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THREE-PHOTON VERTEX IN DENSE FERMIONIC MEDIUM
WITH STRONG FIELD

Investigation of the properties of the tensor three-photon vertex in the presence of strong fields
and dense medium is accomplished in this article. Calculations of the tensor function in a general form
and its exact value for the case of strong-field approximation and a small effective fermion mass are
performed. Also, an exact calculation is made for the spectrum of photon scattering into longitudinal
and transverse modes in the case of orthogonal momentum of the initial photon and field lines of the
external field. The calculations are carried out with using the perturbation theory approach — the
tensor function is represented as a sum of Feynman diagrams in the first order of perturbation theory.
The processes of photon scattering in external fields corresponding to certain elements of the vertex
function are considered. Both elastic photon scattering in magnetic field caused by the presence of a
chemical potential of the medium and photon splitting into longitudinal and transverse components
caused by the joint effect of the presence of the chemical potential and a strong magnetic field are
studied in detail.
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IIpoBoauTbest AOCTIIAKEHHS BJIACTUBOCTEH TeH30pa TPbOX(OTOHHOI BepPIIMHHU B NPHCYTHOCTI
CHJIBHHUX MNOJIB i rycroro cepeaopuina. BukoHyeTbesi 004nCIeHHsI TeH30PHOI (YHKUII B 3arajabHOMY
BUIJIAAI Ta PO3PaxXyHOK TOYHMX ii 3HaYeHb M/ BHNAAKY HAOIMKeHHs CHJIBHOIO NOJSA Ta MaJoi
edexTuBHOI Macu ¢epmiona. Takoxk NPOBOAUTHCS TOUHUI PO3PAXYHOK CIeKTPa po3ciloBaHHs (POTOHIB
HA MO3/I0BKHIO TA MONepPeYHy MOIH /ISl BUNMAAKY OPTOrOHAJBHOCTI iMITyJIbCy MOYATKOBOro ()OTOHA if
CHJIOBHUX JIiHili 30BHiIHBOro mosas. O04YMciIeHHS] NPOBOAATHLCS 3 BHKOPHCTAHHAM MiaXoay Teopii
30ypeHb — TeH30pHAa (YyHKLis NpeAcTaBjleHa sIK cyMa (eliHMaHiBCLKUX AiarpaM nepiioro mopsiaky
Teopii 30ypenn. Po3rusinyTo Ti mponecu poscioBanHsi GpoToHiB y 30BHiMIHIX moJAX, siki BianoBigawoTh
TIeBHUM eJleMeHTaM BepIIMHHOI (yHKuii. [leTaabHO A0CTifKeHI sIK NPYXKHe PO3CIsIHHA B MarHiTHOMY
NoJli, BUKJIMKAHe HASIBHICTIO XiMiYHOI0 MoTeHUiany cepeoBHIIA, TAK i PO3IUENJICHHS HA MO3A0BKHIO i
nonepeyHy KOMIOHEHTH, BHKJIUKAaHe e(eKkToM CHiJILHOI NMPHUCYTHOCTI XiMiYHOro mMOTeHUiady Ta
CHJIBHOTO MAarHiTHOIO IMOJIS.

KirouoBi cioBa: Tppox(OTOHHA BeplinMHA, BepIIMHHA (YHKI[sS, TycTe cepenoBuine, (OTOHH B
CEePEIOBHIL, HOPYILIEHHS C-TIAPHOCTI.

IIpoBoauTes uccae0BaHue CBOHCTB TeH30pa TPEX(POTOHHOI BepIIMHBI B IPHCYTCTBHU CHIBHbBIX
moJieii M NJIOTHOMH cpelbl. BeimonHsieTcsi BbIYMc/IeHHe TeH30pHOH GyHKIMH B 001IeM BUAEe M PacyéT
TOYHBIX €€ 3HA4YeHMii AJs caydass NPUOIMIKeHHMs] CHJIBHOIO moJjs U Manoii 3((peKTHBHON Macchl
¢epmuona. Takike npou3BoaMTCSl PacyéT cHekTpa paccessHHsi (OTOHOB HAa NPOJOIBHYI0 H
nonepeyHy MOJbI VISl CJIy4ast OPTOrOHAJbLHOCTH HMIIY/1bCA HAYAJILHOI0 (pOTOHA M CHIIOBBIX JIMHMI
BHEUIHET0 MOJsl. BbIYuCIEHHs] NMPOBOJSTCH € MCIOJAb30BAHHEM IOAXO0JA TEOPHMHM BO3MYUICHMH —
TEeH30pHas (PYHKIHUS NpeJCTaBIeHa KaK CyMMa (PeiHMAHOBCKHMX AHATPAMM IIEPBOro IMOPSIAKA TEOPHH
BO3MylIeHni. Paccmorpennsl Te mpomecchl paccesiHdsi (JOTOHOB BO BHEIIHHX MOJISIX, KOTOpPbIe
COOTBETCTBYIOT ONPEAeJIEHHBIM JJIEMEHTAM BepIIMHHONH (yHKuuH. JleTajibHO MCC/IeI0BaHbI KaK
ynpyroe paccesinme B MArHHTHOM I110JI¢, BbI3BAHHOE HAJTUYHEM XMMHYECKOr0 MOTEHNMAIA CPelbl, TAK
H paculeijieHue Ha NPOAOJLHYI0 H IONEepeYHYI0 KOMIIOHEHTHI, BbI3BaHHOe (P deKToOM COBMECTHOI0
NPHCYTCTBHSA XHMHYECKOr0 NOTEHIHAJIA ¥ CHJIBHOI0 MATHHTHOIO IOJIsL.

KnioueBble c10Ba: TpEX(POTOHHAS BEPIINHA, BEPIIUHHAS (DYHKIHS, ITIOTHAs cpela, GOTOHBI B Cpee,
HapylIeHHE C-4ETHOCTH.
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1. Introduction

The problem of describing the behavior of free photons and electromagnetic fields in
dense fermionic medium is still relevant today, especially when it comes to processes in
strong fields. The presence of a medium causes a violation of c-parity, which in turn leads
to the possible existence of multiphoton vertices with an odd number of external photon
lines.

Investigation of real nonlinear processes in dense medium frequently faces the
problem of medium "purity" since there are powerful magnetic fields — up to 10"> T — and
spontaneous creation of chromomagnetic field can occur in the medium during its
creation, in addition to chemical potential.

To consider such cases, we must calculate the vertex function generated by the
presence of strong fields in a dense medium. However, namely the set of factors
operating in the medium can give the most clear "signals" of medium creation and allow
investigating its properties.

In this paper a three-photon vertex in a dense medium and in the presence of strong
fields is studied. With this aim in view, the tensor corresponding to the three-photon
vertex is considered with using the perturbation theory, i.e. as a sum of three-photon
vertex in a medium and three four-photon vertexes with added external field lines. For
special cases, the exact expressions of the corresponding nonzero tensor components are
given.

2. Tensor of three-photon vertex in dense medium

The goal of this section is getting the nonzero tensor components of three-photon
vertex in a medium that exists for the case of one-loop approximation at rest for zero
temperature. Under these conditions the tensor is defined by the following integral

3
[4

2y’

I, (kK K =3(k+K +K )—— [dp* (y, G(p+ k), G(p—K )y, G(p) +

ey
+1,G(p)y,G(p+k)y,G(p—k))

1, v, and y are indices that run values from one to four, and G(p)is an electron Green's

function
—ip+m
Gp)=—7—% )
p +m
recorded in the Euclidean metric, i.€.
p,-p=123
D= . 3
pytinp=4

p — chemical potential of medium vy  — Dirac matrices.

Exact expressions for static fields [3] are obtained in calculations of the integral (1) when
k, =0. The form of vertex functions is greatly simplified in this case and the only
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nonzero tensor components are //,,, and I/, which, in the case of small momenta
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the following asymptotic behavior:
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where B, is an angle between the vectors k' and k", cos(a,;) — direction cosines of

1 . . .
the vector k q,, — random integers that satisfy the equality g, +q;+¢q, =2,

O(n® —m?) — Heaviside function.

M @
In the case of large momenta —,— >>1 in the symmetric limit, the tensor
a a
components are as follow:
(1)
gt k
1,=0(—) H4ij=0( P ) . (5)
a

This result shows that approximation of large momenta, and, as a result, short
distances or strong fields, the medium becomes asymptotically transparent, and its effect
on the properties of photons with a great momentum is small. This is because the value of
the vertex function is linearly proportional to the chemical potential, which in the case of
large momentum is a small parameter.

3. Three-photon tensor in long-wave approximation
For low frequency photons, and therefore small values of K . » while using the linear
approximation, the tensor splits into three group of summands, whereby the coefficient
multipliers at them have the values H,, H,, H, [5], presented in Appendix.
Using these approximate values of the factors, we find the expressions for the
elements of the tensor F,, that is associated with [, by the

equation 1, = 2(e/27t)3 [d’pF,
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Having the exact expression for static fields, we can consider its contribution, and
then we can calculate those terms containing K, in the first degree

F stat. +

444

=F

444
KR+ (e
Re H, [(83 —pk" + ZSf)kil) + (233 —pk? —k"k® + 812 )kf) J n (6)

H, [ (e) —pk" +&2) k)" +(26) —pk” —K "k +2¢2 ) k" |

In the case of F, we take into account that i #4, j#4,i.e. 6,,=0,, =0, and the used

approach is defined as k{“k{” =O(k,),a,be 1,2, so the tensor element is simplified

significantly.
Similarly, we perform the conversion to other elements of the tensor, taking into

account that in the static case F,,;" =F," =0 and the expression for F, Fj,, which
are present in an explicit form in Appendix.

The found value of tensor components indicates that the process of creation of real
photons occurs only in varying fields, as appropriate tensor components has only the
dynamic part. At the same time, the assumption of long-wave photons allows only
magnetic field fission into real photons.

In the case of a real photon scattering in a magnetic field in the considered
approximation, we can calculate explicitly the final expression for the effective cross-
section

k'K, (ku“) +ku(2)) ~—Imk,"Vk*[2(1+ cosy)( cosa+cos B)X

n,(g,)—n,(g))
><21'[2p00305+k][—2pcos,[5’+k]
v n,(e)—n,(g) N n,(g,)—n,(g,)
2i[2pcosa—k][-2p(cos B+cosa)]  2i[2pcos S —k][-2p(cos B+ cos)]

p + (k(1+cos y)+ p(cosa + cos ) x (7)

where cosy is the cosine of the angle between the vectors and cosa, cosP — of the angles
between the vector p and k; and k, . correspondingly. With the general form of the
expression, it implies that photon scattering cross section in a magnetic field is
proportional to the photon wave vector in the second degree.

4. Three-photon vertex in a dense medium and strong fields
We can consider influence of the presence of a strong field in a medium, using the
perturbation theory in one-loop approximation. As the addition to the "naked" three-

photon diagram, we take three four-photon vertexes, each of which, in addition to three
external photon lines, has a line of field interaction with fermions in the
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loops.

- + +

1
1
L]

[
I
I

I

Fig. 1. The sum of Feynman diagrams of the first order of perturbation theory

Solid straight lines is the external photons, solid circle is the loop of fermions in the medium with the
chemical potential, the dashed lines is the line of the external field interaction with fermions in the loop

General expression for the tensor 1T, (k,k’,k”) three-photon vertex for this case is

presented in Appendix.
Investigating this expression, we can calculate the cross section of photon decay as
an exact solution using the approach of a strong field and a small effective mass:

|u2—m2| << (ky sine)2 << eB (8)

where ® is an angle between the direction of the initial photon momentum and the

magnetic field lines.
For the used approach, cross section of photon splitting into transverse and

longitudinal mod, will have the form of this precise equation:
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In the same approximation, the spectrum of the scattered photons can be calculated for

the case when the initial photon momentum is orthogonal to the field

dwy_ .y, 0(3\/(0)—(0')2 —4(u2 —mz)

do’ 2@5+J@quY—4@2—mﬂj

(10)

where ® and o' are energy of photons — initial and scattered, longitudinal mode,
accordingly.
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The presence of the chemical potential allows using the approach mentioned above
for the case of low-energy photons and, therefore, the moderate values of the field in the
medium.

5. Discussions

At the real dense medium creation, the strong fields will appear inside it; the
presence of them can significantly distort the effects arising from the availability of the
chemical potential in a "pure" medium, so we need to consider impact of additional
factors.

At the same time, the consideration of effects, which are generated by a combination
of strong fields and chemical potential, will help to describe some new processes that can
occur in real-dense medium.

One of these processes is the process of splitting photons into the transverse and
longitudinal mode in an interaction with magnetized medium. Thus, the presence of
significant chemical potential in the medium allows to observe noticeable splitting even
for low photon energies and not over-critical fields.

APPENDIX

Here we list expressions for the multipliers to three groups of summands in the
vertex tensor

n,(e))—n,(g,)
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Below we give expressions for the elements of the tensor function
Hae, | (K +2p, )=k )i+ (k" +2p, )k |+
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Here we give the general view of the tensor function for the case of using the
perturbation theory
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