B3anmoaencrByronme moJjsi: CKaJIsApHas 3JIeKTPOAUHAMUAKA

1 * *
[LA - _ZFMVF“V J [ L¢ = (8I~b¢) (8M¢) T m2¢ Qb}
1 . oo 1
Au(z) = Au(x) + Ec‘?“oz(x) ¢(z) = e*%@(z), o (x) = e Yo" (x)
NNokanbHaa U(1) vHBapuaHTHOCTb mob6anbHasa U(1) MHBapMaHTHOCTL

@ KoHuenuua kannbpoBOYHOW UHBAPWUAHTHOCTU: NEPENTN OT OOLIYHOMN
NPOV3BOAHOW CKanApHOro nona J,¢ K koeapuaHmHOU NpPou3eodHoU

D¢ =0,¢ —ieA,p — €@ D ¢

& KannbpoBoYHO-UHBapUaHTHbLIN NarpaH)XxuaH:

L= _%FMVFNV + (Dug)" (D ¢) —m*¢*¢

" Fuy =ej”, j”=—il¢° D¢ — (D"¢)"¢]
@ YpaBHeHuMA Nons: 0
D, D¢ +m“¢p=0

@ 3apava: npogepumsn, Umo MoK j, COXPAHAEMCA



@ 3apaua: nokazame, umo |D,,D,|¢ = (D,D, — D,D,)¢ = ieF,,¢

@ CoxpaHALWMUNCA HETePOBCKUN 3apaa,.:

Q= / B jo = i / Bz {(o87)d — 6" (009) + 2ieAod* §)

@ [lenctBmue cKansapHoOun anekrpoaMHaMmuku B kannoposke JlopeHua (EBknup):

S[A, ¢, $*] = /d4a: % {A“ ld,u,D + (l — 1) a“a"] A” +¢* (0 + m2)¢}

a

{ ‘|—/d4a; {ieA”(gb*(auqb) — (8,0")9) + 62Ai|¢|2}]<_ L.

@ YpaBHenusi noJjs (kaanopopka Meiimana): (—83 + m2) (x) = Js(z); OAu(z) = J;"(z)

® ®aykryauun nodeii nax Bakyymom: ¢ = 80 +dp, 4, = AD +da, ¢© = AD = const
@ CBoboaHbIn npousBoaawmn pyHKUMOHanN :
ZolJg, Js, J."] = /DAD¢*D¢6 S[A,¢* ¢+ T p+¢* Jo+ T A _

Ne [fdted*z' T} (2" )G(z—a') Js (2)+ 5 TS G (w—a' ) TS | _ Nele xGJs+ I T *G uy*J™




@ MonHbin nponsBoAALWMNA PYHKLMOHAN :

Zi I}, Js, JE™] = / DAD¢*Dé Z [e— ) d4w{z‘eAu<¢*(@qﬁ)—(am*>¢)+62Ail¢lz}}

MeToa: nepTypbaTtuBHOE pa3noxeHue No KanmdopoBOYHON KOHCTaAHTe CBA3M €.

exp { / d*z ie A" [(¢* (0u0) — ((%cb*)cb)]} x exp{—€e’ A |¢|"} =

(Z e /d4a:1 iz Au(z1) [0 (21) (Bud(z1)) — (8u9™ (1)) B(z1)] - . -
A () O(n)) — (0,6 ()0 )
X <Z en_? /d4:c1 .dizy, Az(xl)qb*(a:l)qb(a:l) e Ai(xn)cb* (xn)qb(:cn)) 2

% (1+ie [ d's (4,000 @)OS) - O @] +..}) (1+¢ [ s £@Is@P +. )}

3amevaHue: @ nep8oM rnopsioka rno e:

e~ d'oliedn (8" Oud)~@utNTE A} 14 / d'c {A,(x)[¢" (2)(0u$(2)) — (Bus" ())$(@)]+. . }



@ MNpeobpaszoBaHue dyphne:

ie [ ' {4,(0)i¢" (@) 0u0(@)— (0,8" @)0(a)] =
— _€/d4 / /d4k1/ d4k2 N(k k1)¢(k2)(ku kf)eiw(k+k2_k1)) _

N _e/ /d4k1/ T A, (k)p* (k1) p(ke) (K — kT)O(k + k2 — k1) =

_ . / d'ky / DH2 1 by = ko)™ (k)b (k) (2 — B
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@ 80 emopom nopsidka o e: p+k

ko — k1 — k3
e k k

k3

pacCeiaHunc OJHOIICTJICBAA ITIOIIPABKA K IIPOITIAratopy (bOTOHa




@ 860 emopoM nopsidka rno e:

A u(@)e" (x)d(x) = 6Jem(x) Jerr(E (@) 6J6(a:) 5T

- (ef d*z’ Au(z')Ju(a)+¢* (') e (@) +J2 () (' ))

VAVAVAVA
k k

J=0

AHHUTUJIAIMS B 2 (poTOHA

OJIHOTIETJICBAs MOMpPaBKa K mpornaratopy GoToHa

3apava: BblYMcnuTe Bknaa <<pbl6bl>> n <

k k

<fOJ1OBaCTUKa» B

doOTOHHLIN nponaraTtop (nonspusaumsa Bakyyma):
Gu (k) = NN+ + YAVAVAVA

i v B




9 ...Uu ewe o0Ha QuazpamMma 8bicwe20 nopsioka:.

2e? 2¢e? ronpaska K BepLunHe o™

=> 0 SchheKTUBHLIA NOTEHUNAN TeopUKn AP* BKNIOHAET NoNpaBku ~ c*

© flecteue (EBKnua): [S T / d'z {%Fﬁy + (D) (Dud) + m*(¢*¢) + % (6" ¢)2H

Dyp = 0up —ieA,d

@ MNpoussoaawmn pyHKUnOHanN: {Z = / DAD¢* D¢ [0, A,] det (_D)G—S[A,d)*,d)] }




@ ...Uu ewe mpu duazpaMmMbi ebicwe20 nopsioka o0s1s1 homMoOHo8:

Folgerungen a2 dir Diracechen Theerie des Poslicons.

Fon W IbHa Ty

Tukr i LeEpain

Paccesinue cBeTa Ha cBeTe
H.Euler & W.Heisenberg
1936 £ Lygn, [ afa iy bidl = TR

. we wardm o o

mklulen § i i B

K gl Hrsehop ey Uompgy

¢ [ i ""._.I.lr' oL
k. —_ O k2 _ O + | £ -I:-|_'- .&.i
Z - 92 /i/ - I-E_'_l '\..::l.l.l |I-.|‘ r -rl
. Tu T N Krlliasha Paldatiiis®

(

@ OhheKTUBHLIN NarpaHXmnaH CKanApPHOn
3NeKTPOANHAMUKM BKNIOMAET HeNMWHEeWHbIe NoNpPaBKu:

Lejs = L(E?2 — B2) + 2, [(E* - B2+ 7(E-B)?] +...

45m4
Bubble
ARTICLES

PUBLISHED ONLINE: 14 AUGUST 2017 | DOI: 10.1038/NPHYS4208
Evidence for light-by-light scattering in heavy-ion
ATLAS Collaboration®
Light-by-light scattering (yy — y») is a quantum-mechanical process that is forbidden in the classical theory of
electrodynamics. This reaction is accessible at the Large Hadron Collider thanks to the large electromagnetic field strengths
generated by ultra-relati ic colliding lead ions. Using 480 ub~' of lead-lead collision data recorded at a centre-of-mass
energy per nucleon pair of 5.02 TeV by the ATLAS detector, here we report evidence for light-by-light scattering. A total of 13
candidate events were observed with an expected background of 2.6 = 0.7 events. After background subtraction and analysis
ions, the fiducial ion of the Pb+Pb (yy) — Pb®+ Pb®y y, for photon transverse energy E; > 3 GeV,
photon absolute pseudorapidity || < 2.4, diphoton invariant mass greater than 6 GeV, diphoton transverse momentum lower
than 2 GeV and diphoton acoplanarity below 0.01, is measured to be 70 % 24 (stat.) £17 (syst.) nb, which is in agreement
‘with the standard model predictions.

e of the key features of Maxwells equations is their relativistic charged particles can be described by the equivalent
inearity in both the sources and the fields, from which  photon approximation (EPA)”~*, which is schematically shown in
follows th ition principle. This forbi tssuch

o N Fig. 1b. The EM fields produced by the colliding Pb nuclei can
rl a n e as light-by-light (LbyL) scattering, yy — yy, which is a purely
quantum-mechanical process. It was realized in the early history of

be treated as a beam of quasi-real photons with a small virtuality
quantum electrodynamics (QED) that LbyL scattering is related to  and so @* < 10 GeV2. Then, the cross-section for the reaction

of @ < 1/R?, where R is the radius of the charge distribution




ToxkaecrBa Yopaa-Takaxaimu

@ MNMpounssoaawmm pyHKLUOHAr CKanapHoOu TeoOpun:

[S[QZ ¢*] = / g [(8“¢)*(8M¢)+m2¢*¢@ [Z ] & / DpD¢ e—S[¢,¢>*]+J*¢+J¢*J

I'no6ansnas U(1) maBapuantnocts aeiictBus: P(T) — €°%g(x), ¢*(x) — e **p*(z)
5.510,07140. ([ da(ro+ 79) = [ata(r:0.0+75.6%) = —ic [ ata(r-10"

= §.Z[J,J*|=N / DD [—ie / diz(J*¢ — Jcp*)] e ST+ T¢I —

5 * L% _ * * *
?[JJ(J) ] _pr¢p¢ ¢*(x)e S[¢,¢* |+ ¢+ T ¢

5?}"(")]_pr¢1>¢* p(z)eS198" 1+ 6+79" 5
) T = /d4( x)(SJ AR

— [ g

o * __
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T[{p)] = J * (@) + W[J] 0(¢)




Craasipaasg K9/: Dddexr Koyaimena-Bannoepra

YHuTapHas kanubposka: ¢ — —=p(z)e”’®), A, (z) — A, =A,(z) + 10,0(z)

Z —Z= | DApDOps[0,A, — 1EIH det (—07) e=S14]
nip =

3ameuanue 1: ckanapuoe none p(x) - oeicmeumebhoe

1~ 1 1 1 ~ A
4 2 2 2 2 2,2 42 4
»S:/dx{ZFMV+§(8”p) +§mp +§6¢Au+ap}
3ameuanue 2: oeiicmeue ne 3agucum om nepemennoii 0(x) — coomeemcmaeyruia
Kaﬂu6p080qua}l cmenemnnb c60000bl 6 mepe unmezpaia Z moocem 0bimo omunmezpupoeana

L 1= /DO)6G(A)) det (*550) = [DO5]9,4, - 106] = gt

BcTaBKka eIMHHIIBI

BkJiaa 1yxoB cokpamiaercs

3ameuanue 3: éekmopnoe noie A(x) -maccuenoe none Ilpoka (3 cmenenu c60000bt)

1 -~ 1 ~ 1
Li= B+ 30 E, - = / e Ay (=6, O+ €2p%) — 8,0,) A,



a Mponazamop nons A(x): TtG = [d*z [3f (%)4 z+ez<p>z] + %

@ UHTerpupoBaHme No KannbpoBoYHOMY NONIO:

e —

—

B / Dp(ep) ( / DAe J#e HA P =04 2)+3“3V];‘V}) o— Jd*z {p(-O+m?)p+3 '}

:/ Dp (ep) det /2[5, (—O+e?p?)+0,0,Je™ I = eDrmDerdiet} = / Dpe=5e11,

1 1
%eff =3 In det [5W(—|:|—I—e2p2)—|—3u3y]—55(0) /d4a: In e2p2+/d4x {p(—I:I +m?)p + i\'p‘L}]

9 Baxyym: p = ¢p = const MEHHMYM HETPHBHAJIEH, €CIIH \ ~ €°
P PeKTUBHBIN NOTEHIIUAJ 9
CKaJIA i A 4 L 2 i 4 it i %
PHOM 3JIeKTPOAMHAMUKH Uess = P I 58,2 +3e” ) p7 | In 6
(m=0)
& MnHumMmym noTteHuwana: éff = p3 [% + 16 A2 (3 In 25 — 11)] 0

4 2
=2 Ha macmrabe M = (p), A= 38?:; = [Ueff - S (lnp— N 1)]




Cranspaasg K9 /1: Buxpu Adpuxkocoa-Huiascena-Oliecena

1 1
@ AGeneBa mogenb Xurrca: [ L= —ZFWF‘“’ + §(DN¢)*(D“¢) —V(|o| ]

D,p=0,0—1eA, 0, ¢ =1+ 102 [ V(Igl) = A(|¢*| — a*)?

O"Fyy = ej”, j¥ = —i[¢*D"¢ — (D¥¢)"¢]
@ YpaBHeHunA nons: D,D"¢ = — (;Sd‘;

@ TpuBMnanbHbIA BakyyM: |¢| =a A; =0
@ CuHrynsipHoe peleHue (¢hsIroKcoH): ¢ = ae™, A; =ndyp, nEZ

1
=4 5z'sz'j = 471'7?,5(2)(7“), > E %&jFiJ’ =N
@ JamevaHue: CUHTYINsAApHOEe peLleHne reHepupyeTcsa N3 Bakyyma

kanuGpoBOYHbLIM NpeobpasoBannem U = e, A, = iU U !
1% D
— S Unctasa kanmbpoBka

D, D" ¢ =




@ HetpumBunanbHoe peweHne HunoceHa-OneceHa:

¢ = f(r)e™?, A; = —ig(r)e ""?0;e"™?

PerynapHocTtb Bakyym
PR — 1
F0) 9020, floo) =@ go) =1 == 3r feuFy=n

i0f

i 3apayva: nony4nTb 3TN PeLLeHNs YNCTIEHHO U HaNTK
st 4 ~/91  npocTpaHCTBEHHble pacrnpeneneHns MarHMTHOro nosns
"wbd “vel W MOJTHOW 3HEPrumn cUCTEMBI

- L -k, lModcka3ka: ypaeHeHusi NnoJssi npu nodcmaHoeke
- aH3aya ceodsimcs kK cucmeme 2 ypaeHeHuu (n=1)

/ 2 / 2.2
" . fg 2 2_ 1\ —_n- n_9 &Y 2. _ 0
f+r - +2Xa’f (f*—1) =0; g -+ 2)\fg
Acumnmomu4eckoe noeedeHue:
fr~r f~a+0(e™™") [ms = 2aV 2)}
g~ O0(r? gr~14re™™" =




Buxpb — Tononornyeckum conunTtoH (St —S1)

Tomosiornyeckuii 3apsa (MHAEKC 0TOOPAKEHUS OKPYKHOCTH HA OKPYKHOCTD):

Q=0:

O — 1w
O—1

=2:

¢* = (sin2¢p; cos2¢p)



NHaeKC BEKTOPHBIX I0JICH

PaccmoTpum BekTopHoe none V Ha npoctpaHcTB R2 ;5,;5;5%,;//% f

0
V= 'Ul(xay)

- + 'U2(x7y)8_y

0

Ocobana Touyka BEKTOPHOro nons:

V(CIZ())

=0
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@ Unpexc BeKTOPHOIO MOJIA:

v

f= . f:8t— 8t
V]

i = 1 davldav2 — ’U2da’01

oy = —

° 27 v3 + v}
S1

domawHee 3agaHue: onpeaeNninTtb, KaKMM BEKTOPHbIM NMOJiiM COOTBETCTBYIOT

3TN O0COObIe TOUYKM



Zw —_-
° 2 v2 + v2

L ) 1 davldav2 — ’U2da’01} . [ z(g;o) = ]

Sl

UHpekc BEKTOPHOrIo nonsA — 31o Y1MCJio

HaMOTKU Npu obxoae BOKpPYr ocobou [ i(z0) = 2 ]
(

TOUKU —
f = (cos 2a, sin 2a)
® |i(w)=1]
f = (cos a, sin )

e [ i(zp) = —1 ]

f = (sin e, cos a)



) 0 .
BaKyyM: ‘DM¢ — 8N¢ — ieAN¢ =0 ——— AM - _Eﬂ ¢ s @ine

r—00 € Qoo r—00
@ MNone BUxps 3apaeT Tononornvyeckoe oToopaKeHne oKPYXKHOCTU Ha OKPYKHOCTb

1

@ TononorMueckun Tok: Ju = %swp@”&*c‘?pcﬁ, o*j,. =0, b = o/|P|
. 1 7 T _ i ab la 2b a __
Jo = 27_‘_7:577,772877,Q5 m¢ — zﬂsnms (8n¢ )(8’m¢ )7 ¢ — (¢17 ¢2)

Tonmosiornyeckuu 3apsia (MHAEKC OTOOPAKEHUA):

Q= [ Pxjo =5 [ BPrnme®(0,0%)(0m@®) = o= [ AT nme®0n(¢%0me?) =
R2 R2 R2

1 do® ~p % 1 doo e L € / 2 e
= — [dpegp—7—¢ =— [dp———=n=— QAxdz" = — | d°x Bx-Sp = — P
27r/ ('O‘degoq5 2m ('quoo dy "= o kAT 2T % Byt 2m
0 S1 R2
By = (07 0, B(CB, y))
A TomokKk Mma2HUMHOR20 noJisi KBaHMOB8aH
y @ JHeprua BUXpA:
-

1 1
B= [0 {532 + 21Dkl + A(16%| - >}
R2



[MaCI.I.ITaGHbIe npeobpazoBanua: ¢ — ap, Ar — alx, x — zx/ea ]

® JleiicTBUTeIbHbIE KOMIIOHEHTBI: ¢ = ¢! + ip? | §% = (¢!, ¢?), D2 = §%9; + ™ A;

B~ B = @ { 1F% + 3(Du") (Dug?) + 500 1) | =

R2
2
= a2/d2x’ {i (Fij + %gij(¢a¢a — 1)2) + i (Dig® ¥ €“b€z‘ij¢b)2} +
R2
, A 4 .a 1 1 B
-I-a2R[d2x {(?——) (¢%p® — 1) + 4(aiJFzJ:F25 @7 (qb)@))}

(qubb =0 at Sl)
2
a2 / d%;'{i (Fiji%sij(qﬁ%ba—lf) +7 (Dig*weey D) + (i——) (67¢°—1)2 }

e2

+q’rQ =  [patuuya BoromonbHoro: E > a’7|Q)

1
Fij = F5ei(¢"¢" —1)° BA _ms _
SHepausi MUHUMarsbHa, ecnu 5 2 L

D;¢* = +e%¢;;D;¢°




8\ m; 1 Kputuueckoe ycnoeue, BUXpw

~N

ezzm%: =
i 8\
m, >ms, —5 <1, E<O
N e
8\

mrv<m3, §>1, E>0

~N

He B3aUMOAEUCTRBYIOT

Buxpu nputArnealoTcs -
CBepXNpPoBOAHUK NepBOro poaa

=p DBWXPU OTTanKuealoTCA -
CBepXNPOBOAHWUK BTOPOIro poAa

J

XapaktepHble napaMmeTpbl
CBEpPXMNpPOBOAHUKA:

L = 1/m,, - nonnoHoBCKas ri1yOMHa NPOHUKHOBEHHMSI

=1 / Mg - JJINHA KOTEPEHTHOCTU

polarization




Buxpu B djiekTpoauHamuke Yepua-Caiimonca

. i 1
@ JlarpaHxuaH ¢ YuneHom YepHa-CanmoHca: [L — _ZFMVFNV 4+ EsuprMVAP ]
d=2+1 M - mononozuueckan macca
~ ~ 1
@ YpaBHeHM s nons: O, F" 4+ pF, =0, F, = §epr’“‘p

=> [Dﬁ’y +uF, =0 ] Ioxe F, MaccuBHo

3ameuanue: ypagHeHus1 nonsi UHeapuaHMHbI OMHOCUMESILHO Kaslu6pPo8OYHbIX
npeo6bpaszoeaHuliA, — A, + 0, HO nazpaHxuaH — He UH8apPUaHMEH:

L L+ g&/(ﬁwa) < nosiHas Npon3BoaHas

@ CkanapHasa anekrpoamHamuka YepHa-CammoHca:

[L = —EFWF’““’ + BepF*™ 47 + (D, ¢)*(D"¢) — V(|9]) ]

4 4
8NFNV+MﬁV:jv5 . .
@ YpaBHeHus nons: oV j¥ = —il¢*D"¢ — (D" ¢)*¢]
D,D"¢ =

dp*



@ 3akoH lMNaycca: 0;F;g + peiiFis = jo == d2x gijFi; = /dzx]o

p® = Q AnekTpunyeckuin 3apsa NPonopLMOHaneH MarHMTHOMY NOTOKY
2Tn 2Tn
®=—, Q= p—— == OIJIEKTPUYECKHIi 3aPsi/I © MATHUTHBIA OTOK KGAHMOBAHI
€ e

@ 0606LwWeHHbLIN BUXPL: | ¢ = f(r)e'™?, A; =ng(r)d;p, Ao = a(r)

Macca 8036y)x0eHul cKasisipHO20 U 8 KMOPHOR20 IOJIsi:

2

ms = 2aV2\; m, = \/%4—62&2:&%

OuHamMmunka BUXpen MoOXeT BbITb 04eHb HEMPOCTOM!




Mogeas ¢ B 1+1 m3mepennsix: Knnk

S (OuBP-ANF-P,  F-= / { ( )+2(gi) + (& —a2)2}

YcnoBue MUHMMArbHOMU dHEepPrun.

0
8—2_;&\/7( a,2) =P T — )= \/7/(152_&2 :I:Earcta,nha

¢x = atanh %m(w — Z9); ¢ = —atanh %m(w — x0)

[MnoTHOCTb 3Heprun: | € = m* 1 M KUHKa: | | M = | Edx = —m3 y
P ' 32\ cosh?[2m(z—z0)] =il & - = 12\
J
1¢f Tononorndyeckuin 3apsaa.

X —
-2 2 4
~0.5 1
~ - _ v —
Tononornyecknn Tok: | J,, = ~—¢,,0"¢, O"J, =




Bo36y:knennst Ha done P* kuHKa

¢(x,t) = ¢r(x) + £(x)e’?  MNewnb-Tennep, again I j“

d? 9 6m? 9
[(_d.’c2 Am” = cosh? “2’) S=w

1
HyJdeBast MOAa, w,=0 : (()n) (fB) - )

cosh? (—m(a:; Zo)

JIOKAIM30BAHHAS MOIA, = V3m o sinh (mT)
2 ' cosh? (mT)

HeNpePBIBHBII CHEKTP: (w,, = \/ k2 + m?

3m mx ~ m? m
1kx 2 7 "Iy 2 R
[gk =" {—2 tanh 5 5 2k* — 3imk tanh 5 }}




¢* KMHK: B3anmogencTBue

Wwr=kK14 &, = eth® (3 tanh® z — 3iktanhz — 1 — k2)

HHTerpana nepekpoiTus [ dzngmno

D¢ deKT OTpUIATEILHOTO PAAUAIIMOHHOTO JABICHHMS:
¢* KHHK YCKOpSIETCS B HAIIpaBJICHUN NCTOYHHUKA ITaIal0IIEr0 Ha HErO U3IIyYCHHUS
(Star Wars Tractor Beam)
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¢* ocumnnoH

(I. L. Bogolubsky and V. G. Makhankov (JETP Lett. 24, 12 (1976))

N CKAIOUNTEABHO CTA0MABHOE M ITIOYTH HE
U3AyYarOIIee KBa3TIIEPUOANYECKOE

AOK2aAM30BaHHOE pemienue teopun ¢4 TayccoBo NpuGIMKeHHe:

(at least 10 million oscillations!!) t= 00
20 | I I 5
| ¢(z,0) =1— 0.7¢0-2052"
- | |
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KBanToBbIe MONPaBKH K Macce PF kunka

,» There is nothing as classical field theory in Nature*
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HeTpuBHaJAbHBIN KiIaccuyeckuil Bakyym: Q-ball

HeaunHelHbIN MOTEHIIHA.

L= 10,07 - U(9)) |

0.5

u
mob6anbHasa U(1) MHBapMaHTHOCTL:

d(z) = e“o(z), ¢*(z) = e (z)

"4 =0, j*=—i[p*0"¢— (0"¢)"¢]
d’x ($0,¢* — $*0s9) = 0
= 2w/d3x 9| = 2wN

0.2}

0.1}

04}

0.3+

'

(U = alof? —blgl* + |6

0

06 0.8 1

|0

0.2 0.4 7.2

o0
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AKcHAJTBHO-cuMMeTpuuHbIe Q-balls
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@ Parity-even solutions:

f(r,0) = f(r,m—0)

@ Parity-odd solutions:
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AKcHATBHO-cuMMeTpuYHbIe Q-balls

n=1,k=1 P-even n=1,k=2 P-even

n=1,k=2 P-odd







