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Abstract: The 1s energy level vacuum polarization correctionsof pionic hydrogen atom induced by a potential
including form factor are compared with those obtained by using pion point potential. Without form factor of
nucleus and pion the correction increases very slowly for low Z atoms and increases fastly for higher Z. The
finite size of the nucleus increases the correction with Z in case of exponential distribution, while in case of
Gaussian distribution the increase is lower. For Fermi distribution there is a fast increase at low values of Z
and faslty decreases with higher values of Z. The effect of form factor of pion on the correction is very clear for
low Z nuclei and then becomes nearly constant for higher values Z.

Keywords: Vacuum polarization correction, pion form factor, pionic-hydrogen atom.

. Introduction
Vacuum polarization plays an important role of calculating the energy levels of atoms. It is small in
hydrogen atoms but for heavier orbital particles such as muons and pions it gives a dominant contribution to
QED corrections. It is the interaction of the bound electron with the electrons in the Dirac Sea.

Fig.1 Represents Feynman diagram for one loop vacuum polarization.

We calculated the vacuum polarization corrections in different energy levels for mionic-hydrogen atom
[1] and for pionic-hydrogen atom with finite size proton [2].The results are very near from those calculated by
Borie [3].In this work we study the effect of pion form factor in 1s level for different pionic-hydrogen atoms. In
these calculations the relativistic approach is used. Borie [3] calculated the Lamb shift in case of mionic-
hydrogen atom. The mionic hydrogen (2p — 2s) transition was investigated by Carroll et.al. [4]. They used a
precise non-perturbative numerical solution of the Dirac equation including the finite size Coulomb force and
finite size vacuum polarization.Lee et.al. [5] derived a formula for the vacuum polarization correction for the
spin zero orbital particle. They used the formula for these corrections based on Klein-Gordon-Fock
equation.Karshenbiomet. al. [6] used the Uehling potential for calculating one loop vacuum polarization for the
pionic circular states. In this work we usethis formula to calculate the vacuum polarization corrections in 1s
state for different pionic-hydrogen atoms from Z = 1to Z = 68. The main aim of this work is to show the effect
of the pion form factor on these corrections for different pionic-hydrogen atoms.

Theory

The relativistic equation of Klein-Gordon-Fockwhich describes the spin zero particle,
has the form

([E; = VI = P*c? = m2cH),(7) = 0 @
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®; (r)are not orthogonal and their normalization is not trivial. The solution of this equation with non-Coulomb
potential is possible [7-8]. The perturbative theory of Coulomb potential has not been developed till now. The
vacuum polarization corrections in energy levels are calculated by using a recent form of Lee et.al. [5]
(@ |(E — v)ov]af”) @
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WhereR,,; (r)is taken from [2]. In case of electrostatic potential this equation is valid for any
perturbation such as Uehling corrections. The Coulomb problem is considered as an unperturbed case and we
take the unperturbed solution of the last equation from [2]. The vacuum polarization perturbative potential for
finite nuclei including the form factor of pion is obtained by folding the Uehling potential with the extended
source distribution and the pion distribution which has the form,

lq T
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Where -
pn (@) = [d3ry e @Npy(ry) , py(ry) = —Zep(ry)

pn(q) = derr[ e_ifj-ann(rn) ) pn(rn) = _eP(Tn)
p(ry)is the central nuclear density and is taken in Gaussian, exponential, and Fermi forms and the density of
pion, p(7;), is in Gaussian.
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Substituting the values gf py (ry) and p, (r;,) we get
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Substituting into equation (2) about 6§V from equation (4) we obtain the vacuum polarization correction in the
1s state. To show the effect of pion form factor we compare §Ecalculatedusing the pion as a point charge and
that calculated in case of pion form factor from equation

SV(r) = 4ﬂf d3q
T J (2m)?

e @ TIR (—q®)pn (@) pr (@)

Where

1
aa? 1—=p2 aa?

R (=¢%) = qudv ( 3 ) ~- > (for small q)
mm . 1+ 2(1_172) 15mm

In this work we take the nucleus distribution in the form

1- Fermi distribution
Po

r—C
1+ e(T)
Where C is the root mean square radius of the nucleus and D is the diffuseness.
2- Exponential distribution

pr(ry) =

52
= — =N
pe(rw) 8ne

Where & =,/12/(C?2) and the Fourier transform of the exponential distribution is
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1
= R = —
PN(Q) (1 +R2q2)2 f
3- Gaussian distribution
2
_ 2
pe(ry) = 137243 ¢ e

And its Fourier transform is

_q2,2
pn(Q)ze ata”/4

Table 1. Vacuum Polarization corrections for the energy level 1s (in MeV) of the pionic-hydrogen atoms
calculated by applying Lee [5] method for the spin zero pion particle.

z AEpp AEp; AEpg AEpp AEcp AE;; AE:r AE;;
point pion and | point pion and | point pion and | point pion and | Ganssian  pion | Gaussan pion | Gaussan  pion | Gaunssien pion
point nuoclens | Gaussian exponential Fermi nuclens [ and point | and Gaussmn | and exponenial | and Fermi
distributions nuclens nuclens distributions nuclens nuclens nuclens nuclens

distributions distributions distributions distributions distributions distributions

1 | -1.184994=107 | -8.638224=10" | -5.93B6BL=10" _6.975T3x107 | -L365TEIxI0T | -9.638224x107 | -3.390753=10° _1.59556B=10"

T | -7.459026x10° | -2.965040x10° | -2.448216x10° -L026425x10° | -L63604Tx10" | -2.960540x107 | -5.3033T3x=L0" -1.291662=107

3 | 5671458007 | -1.731938x10° | -3.933731=10" _1.14B077=10° | -4.708611=10° | -1.731938=10° | -1.636947=10" _1.163212=10"

4 [ -1.2647T42=0" | -1.6B4461x10° | -5.869578x10" -3, 702745x10° | -BALSI3L=0T | -L6B4461x10” | -L497228x10° BN

5 | -2.199556x107 | -1.B70406x107 | -5.29485=10° S5 315414=10° | -L2192740T [ -LBT0406x10° | -LESTIOT=LDT -L.120222=10°

6 | -3.653755<10" | -1.B0GS0Bx10Y | -1.016399x10" S5.01BEM=10° | -LE45T3x10" | -1.B0650Bx10° | -L.655790x10° -L.060S64=L0"

7 | -5.72354Ex10" | -1.6B0234x107 | -1.15BB24x10° -5.495896x10° | -2.0BB04Bx10" [ -1.6B0234x10” | -1.69047BxL0" -5, B15202=10°

§ | -7.75669x107 | -1.596082=107 | -1.426381=10° -5.684951=10° | -2.454432x107 | -1.896082x107 | -1.73328B=10° -1.083201=107

9 [ -1.339532x10° | -1.150806x10° | -1.17014x10" “2.2011H=10° | -3.0166x10" -L150B06x10° | -1.736319=10" -6.950966x10"

10 | -1.57928=107 | -1.047206=10° | -1.19772610° SL2699T2=10° | 3446001107 | -L047206x10° | -L.752557=L0° -6.38844x107

11 | -2.322134=107 | -1.135836x107 | -1.357885x10° -0,717930=107 | -3.841023=107 | -1.135836x107 | -1.804106xL0° -6.884018=10°

12 _1.12591x10° | -1.435044x10° _5.852160x107 | -4.248301x107 | -1.12551x10° | -1.903543=10° -6.846243=10°

15 -1.096805x10" | -1.61992=107 0.33044x107 [ -5.447423x10° | -1.096B05x10° | -1.98188=107 -6.747350x10"

17 . -8,832603=x10° | -1.61952x10° 0,3304x107 | -6.243068x107 | -9.832603x10° | -2.221817=10° -6.1495833=10°

18 | -9.46413=107 | -1.0158B3=x10° | -1.687378x10" _8.067143=x107 | -6.629033x107 | -1.0158B3x10° | -2.364526x10° -6.354092x10°

19 [ -0.010989 “LO1B4TI=10C | -1.734854=10" _3.7206M=10" | -7.016468x10" | -1.01B47TI=10° | -2.453365=10" -6.387B36x10"

13 | -0.018847 -LOL6ATI=10" | -1.8844B4=10" S1.23762=107" | -B.557IS2x10C | -L.0166TIxI0° | -2.535763x10 6454 37=10°

78 | -0.02851 “1.03911=10° | -2.010865x10° _9.19700x107 | -9.703626x107 | -1.03911x10° | -2.851513=10" 6.6 7698x10"

I7 [ -0.030215 -9.B88086x10" | -1.962434=107° _2.46107=x10"" | -1L.00BTT9x10" | -9.88B086x10° | -3.076286x10° 6. 726261=10"

18 | -0.033069 -1.031662=10° | -2.05598410° SL233I=10T | -LO046TI4x0” | -L03L662x10° | -3.13BETT=LDT -6.994563=10"

30 | -0.041501 -8.681335=107 | -2.003030x=10° SLOGLAT=L0Y | -L123076x107 [ -9.6B1335x10° | -3.211760=L0° -6.811797=10"

37 [ -0.051367 -5.21694=10" | -1.968187=107° -B.6T161=10" | -1.199230x107 | -9.21654=x10° | -3.332502=10° -6.550851=10"

36 | -0.072422 -8.555116x107 | -2.101B64=10° SLEBA0TExL0 | -L3S0T92x0T | -9.55B116x10” | -3.445233xL07 -6.54299x107

37 | -0.078568 -8.650813=10° | -2.135674x=10° S7.02101=<1077 | -L3BB643x10” | -9.650BL3x10° | -3.653005x10° -6.918253=10°

41 | -0.10954 -8.590695=107 | -2.1B5118=10" -0.08101=10 | -L540058x10" | -9.550695x10° | -3.69B067=L0" -6.526190=10"

42 | -0.117614 -8.506418=107 | -2.24389=107 -4.06086x107 | -LETTEMx0T | -9.506418x10° | -3.8336ET=L0T -7.083360=10°

45 | -0.153439 -8, 188802=107 | -2.163247=10° -6.7878Bx10" | -1.69141=107 -0, 158802x10° | -3.860234x10° -6.6T1EDExL0"

48 | -0.153001 -9.288043x10° | -2.225928=10" -3.21523=10" | -1.B04761=107 | -9.288%43x10° | -3.901468x10° -6.7878x10°

49 | -0.209498 -0, 217805=107 | -2.223E38x10° -0,50286x107 | -1.B42861x107 [ -9.217E95x107 | -3.907672=L0° -6.746978=10"

53 [ -0.191666 -5,043288=10° | -2.23319Bx10° _L06630x107 | -1.993TaTx107 | -9.043298x10° | -3.898346x10° 6,655 T4x10”

5 | 03167 -5.081185=10° | -2.25138x107 -3.94588x10" | -2.0315M=107 | -9.081185x10° [ -3.80294x107 -6.6891=10°

55 | 034433 -9.145242=10" | -2.274821=10° CLE3ATEXID | 2069313107 [ -9.145242x10° [ -3.763212x10° -6.74065x10"

57 | -0.413587 -8, 104582<107 | -2.386809x10° _L79003x107 | -2.14583x107 | -9.10482x107 | -3.716263=10° -6.725181=10"

25 | -0.500045 5. 282708=10" | -2.343204=10° _3.06826x107 | 2219964107 | -9.282709x10° | -3.597389=10° -6.562T37=10"

60 | -0.558400 9. 249544=107 | -2.346062=107° CL.03965x10T | -2.258472=107 | -9.24054x=107 | -3.44238x107 _6.545627=10°

66 | -1.609142 -B.6LES3Ex10" | -2.265432x10° -7.42038x107 | -2.4B4606x107 | -B.61BS35x10° | -2.454152=10° -6.43075x107

68 -B.631953=10" | -2.287B84=10" _§.22535x10" | -2.560285x107 | -8.621983x10" | -1.829735x10" _6.449571=10"
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Fig.2 Three spherical symmetric charge densities ofthe nucleus, for Z=11
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Fig.3 Represents the 1s square of the radial unperturbed wave function R%,(r)/r? obtained from
equation (1).
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(a)Represents the potential in case of point nucleus with point pion.
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(b) Represents the pion as a point and the nucleus takes three forms of form factors. The dotted line is Gaussian,
the solid line is Fermi and the dashed is exponential.
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(c) Represents the potential in case of point nucleus with Gaussian form factor of pion.
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(d) Represents the potential in case the pion as Gaussian and the nucleus takes three forms of form factors. The
solid line is Gaussian, the dashed is Fermi and the dash-dot is exponential.
Fig.4 The figure represents different forms of the potential for Z=11 as an example.
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Fig.5 The effect of the pion radius on the potential of fermi distributed nucleus and Gaussian pion form factor.
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(a) Represents the pion as a point and the nucleus as a point.
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(b) Represents the pion as a point and the nucleus takes three forms of form factors. The dotted line is Gaussian,
the solid line is Fermi and the dashed is exponential.
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(c) Represents the pion as Gaussian and the nucleus takes two forms of form factors. The dotted line is
Gaussian, while the solid line is Fermi.
Fig.6 Represents the vacuum polarization corrections for the 1s energy level for different Z pionic-hydrogen
atoms.

Il. Results And Discussion

In these calculations we use the relativistic units Z = ¢ = 1, the pion mass m, = 139.577 MeV, the
electron mass m, = 0.5109989 MeV and the fine structure constant @« = 1/137.0359998, and the radius of
pion is 0.61 + 0.15 fm [9]. Figure 2 shows the three different distributions mentioned above. In the short range
the exponential density is higher than the Gaussian density and the Gaussian is higher than the Fermi
distribution. For higher distances they are approximately the same. Figure 3 represents the 1s square of the
unperturbed radial wave function of pion obtained from equation (1) against r, for Z = 11 and radius 2.986 fm
[10] and reduced mass 19.738 MeV. From the figure it is clear that most contribution of the wave function is
found at the origin, so that the potential which has large values at the origin will give a large correction to the
energy.From figures 4-a,4-b, and 4-c it is clear that these potentials have large overlap with the wave function
because the maximum exists at the origin, like the wave function. The point nucleus potential with Gaussian
form factor, fig. 4-c, has the shortest range (1.2 fm), while the pion point potential with Gaussian, Fermi, and
exponential form factor of the nucleus has a range of about 5 fm. Figure 4-d has three maxima for the three
potentials. The potential with the Fermi nucleus and Gaussian pion form factor has the highest peak. The
potential with exponential nucleus distribution and pion Gaussian distribution has the lowest peak. These peaks
are not at the origin hence the values of the corrections corresponding to these three potentials are smaller than
the other potentials because the overlap of these potentials with the wave function is small. The position of these
peaks is as follows VGF atr = 2.749 fm, VGG atr = 2.473 fm, and VGE atr = 2.113 fm. To show the
effect of the pion radius on the potential, figure 5 is drawn. From the figure it is clear that the peak is lowered
when the radius of pion increases. For the energy the increase in radius of pion decreases the value of the
vacuum polarization correction, e.g. for Z = 11, AE = —6.476599 x 10~°MeV for pion radius 0.76 fm and
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AE = —6.884018 x 107° MeV for pion radius 0.61 fm.From figure 6 and table 1, we can conclude that
without form factor of nucleus and pion the correction increases very slowly for low Z atoms and increases
fastly for higher Z. The finite size of the nucleus increases the correction with Z in case of exponential
distribution, while in case of Gaussian distribution the increase is lower. For Fermi distribution there is a fast
increase at low values of Z and faslty decreases with higher values of Z. The effect of form factor of pion on the
correction is very clear for low Z nuclei and then becomes nearly constant for higher values Z.
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