of the vacuum polariza-
tion effects in Eq. (4), d.A; = idi(—ayt + kiz;) A + O(z, 1),
where O(z;,1) = 19;,(8w)A; + 9i(8A;)e'H+d¥) s the

higher-order derivative. =~ Only the first-order derivative

Q

is needed to obtain approximate relations (d;A;)(djA;)
(di9jANAL, (9iPr)(0Pr) ~ (9:0;P1) Py, (diA1)(d;Pr)
(0id;A) D, =~ (0:0;P)A; ~ (0;Py)(djA;), where i,j =
t,z;, I = 1,2; and 3[1A1/(9,'2A2 ~ ADAA, 8,-21A1/c9i§A2
AD?AA, 0, P[0, Py ~ ADAA, O} D1/ Py ~ ABAA,
where AW ~ @;/wy, AA = Ay,/Ay,, i =t,z. For laser 1,
the base vector representing the direction of its wave vector

Q

2

can be written as e;, = o01e;, +pi1e |, +q1e; X e,, and the
base vector representing the direction of its vector potential
can also be written as e, = 0e;, + pre |, +qre;, X €4,
o} +pr+q =1, 0i0j+pipj+qq; =0, i,j = 1,2. The
relations 0y = e, €, p1 =€; -€1,, 00 =€, "€y, pp =
e, - e, are the angle cosines between wave vectors and the
vector potential of the two lasers. It is assumed that the fre-
quency of laser 1 is much higher than that of laser 2 to obey the
following relations, A@ > 1, A@WAA > 1, so that the effects of
laser 2 on laser 1 can be neglected. Therefore, we only need to
calculate the wave equation of laser 2 during the propagation
process. In the following calculation, the lower corner “2” can
be omitted, Ay ~ A, &) ~ D, 75 ~z, 1o~ 1, ny ~ n. Consid-
ering that the HE coupling coefficient k is very small (x about
10732 cm-s?-g71), in the case of the laser field being much
smaller than the critical field E;, the correction of vacuum
polarization expressed in the form of vacuum “sources” can
be written as the perturbation in terms of x, and the high-order
terms of k can be omitted. The vacuum “sources” of laser 2
from Eq. (4) can be expanded into

Pvac = ﬁvaco + 0 Pyac + 6ﬁvacGa
3vac ~ 5Vaco + Sjvac + 55vacGa &)

where Pyac = (e / mecz) Pvac 18 the normalized vacuum charge
and Jyac = (€/mec?) jyac is the normalized vacuum current,

ﬁvaco = _67(@211(%(4717)F05ﬁ,
5[3\,35 = —21(62}’1%(4717)(171 +F201)5ﬁ
+2K62n%(47r)F2p]ﬁﬁZ%,

R a
OPvacg = 7Kezn%(47r)Gq1 5n$,

5vaco = 6KC€2”(2] (47T)F0ﬁ(.Bzez + ﬁlel)a
8Jvac = 2Kce’n3(47)(F, + F2)i(B.e. + Bre.)

—2K‘ce2n(2)(47r)F26fz% (pre-+(1—o1)e.],
63vaCG = —7K‘C€2n(2)(4ﬂ')G{3ﬁ(qleJ_ —p1ez X eJ_)

+aBglgrest (1-one:xel]}, ©)
and the coefficients F, F> in Eq. (6) are
Fi ~ AD*AA*Fy + 26F,
Fy ~ AW (2AD>AA*Fy + 6F). @)
Here,
Fy~ 8 —Af, a,

2
OF ~ ZA(D'AA{(SYAZ {01(]) + (p2 — pro1 +p102)L;:|

—i[(p1+02)B.+ p2Bi] a},
G~ —AwAA{Sﬁ g1+ (P1g2 — P2g1)]

—ﬁ[CI2+(61102—61201)]ﬁz%}a7 (8)

where ¢ = (e/mc*)® and a = (e/mc?)A are the normalized
scalar and vector electromagnetic potentials, 674 = én/ng, i =
n/ng, B. =vi/c, B, =v;/c. New components of the wave
vector 0kg, along the direction of gje; — pje; X e, and
new components of vector potential § Ag, along ¢gje; + (1 —
o1)e; x e, produced by one of the vacuum “sources” 0 pPyacg
and & fvacG are in a different direction from their original k,
along the z axis, and A, along the | axis. If we only focus
on the variations of field equations along the original k and A
direction of laser 2, we can neglect the influence of & Pyac and
5ivaCG, i.e., assume G — 0, 8 Pyac; = 0 and 5jvaCG ~ 0. Ignor-
ing the new components kg and 0 Ag in the wave equations,
Eq. (3) can approximate the wave equations with the vacuum
polarization effects describing laser 2. Its expressions are

029 = k25 — 2Kke*ng(41)
a
X [(3170 +Fi + F201) 00 — FZPlﬁBz(P] ;
1
~0,0.¢ = —knP. + 2ke’nj(47)
C

¢

1
(9% — C—Zaf)a = kAP, —2ke’nj(4m)?

X {(3Fo +h +Fz)ﬁﬁzF2P15ﬁa} ;

X {(3F0 +F —i—Fz)ﬁﬁL —Fz(l —01)5ﬁ;:| , 9

where k = @7 /¢* = 4me?ng/mc? is the plasma wave num-
ber.
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3. Response of multi-light vacuum polarization
in nonlinear intense laser field—plasma inter-
actions

A new nonlinear coupling model of colliding extreme in-
tensity lasers is given via combining the intense laser—plasma
interaction theory with the wave equations including the quan-
tum vacuum effects. The plasma wave (laser wakefield) gener-
ated by the laser in the plasma is described by the multicompo-
nent fluid plasma model. The hydrodynamic equations consist
of a continuity equation and a momentum equation,

on+V-(nv) =0,
8,p+(v-V)p:—e(E+§><B),

where p = mwv?y is the electron momentum, y = (1 — 8%)~1/2

and 8 = v/c is the relativistic factor. The laser-induced
plasma waves described by the wave equation (9) are also valid
under the near-axis approximation. The movement of free
electrons in the plasma wave can be decomposed into trans-
verse rapid quiver motion and longitudinal drift motion, 3 =
Biey + B.e;. Hence, the momentum equation is divided into
two components, transverse and longitudinal. The transverse
part of the momentum equation, %(Z(yﬁ 1)+ B0 (vBL) =
19,a+ B.(d.a), can easily be obtained in terms of the nor-
malized vector potential a = yB, and the relativistic factor
Y =(0-p2-B})"'=(14+4*)/(1—p2). When the in-
tensity of the injected laser is far beyond a certain value (for a
1 um wavelength laser this value is 10'® W/cm?), i.e., a > 1,
the electrons in the laser wakefield become relativistic. The
relation between the longitudinal drift velocity and the trans-
verse quiver velocity of electrons in the laser wakefield is
B1 < B; ~ 1. With conversion to speed of light coordinates,
& = z—ct, T =1, the hydrodynamic equation describing the
plasma wave can be written as

9un = 2¢[(n(1 B,

1
a&h’(l_ﬁz)_d’] :_Eaf(')/ﬁz)- (10)
The dynamic equations of the laser, Eq. (9), are rewritten as

029 = ky i — 2ke’n(4m)’
X {(3F0+F1 +F201)5ﬁ—F2p1ﬁ[3z;] ,
(ia5 07 — ag) ¢ = —k3A. +2Ke’nj(4m)°
X [(3F0+F1 +F2)ﬁﬁz—F2p15ﬁg] ;
2 1 2 Zﬁ 2.2 2
(caé ar — Cza,r> a = kp’)*/a —2Ke n0(4ﬂ,’)

X |:(3F0+F1 —‘er)l’Al?/a—Fz(l —01)5ﬁ;l:| . (11)

Assuming the laser frequency is much higher than the
plasma frequency, @ > ®,, one has a quasistatic approxima-
tion, |10; [ndE'| < no. [10; [2(¥B.)dE'| < 1, so that the
hydrodynamic equation (10) can be further written as

1] 1+42
o= |rer 1)
1+a®—(1+9¢)?
SRR
1+d+(1+9)?
o 2(1+9)
Thus, the coupled field equation (11) can be simplified as

12)

k2 1442
929 = 2 (1= Thacy — Mhacy) {(1+¢)2 - 1} , (3
1 ke 1+a?
;agarfp = ?Tlvacz {(1"‘?))2 - 1] ) (13b)
2a P 182 2 a
Z é ‘;*sz T a:kp(lfnvacofnvaq)m; (13C)

with

MNvacy = A3n03F0,

Nvac, =A’ng I:Fl +F (0 _Plg)} )
MNvac, :A3n0F2(1 —o01),
2
A3 - “—(2“7’)‘75”
Nvac; = A™ng {F1+F2 [1 (1—-o01) 2(1+0)0 , (14)

where the coefficients Fi, F, are still represented by Eq. (7).
Note that

_ (@+9H)(2+9)
L TG R

2
a
OF = A(DAA{ [01¢ —(p1+o02)a+ (p2— p2o1 +p102)¢]
y { 1+a’ 1] 24? }
(02 | "ito S
A3 = (8/45)a* A3 ~ 5.45 x 10737 cm® is the coupling coeffi-
cient of vacuum polarization. In Eq. (14), Tvacy» Mvac,» Mvac, >

and 7)yac, are the correction rates of QED vacuum polariza-
tion effects. If there is no contribution of vacuum polarization
effects, i.e., Fo ~ F1 ~ Fp — 0, and TMyacy ~ Mvac; ~ Mvac, ~
TNvac; ~ 0, Eq. (13) are reduced to the classical nonlinear equa-
tions. If there is only a single laser source, i.e., F| ~ F, — 0,
and Myac; ~ Mvac, ~ Mvac; ~ 0, equation (13) is reduced to the
form without collision corrections which is given in Ref. [19].

4. Discussion and conclusion

In this paper, a new nonlinear paraxial monochromatic
coupling model is given, which can deal with the contribution
of multi-light vacuum polarization effects in a intense laser—
plasma interaction. This model allows us to study the physical
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conditions of multi-beam ultra-intense laser propagation in a
laser—plasma environment.

The HE correction rate, Myac, = A3n03F0, corresponds
to the modification of the coupled field caused by the vac-
uum “sources” Pyac, and 3vac0 in Eq. (5), which are gen-
erated from the extremely high intensity of the laser it-
self. Assuming the nonlinear condition, i.e., the amplitude
of the normalized vector potential a% > 1, then [y in Nygc,
is about |Fy|max ~ a3. It is easy to obtain the relation be-
tween g, the laser intensity I and the laser wavelength A
as npa3 ~ 7.3 x 10~ ng[A (em)]?1 (W/em?) =7.3 x 107!
n(me?e*)(wp/ @)1 (W /em?) = 816(w,/ @)1 (W/cm?).124]
In the case that (op/ o ~ 0.1, the incident laser intensity
reaches I ~ 10> W/cm?, and plasma number density g ~
10* cm3,

Tvacy,,, = A’noa§ can reach 10711,

then ap ~ 10, and the correction parameter

The collision correction rates, Tvac, » Mvac, > and Nyac,, COI-
respond to the influence of the QED vacuum polarization ef-
fects of the two colliding lasers in the laser—plasma interaction
system, due to the modifications of the coupled field caused by
the vacuum “sources” 8Pyac and 8Jyac in Eq. (5), which add
their value if the lasers collide in the quantum vacuum. These
correction rates, Myac,» Tvacy» and Tyac;, consist of Fy, F>. Un-
der the nonlinear condition (ag > 1), from Eq. (7), the relation
between these two coefficients is F5 ~ A@WF|. Fi, F> is com-
posed of Fy, 6F, where 6 F depends on the angle between the
two laser propagation directions.

When the directions of the two laser beam propa-
gations (wave vector directions) are the same, then we
At this point, OF =

have o = 1, p1 = 0, = 0.

=
e

nvaclmax (1046)

AZDAA{(]) [(}igjz - 1} — } In particular, if the po-
larization directions (vector potential directions) of the two
lasers are also the same, i.e., p, = 1, then 6F = 2AWAAF.
The corresponding parameter |SF |max ~ A@AAa3. Thus there
are Myac, ~ Mvac; = A n0(1 +AB)Fy, Nyac, ~ 0. We assume
AD ~ 10, AA ~ 1, then Nya, = A’noagAmAA?. In the case
of ag ~ 10, Tvac,,,,, can reach 1078,

When the directions of the two laser beam propagations
are orthogonal, and the polarization direction of laser 1 is
parallel to the direction of e, X e, then 01 = 0y = pr =
0, p1 = +1. At this point, F = AGAA - Fa [(}jg; — 1]
The corresponding parameter |SF|max ~ ABWAAa]. Thus
there are Nya, = A3noFi(1 :FAG%), Nvac, = A3ngABF,,
Tvac; = AnoFi[1 + AB (39> +4¢ —a?) /2(1+ ¢)9]. We as-
sume A@ ~ 10, AA ~ 1, then Nyae, = A’no(afAD*AA® +
ayABAA)ADag, Nyac,, = A’no(afAD?AA? + a] ABAA) A,
Mvacs,,, = A’10(aGAD*AA® + aJADAA)ADaj. In the case of
agp ~ 10, Mvacy,,,, can reach 1077, Mvac,,,,, €an reach 1078, and

Tvacs,,,, can reach 1079,
When the directions of the two laser propagations are
opposite, then o; = —|pa| = —1, p; =0, = 0. At this

point, SF = ABA{(—0+2p2 %) [0, — 1] - po 25 ).
The corresponding parameter |8F|max ~ ADAAag. At this
point, Nvac; = —A3n0A05F1, MNvac, = 2A3n0AG)'F1, MNvac; =
A3ng[ABF (2¢% +3¢0 —a®) /(1 +¢)d]. We assume AD ~
10, AA ~ 1, then Nyae,  ~ Myac, . = A’no(afAD*AA* +
AGATAA)AD, Nyacy, = Ano(afAD*AA® + ajABAA)ADaf.
In the case of ag ~ 10, the parameter Mvacy,, ™~ Tvacy,,, €an

reach 10~7 magnitude, and Nyy,,  can reach 1072,

Fig. 1. Magnitudes of collision correction rates (a) Mvac 0 (b) Mvacoa » and (¢) Tvacs,,,, Versus angle cosines of the two lasers o1, 0, for p; >0, g1 =0,

A® ~ 10, A4 ~ 1,1 =10 W/cm?, ng = 10** cm > and @, /@ =0.1.

According to the above discussions, we found that com-
pared with 7)y,c,, the collision correction rates Nyac, , Nvac, and
Tvac, are significantly larger in magnitude. Especially note-
worthy is the existence of 7)yac, and Eq. (13b); new effects of
the quantum vacuum appear in the coupled field along the di-
rection of the laser and its wakefield propagation. These do
not exist in the classical equations or the one only consider-
ing the quantum vacuum effect of a single laser beam. More-
over, figure 1 shows that by changing the incident angle and

the polarization direction of the two lasers, the corresponding
magnitude of the collision correction rates also changes. It is
possible to effectively enhance the magnitude of Tyac,, Mvac,
and 7y,c, in the laser—plasma interaction system by increasing
the intensity of the incident lasers or the frequency difference
between the two lasers, or the number density of the plasma.
The results indicate that as well as a higher intensity of lasers,
a higher number density of free electrons and ions in a plasma
also helps the virtual particle pairs by quantum fluctuations to
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transfer energy and momentum between multiple colliding in-
tense lasers. For example, for the electron number density of
plasma ny, in future ICF experiments, ngy ~ 1025 cm~3, and in
the regime of astrophysics, ng ~ 10°° cm~3 in compact objects
such as dwarfs. In these multi-light physical environments, the
effect of vacuum polarization is quite significant. These are all
shown in Figs. 2—4.

10° \ :

Thacg,,

o nvaclmdx
nvaczm - - 7]
10_5' """ nvaciimax /// 1

S
10710} 1
1024 10‘25 10‘26 1027
I (W/cm?)

Fig. 2. Magnitudes of vacuum polarization effect correction rates
Mvacoygy » MV » Mvacy, > and Mvacs,, in different laser intensity 7
foroj =0y =pr =0, py =1,A0 ~ 10, AA ~ 1, ny = 10** cm 3 and
®,/®=0.1.

10~
0% e -
....... —_— -
‘‘‘‘‘‘‘ _ -
1078 _ —— ]
|
10-10} ]
nvacomax
—~12 - = nvacl
1012 max  {
nvac?max
wb hacy,,,.
10 1022 1023 1024 1025
ng (cm™3)

Fig. 3. Magnitudes of vacuum polarization effect correction rates
MVacoyy, » TVacy > MVacy,,, » a0 Tvacy in different plasma density
nyg for o =0y =p2 =0, py =1, Aa5~10, AA ~ 1, ay ~ 10 and
1=10% W/cm?.

102 | | | | | ‘ ‘ ‘ ‘
1074r .................... S i
: PR -
10-6f -~ |
W /
/ - ,r]vacomnx
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Fig. 4. Magnitudes of vacuum polarization effect correction rates
MVacoay * TVaCt a0y » TVaCo a2 and Tvacs,,,, Versus frequency ratios of the
two laser A@ foro; =0, = pr =0, p; =1,AA~ 1,1 =10% W/cmz,
np =10 cm™ and @,/ =0.1.

On the other hand, due to the multi-light vacuum po-
larization effects, some scattered photons are generated with
different directions from the lasers’ original propagation di-
rection and polarization direction. Some of them induce
the vacuum “sources” Opyac,; and & j'vacG to modify the cou-
pled field. Comparing 8Pyac; and O 3vaCG with other kinds
of vacuum “sources” 8Py, and Sj'vac in Eq. (6), and com-
paring the corresponding coefficient G with Fy and 6F in
Eq. (8), we can estimate the approximate magnitude range of
the correction rate Myac; caused by 6Pyac; and & 3vaCG is about
A3n0agAa)'AA < Mvacg < A3n0a(5)Aa)'AA. Assuming the same
parameters as before, A@ ~ 10, AA ~ 1, ap ~ 10, we obtain
1077 < Mvacg < 109, The existence of these kinds of scattered
photons also causes the wave vector k of the laser to produce
a component along the direction of g1e| — pie, x e, differ-
ent from its original propagation direction along the z axis,
and the vector potential A of the laser to produce a compo-
nent along the direction of gje; + (1 —o1)e; x e, , different
from its original polarization direction along the L axis. Fur-
ther detailed analysis of this kind of correction requires three-
dimensional nonlinear laser—plasma interaction theory. The
propagation of the scattered photons in the plasma can further
cause secondary effects. These may also be observed in state-
of-the-art experiments of QED quantum vacuum polarization
effects.
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