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An elephant in the room: QFT Bound States

“And now Edgar’s gone. ... 
Something’s going on around here.”

Gary Larson: The Far Side

Paul Hoyer
Helsinki CosmoCoffee 25 January 2024 
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THE STATE IS NOT ABOLISHED, IT WITHERS
AWAY: HOW QUANTUM FIELD THEORY

BECAME A THEORY OF SCATTERING

Alexander S. Blum†

Max Planck Institute for the History of Science, Boltzmannstraße 22, 14195
Berlin, Germany

12th November 2020

Learning quantum field theory (QFT) for the first time, after first learning quantum mechan-
ics (QM), one is (or maybe, rather, I was) struck by the change of emphasis: The notion of the
quantum state, which plays such an essential role in QM, from the stationary states of the
Bohr atom, over the Schrödinger equation to the interpretation debates over measurement
and collapse, seems to fade from view when doing QFT. Not that it’s gone - as any physi-
cist will be quick to tell you, QFT is simply a quantum theory, with all the general structure
of QM taken over unchanged. But the quantum state is hardly mentioned, when dealing
with Feynman diagrams, path integrals and all the other mainstays of an introductory QFT
course.

This was not always so: The QFT of the late 1920s and 1930s developed as a straightfor-
ward extension and generalization of QM; consequently, writing down Schrödinger equa-
tions and calculating the energies of stationary states were the prime concerns of the physi-
cists working with QFT at the time.1 But, as is well-known, this early QFT suffered from
crippling defects, most notably the divergence problem, i.e., that all calculations appeared
to give nonsensical, infinite results, once one went past the first approximation. The diver-
gence difficulties of QFT (or at least of quantum electrodynamics) were solved through the
renormalization techniques developed in the late 1940s. As was frequently stressed already
at the time, the success of the renormalization program meant that the conceptual founda-
tions of QM could be taken over to field theory with only slight modifications, as opposed
to what physicists had generally believed all through the 1930s and early 1940s. But even
though the foundations did not change (or change only just enough so that they could stay

This paper was originally published in Studies in the History and Philosophy of Modern Physics, Volume
60 (2017), pp. 46-80. Due to formatting mistakes that appeared only after proof-reading, parts of that paper
are garbled. An erratum was published in SHPMP that links to this version, which is the definitive version of
the paper.

†ablum@mpiwg-berlin.mpg.de
1One just needs to look at the first paper on the full theory of quantum electrodynamics

[Heisenberg and Pauli 1929].
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Learning quantum field theory (QFT) for the first time, after first learning 
quantum mechanics (QM), one is (or maybe, rather, I was) struck by the change 
of emphasis: The notion of the quantum state, which plays such an essential role 
in QM, from the stationary states of the Bohr atom, over the Schrödinger 
equation to the interpretation debates over measurement and collapse, seems to 
fade from view when doing QFT. 
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3QED atoms are omitted from QFT textbooks

C. Itzykson and J.-B. Zuber: Quantum Field Theory (1980)See:

I & Z do not discuss how the Schrödinger equation follows from the QED action.

INTEGRAL EQUATIONS AND BOUND-STATE PROBLEMS 493 

This is not the only disease of this model. It is possible to study corrections 
to the sensible set of solutions (K = O) which reproduces to lowest order the 
nonrelativistic result, Eqs. (10-75) and (10-76). The result of this analysis shows 
that 2ne/ Å, with e = J 1 - pZ /4, has an expansion of the form 

2ne T = 1 + e(all In e + ad + eZ[azdln e)Z + azzln e + a23] + ... (10-78) 

with e of order Å. These logarithmic terms are not present in a more physical 
approximation than the ladder series. 

If this were not enough, Nakanishi has shown that certain solutions have a 
negative norm! They are called "ghosts," and it is unclear whether they result 
from the inadequacy of the approximation or from a deeper inconsistency of 
the theory. 

The previous study may be generalized to the inhomogeneous equation for 
the amplitude, in particular to high-energy behavior in the crossed channe1 (cor-
responding to the exchanged particles). It is possible to find a Regge behavior 
sa(t) with a computable trajectory function a(t). 

Various attempts have been made to introduce an effective potential (or quasipotential) approxima-
tion to reduce the number of degrees of freedom of the relativistic bound-state problem, in particular 
the troublesome relative time. Even though they lead to interesting practical results, they mutilate 
one way or another the exact theory and generally introduce spurious singularities. 

10-3 HYPER FINE SPLITTING IN POSITRONIUM 

It should not be concluded that relativistic weak binding corrections cannot be 
obtained for two-body systems that agree with experiment. On the contrary, the 
positronium states give an example of a successful agreement. This wilI serve to 
ilIustrate the theory. To be completely fair, we should admit that accurate pre-
dictions require some artistic gifts from the practitioner. As yet no systematic 
method has been devised to obtain the corrections in a complete1y satisfactory 
way. 

We quote here some of the significant results and refer to Secs. 2-3 and 5-2 
for pre1iminary investigations. Even though in the study of positronium we restrict 
ourse1ves to an almost pure e1ectromagnetic system, some of the methods are 
useful in other instances such as mode1s of quark bound state s of hadrons. 

The energy difference between the higher tri pIet (ortho) and lower singlet 
(para) ground states of positronium, denoted respectively 13 S 1 and 11 So (in the 
spectroscopic notation n Zs + 1 L J ), has now been measured with great accuracy. 
The values quo ted for this hyperfine splitting ,1Ets are 

,1Ets = 2.033870 (16) x 105 MHz 
(MilIs and Bearman) 

,1Ets = 2.033849 (12) x 105 MHz 
(10-79) 

(E gan, Frieze, Hughes, and Yam) 

There is no systematic discussion of bound states in QFT, 
analogous to that of the S-matrix in the Interaction Picture.
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4State of the art: Hyperfine splitting in Positronium

G. S. Adkins,
Hyperfine Interact.  233 (2015) 59

7

where the products imply convolutions over four-momenta similar to that in (2.19). This equation is valid provided
the kernel satisfies

K = (1 +GT S)�1
GT = GT �GT S GT + ... (2.22)

Thus the “propagator” S may in fact be chosen freely. The expansion of K in ↵ follows from the corresponding
expansions of S and GT . As a consequence of unitarity the residues of the bound state poles of GT factorize into a
product of wave functions similarly as in (2.17). Since the finite order kernel K in (2.21) cannot have a bound state
pole the Bethe-Salpeter wave function �P

T (with external propagators truncated) must satisfy

�P
T (q) ⌘

Z
d
4
x�P

T (x)eiq·x =

Z
d
4
k

(2⇡)4
�P

T (k)S(k)K(k, q) (2.23)

which is the all-orders equivalent4 of (2.19). With a suitable choice of the propagator S analytic expressions for the
wave functions are obtained when the lowest order kernel is used in the BSE. These solutions facilitate calculations
of higher order corrections to the binding energies [2].

The wide range of possibilities in the choice of propagator in the BSE motivated a search for an optimal approach
based on physical arguments. The perturbative expansion relies on the non-relativistic nature of atoms, v/c ' ↵ ⌧ 1.
This suggested the use of an e↵ective QED Lagrangian (NRQED) [7], which is essentially an expansion of the standard
Lagrangian in inverse powers of me. At the expense of introducing more interactions the NRQED Lagrangian allows
to use non-relativistic dynamics, which is of great help in high order calculations [3]. The contribution of relativistic
momenta (p ⇠ me) in positronium is only of O

�
↵
5
�
⇠ 10�11, making NRQED very e�cient.

The continuous development of theoretical and experimental techniques have allowed precision tests of QED using
bound states. Thus the hyperfine splitting in positronium, i.e., the energy di↵erence �E between orthopositronium
(JPC = 1��) and parapositronium (JPC = 0�+), expressed in terms of �⌫ ⌘ �E/2⇡~, is calculated using NRQED
methods to be [8]

�⌫QED = me↵
4

⇢
7
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= 203.39169(41) GHz (2.24)

Table 1: Summary of systematic errors.

Source Errors in �HFS (ppm)

Material E�ect:

o-Ps pick-o� 3.8

Gas density measurement 1.0

Thermalization of Ps 1.0

Magnetic Field:

Non-uniformity 3.0

O�set and reproducibility 1.0

NMR measurement 1.0

RF System:

RF power 0.7

QL value of RF cavity 0.3

RF frequency 1.0

Analysis:

Choice of energy window 0.6

Quadrature sum 5.4

considered in the previous experiments, fitting without taking

into account the time evolution of �HFS and �pick is performed.

The fitted Ps-HFS value with an assumption that Ps is well ther-

malized results in 203.392 1(16) GHz. Comparing it with Eq.
(15), the non-thermalized o-Ps e�ect is evaluated to be as large

as 10 ± 1 ppm in the timing window we used. This e�ect might
be larger if no timing window is applied, since it depends on the

timing window used for the analysis. In the timing window of

0–50 ns, which we do not use for the analysis, Ps-HFS is dra-

matically changing because Ps is not well thermalized and Ps

velocity is still rapidly changing.

Systematic errors are summarized in Table 1. The largest

contribution is an uncertainty of o-Ps pick-o� rate (�pick(n,�)).
It is estimated by taking the error of the fitting of the o-Ps decay

curve. The uncertainty of the gas density is computed from the

uncertainties of the gas pressure and temperature, resulting in

1.0 ppm uncertainty. The uncertainty of Ps thermalization e�ect

comes from the uncertainties of �m and E0. The second largest
contribution is an uncertainty of the static magnetic field. Dis-

tribution of the static magnetic field is measured by the NMR

magnetometer with the same setup as Ps-HFS measurement for

twice (before and after the measurement). The results of the

two measurements are consistent with each other and the non-

uniformity is weighted by the RF magnetic field strength and

distribution of Ps formation position, which results in 1.5ppm

RMS inhomogeneity. The strength of the static magnetic field

is measured outside of the RF cavity during the run. An o�set

value at this point is measured during the measurement of the

magnetic field distribution, and its uncertainty including repro-

ducibility is 0.5 ppm. The precision of magnetic field measure-

ment is 0.5 ppm, which comes from the polarity-dependence

of the NMR probe. These uncertainties are doubled because

�HFS is approximately proportional to the square of the static

magnetic field strength. The uncertainty of RF power meter re-

sults in 0.7 ppm systematic error. The QL value of the cavity

is measured before and after each run, and the uncertainty is

 (GHz)HFS∆

203.386 203.388 203.39 203.392 203.394 203.396

Old method

a

b

This measurement

Previous experimental
                  average

) QED-1
αln3

αO(

Figure 5: Summary of �HFS measurements from past experiments and this

work. The circles with error bars are the experimental data (a�[4], b�[5]),
the hatched band is the average of the previous experiments (a and b), and the

black band is the QED calculation [6, 7, 8].

estimated by the di�erence between them. The uncertainty of
microwave frequency causes 1.0 ppm systematic error. Anal-

ysis with energy window of 511 keV ± 1.5 s.d.(� 26 keV) has
been performed, and the result has changed by 0.6 ppm. This

change is taken into account as a systematic error.

The systematic errors discussed above are regarded as in-

dependent, and the total systematic error is calculated to be

their quadrature sum. When the non-thermalized Ps e�ect is

included, our final result with the systematic errors is

�HFS = 203.394 1±0.001 6(stat.)±0.001 1(sys.) GHz.(16)
A summary plot of �HFS measurements is shown in Fig. 5. Our
result favors the QED calculation within 1.2 s.d., although it

disfavors the previous experimental average by 2.7 s.d.

6. Conclusion

A new precision measurement of Ps-HFS free from possible

common uncertainties from Ps thermalization e�ect was per-
formed to check the Ps-HFS discrepancy. The e�ect of non-

thermalized o-Ps was evaluated to be as large as 10 ± 1 ppm
in a timing window we used. This e�ect might be larger than
10 ppm if no timing window is applied, since it depends on

timing window. Including this e�ect, our new experimental

value results in �HFS = 203.394 1 ± 0.001 6(stat., 8.0 ppm) ±
0.001 1(sys., 5.4 ppm)GHz. It favors theO(�3 ln��1) QED cal-
culation within 1.2 s.d., although it disfavors the previous mea-

surements by 2.7 s.d.

Sincere gratitude is expressed to Dr. T. Suehara (Kyushu U.),

Mr. Y. Sasaki, Mr. G. Akimoto (U. Tokyo), Prof. A. P. Mills, Jr.

(UC Riverside), Dr. H. A. Torii and Dr. T. Tanabe (U. Tokyo)

for useful discussions. This work was supported by JSPS KAK-

ENHI Grant Number 23340059.
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FIG. 4: Data on positronium hyperfine splitting
compared to theory. Two previous results (a [9],
b [10]) compared to a new measurement [11] and
QED [8] (black band). Figure from [11].

The appearance of ln↵ in (2.24) demonstrates that bound state
perturbation theory indeed di↵ers from the usual expansions of
scattering amplitudes. Such factors arise from apparent infrared
divergences which are regulated by the neutrality of positronium
at the scale of the Bohr radius (↵me)�1.

The combined result of the two most precise measurements
of the hyperfine splitting in positronium [9, 10] is �⌫EXP =
203.38865(67) GHz, which is more than 3� from the QED value
(2.24). Very recently a new measurement [11] gave �⌫EXP =
203.3941 ± .0016 ± .0011 GHz, which is closer to the theoretical
value. The present situation is illustrated in Fig. 4.

Bound state poles in the photon propagator a↵ect also standard
perturbative calculations. The positronium contribution to the
anomalous magnetic moment of the electron was recently evalu-
ated [12]. It was found to be of the same order as state-of-the-art
five-loop calculations – and several times bigger than the weak
corrections.

The successes of QED have inspired the use of analogous methods for the other interactions. In particular, Bethe-
Salpeter and Dyson-Schwinger equations have been extensively applied in QCD (see [13] and references therein).

4 In (2.19) a factor P 0 � Eq+ � Eq� was extracted from the wave function  (q).

Example: Hyperfine splitting in Positronium

ΔνEXP = 203.394± .002 GHz

Atomic calculations start from 
the NR Schrödinger atom at rest,

 (x) ⇠ exp(�↵mr/2)
<latexit sha1_base64="GgKjDeG/yZ2mW6Sk7T3fbSKluP4="></latexit>

with its O(α∞) wave function

06.03.22, 18.58ISOTOPE INFO

Page 1 of 1http://www.rogerarm.freeuk.com/Pages/Positronium.htm

POSITRONIUM

The electron and it's anti-particle, the positron, can orbit each other in a matter/anti-matter
unfriendly alliance called a positronium before they decay by mutual annihilation. The
lifetime of such a contrivance depends upon the relative orientation of their individual spins.
If the spins are paired anti-parallel with each other, with a total spin of zero, then the lifetime
is about 8 nanoseconds. If, on the other hand, they are aligned parallel, with a total spin of 1,
then the lifetime is about a thousand times longer at 7 microseconds. The reason being that the
spin-zero state must decay to a pair of gamma ray photons, each with spin-1, whereas the
spin-1 positronium cannot do this and must instead decay into a minimum of three gamma ray
photons (in order to conserve momentum and angular momentum), and this decay is much
less probable requiring it to generate three photons simultaneously.



5Hadrons are Paradoxical

Relativistic mass spectrum
but qq̅ quantum numbers

3 15. Quark Model

Table 15.2: Suggested qq̄ quark-model assignments for some of the ob-
served light mesons. Mesons in bold face are included in the Meson Sum-
mary Table. The wave functions f and f

Õ are given in the text (Eqn. 15.9).
The singlet-octet mixing angles from the linear mass formula (15.12) and
its quadratic version (in which the masses are squared) are also given for
the well established nonets. The classification of the 0++ mesons is ten-
tative: the light scalars a0(980), f0(980), f0(500) and K

ú
0 (700) are often

considered to be four-quark states, and are omitted from the table, see Eqn.
(15.26) below. The isoscalar 0++ mesons f0(1370), f0(1500) (not shown)
and f0(1710) are expected to mix, see the “Note on Non-qq̄ mesons” and
the “Note on Scalar Mesons below 2 GeV” in the Meson Listings for de-
tails. The isoscalar assignments in the 21

S0 (0≠+) nonet are also tentative.
The ÷(1405) (not shown) and ÷(1475) may be manifestations of the same
state, see the “Note on Pseudoscalar and Pseudovector Mesons in the 1400
MeV Region” in the Meson Listings.
† The 1+± and 2≠± isospin 1

2 states mix. In particular, the K1A and K1B

are nearly equal (45¶) mixtures of the K1(1270) and K1(1400) (see [2] and
references therein).
‡ The physical vector mesons may be mixtures of 13

D1 and 23
S1 [3].

n
2s+1

¸J J
P C I = 1 I = 1

2 I = 0 I = 0 ◊quad ◊lin
ud̄, ūd, us̄, ds̄; f

Õ
f [¶] [¶]

1Ô
2(dd̄ ≠ uū) d̄s, ūs

11
S0 0≠+ fi K ÷ ÷Õ(958) ≠11.3 ≠24.5

13
S1 1≠≠ fl(770) Kú(892) „(1020) Ê(782) 39.2 36.5

11
P1 1+≠ b1(1235) K1B

† h1(1415) h1(1170)
13

P0 0++ a0(1450) Kú
0(1430) f0(1710) f0(1370)

13
P1 1++ a1(1260) K1A

† f1(1420) f1(1285)
13

P2 2++ a2(1320) Kú
2(1430) f Õ

2(1525) f2(1270) 29.6 28.0
11

D2 2≠+ fi2(1670) K2(1770)† ÷2(1870) ÷2(1645)
13

D1 1≠≠ fl(1700) Kú(1680)‡ Ê(1650)
13

D2 2≠≠ K2(1820)†

13
D3 3≠≠ fl3(1690) Kú

3(1780) „3(1850) Ê3(1670) 31.8 30.8
13

F4 4++ a4(1970) Kú
4(2045) f4(2300) f4(2050)

13
G5 5≠≠

fl5(2350) K
ú
5 (2380)

21
S0 0≠+ fi(1300) K(1460) ÷(1475) ÷(1295)

23
S1 1≠≠ fl(1450) Kú(1410)‡ „(1680) Ê(1420)

23
P1 1++ a1(1640)

23
P2 2++ a2(1700) K

ú
2 (1980) f2(1950) f2(1640)

These mixing relations are often rewritten to exhibit the uū+dd̄ and ss̄ components which decouple
for the “ideal” mixing angle ◊i, such that tan ◊i = 1/

Ô
2 (or ◊i = 35.3¶). Defining – = ◊ + 54.7¶,

one obtains the physical isoscalar in the flavor basis

f
Õ = 1Ô

2
(uū + dd̄) cos – ≠ ss̄ sin – , (15.9)

1st June, 2020 8:28am

Particle Data Group

Strong color fields should
create many constituents

Why do hadron quantum numbers agree
with the non-relativistic quark model?

We know the QCD action:
We can find out!

=?



Similarity of atomic and hadronic spectra

V (r) = ��

r
V (r) = c r � 4

3

�s

r
PQED: PQCD?

Adapted from presentation by J. Ritman (2005)

3D
2

2900

3100

3300

3500

3700

3900

4100

η c(3590)

ηc(2980)

hc(3525)

ψ (3097)

ψ (3686)

ψ (3770)

ψ (4040)

χ 0(3415)

χ 1(3510)
χ 2(3556)

3D
1

3D
3

1D
2

3P
2
(~ 3940)

3P
1
(~ 3880)

3P
0
(~ 3800)

(~ 3800)

1 fmC C

~ 600 meV

-1000

-3000

-5000

-7000

11S
0

13S
1

21S
0

23S
1

21P
1 

23P2 

23P1 

23P0 

0
31S

0 31D
2 

33D2 

33D1 

33D2 

Ionization energy
33S

1

e+ e-0.1 nm

Binding energy  

[meV]

Mass [MeV]

DD Threshold

8!10-4 eV

10-4 eV

´
´´

´´´

´

117 MeV

Positronium Charmonium

Quarkonia are like atoms with confinement

V (r) = �↵

r

E. Eichten, S. Godfrey, H. Mahlke and J. L. Rosner, 
Rev. Mod. Phys.  80 (2008) 1161

“The J/ψ is the Hydrogen atom of QCD”

V (r) = V 0r � 4

3

↵s

r
<latexit sha1_base64="FSjEu3MzYfRTzqau5lFKkY0E9gI="></latexit><latexit sha1_base64="FSjEu3MzYfRTzqau5lFKkY0E9gI="></latexit><latexit sha1_base64="FSjEu3MzYfRTzqau5lFKkY0E9gI="></latexit><latexit sha1_base64="FSjEu3MzYfRTzqau5lFKkY0E9gI="></latexit>

(1980)
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I. MOTIVATIONS AND OUTLINE

A. Motivations

Hadrons di↵er qualitatively from atoms due to their relativistic binding, confinement and spontaneous chiral symmetry
breaking. Deep inelastic scattering shows that hadrons have significant sea quark and gluon constituents. Nevertheless,
the hadron spectrum has atomic features, with quantum numbers determined by the valence quarks only. Nuclei are
multiquark states analogous to molecules, being comparatively loosely bound states of nucleons. The more recently
discovered heavy multi-quark (X, Y, Z) states tend to be associated with hadron thresholds, as would be expected for
weakly bound states of hadrons.

These properties should emerge in a correct description of hadrons as QCD bound states. Many aspects have indeed
been confirmed by numerical studies, see the reviews of lattice QCD by the Particle Data Group [1] and FLAG [2].
Valuable insights have been obtained also through studies of models, especially the quark model [1]. The QCD2019
Workshop Summary [3] gives an overview of the experimental and theoretical status of hadron physics. We still lack
even a qualitative understanding of main aspects, e.g., why the degrees of freedom of the non-valence constituents
are not manifest in the hadron spectrum. The contrast to the dense excitation spectrum of nuclei due to rotational
and vibrational modes is striking.

The observed, puzzling similarities between hadrons and atoms allows us to benefit from the understanding of QED
bound states, which gradually emerged since the beginnings of quantum field theory. Unfortunately, the fields of QED
and QCD bound states have grown apart [4]. Modern textbooks on the applications of QFT to particle physics hardly
mention bound states. There are seemingly solid reasons to believe that QED methods are irrelevant for hadrons.
My lectures are motivated by a concern that this conclusion might be premature. Let me briefly indicate why I do
not find some of the common arguments completely conclusive.

a. Hadrons are non-perturbative, whereas QED is perturbative.

In their review of QED bound state calculations Bodwin et al. [5] remark that “precision bound-state calculations are

essentially nonperturbative”. Perturbation theory for atoms needs to expand around an approximate bound state,
whose wave function is necessarily non-polynomial in ↵. This means that there is no unique perturbative expansion
for bound states, since a polynomial in ↵ may be shifted between the initial wave function and the higher order
terms. Measurable quantities, such as the binding energy, have nevertheless unique expansions, being independent
of the initial wave function. For example, the hyperfine splitting between Orthopositronium (JPC = 1��) and
Parapositronium (0�+) is impressively known up to O

�
↵7

�
corrections, and is in agreement with accurate data [6–9]

�Eb

me
=

7

12
↵4 �

⇣8

9
+

ln 2

2

⌘↵5

⇡
� 5

24
↵6 ln ↵ +


1367

648
� 5197

3456
⇡2 +

⇣221

144
⇡2 +

1

2

⌘
ln 2 � 53

32
⇣(3)

�
↵6

⇡2

� 7↵7

8⇡
ln2 ↵ +

⇣17

3
ln 2 � 217

90

⌘↵7

⇡
ln ↵ + O

�
↵7

�
(1.1)

The freedom of choice of the initial wave function was used in the evaluation of the higher order terms, by expanding
around states given by the Schrödinger equation. Analogously, hadrons may have a perturbative expansion based on
an initial state that incorporates the relevant features, including confinement.

b. Confinement requires a scale ⇤QCD, which can arise only from renormalization.

The form of the classical atomic potential, V (r) = �↵/r, follows from ↵ being dimensionless (~ = c = 1). A confining
potential requires a parameter with dimension (the confinement scale), but the QCD action has no such parameter.
The properties of heavy quarkonia are well described by the Schrödinger equation with the “Cornell potential” [10, 11],

V (r) = V 0r � 4

3

↵s

r
with V 0 ' 0.18 GeV2, ↵s ' 0.39 (1.2)

This suggests that V 0r, similarly to the 1/r potential, should be determined by Gauss’ law. In section V C 2 I consider
a homogeneous solution of Gauss’ law that has a spatially constant color field energy density. It gives the classical qq̄
potential (1.2), with V 0 determined by the energy density. This and the corresponding instantaneous potentials for
qqq, qq̄g and other Fock states are derived in section VIII A.

c. The QCD coupling ↵s(Q) is large at low scales Q, excluding a perturbative expansion.

Standard perturbative determinations of ↵s(Q) are restricted to Q & m⌧ = 1.78 GeV, with ↵MS
s (m⌧ ) ' 0.33 [1].

Since ↵s is not directly measurable its value at low Q depends on the theoretical framework. A dispersive approach
indicates that ↵s(0) ' 0.5 ([12], section II D). Due to confinement no low momentum (IR) singularities are expected

Since 1974
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even a pure Coulomb potential, σ = 0, implies a non-vanishing σeff at finite t ≪ r.
Of course, the symmetry of the Wilson loop under interchange of r and t also implies
that no plateau in V (r, t) can be found, unless t ≫ r. For smeared Wilson loops, one
would still expect a similar 1/t2 approach (with a different coefficient) of σeff towards
the asymptotic limit, while effective masses, V (r, t), will approach V (r) exponentially
fast at any r.

4.7.2 The quenched potential
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Figure 4.2: The quenched Wilson action SU(3) potential, normalised to V (r0) = 0.

In Figure 4.2, we display the quenched potential, obtained at three different β values
in units of r0 ≈ 0.5 fm from the data of Refs. [173, 29]. The lattice spacings, determined
from r0, correspond to a ≈ 0.094 fm, 0.069 fm and 0.051 fm, respectively. The curve
represents the Cornell parametrisation with e = 0.295. At small distances the data
points lie somewhat above the curve, indicating a weakening of the effective coupling
and, therefore, asymptotic freedom. We will discuss this observation later. All data
points for r > 4a collapse onto a universal curve, indicating that for β ≥ 6.0 the scaling
region is effectively reached for the static potential. Moreover, continuum rotational
symmetry is restored: in addition to on-axis separations, many off-axis distances of the
sources have been realised and the corresponding data points are well parameterised by
the Cornell fit for r > 0.6 r0. Prior to comparison between the potential at various β,
the additive self-energy contribution, associated with the static sources, that diverges
in the continuum limit has been removed. This is achieved by the parametrisation-
independent normalisation of the data to V (r0) = 0.

42

Lattice QCD agrees with the Cornell potential

The quenched Wilson action SU(3) potential.

Gunnar S. Bali, Phys.Rept. 343 (2001) 1

V (r) = V 0r � 4

3

↵s

r
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8Generalized laws must reproduce earlier facts (1)

Relativistic → non-relativistic dynamics:
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9New physical laws must reproduce earlier facts (2)

Quantum

Free propagation:

<latexit sha1_base64="1I/vLTknFqo9j//ICJ6kpMGwiuU="></latexit>

i

p2 �m2 + i✏

 → 

<latexit sha1_base64="iYy90mpru76Ceb/cy61lmqWz/6Y="></latexit>

x =
p

E
t

With EM interactions:
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QFT Newton’s 1st. law

QED Lorentz force postulated
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10New physical laws must reproduce earlier facts (3)

Quantum Mechanics

QED

 → 
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Schrödinger equation

 → 

Dirac equation

What state does the Dirac wave function ψ(x) describe?

Electron moves in a classical potential
Atoms are “non-perturbative”

Quantum Field Theory
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THE
VISUAL
APPEARANCE
OF RAPIDLY MOFING OBJECTS

By V. F. Weisskopf

I WOULD like to draw the attention of physicists
to a recent paper by James Terrell1 in which he
does away with an old prejudice held by practically

all of us. We all believed that, according to special
relativity, an object in motion appears to be con-
tracted in the direction of motion by a factor 11 —
(v/c)-]1/-. A passenger in a fast space ship, looking
out of the window, so it seemed to us, would see
spherical objects contracted to ellipsoids. This is defi-
nitely not so according to Terrell's considerations,
which for the special case of a sphere were also carried
out by R. Penrose.2 The reason is quite simple. When
we see or photograph an object, we record light quanta
emitted by the object when they arrive simultaneously
at the retina or at the photographic film. This implies
that these light quanta have not been emitted simul-
taneously by all points of the object. The points fur-
ther away from the observer have emitted their part
of the picture earlier than the closer points. Hence,
if the object is in motion, the eye or the photograph
gets a "distorted" picture of the object, since the ob-
ject has been at different locations when different parts
of it have emitted the light seen in the picture.

In special relativity, this distortion has the remark-
able effect of canceling the Lorentz contraction so that
objects appear undistorted but only rotated. This is
exactly true only for objects which subtend a small
solid angle.

In order to understand the situation thoroughly let
us consider the distortion of the picture we see of a
moving object under nonrelativistic conditions, where
light moves with light velocity c only in the stationary
frame of reference of the observer, and a moving ob-
ject does not suffer a Lorentz contraction. In the frame

i j . Terrell, Phys. Rev. 116, 1041 (1959).
2 R Penrose, Proc. Cambridge Phil. Soc. 55, 137 (1959); see also

H Salecker and E. Wigner, Phys. Rev. 109, 571 (1958).

of the object moving with the velocity v the light
velocity would be c — v in the direction of motion and
c + v in the opposite direction.

We first consider the case of a cube of dimension I
moving parallel to an edge and observed from a di-
rection perpendicular to the motion. The observation
is made at great distance in order to keep the sub-
tended angle small (see Fig. 1). The square ABCD
facing the observer will be seen undistorted since all
points have the same distance from the observer.
The square ABEF facing in the opposite direction of
the motion (the rear side in regard to the motion, not
in regard to the observer's position) is invisible when
the cube is not in motion. However when it moves it
becomes visible since the light from E and F is emit-
ted l/c seconds earlier when the points E and F were
(v/c)l further behind at E' and F'. Hence the face
ABEF will be seen as a rectangle with a height / and
a width (v/c)l. The picture of the cube, therefore, is
a distorted one. In an undistorted picture of a rotated

E_'_ E

~ F
B
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To Observer

Picture ( v - Vz c)
E B c

Non Relat

F A
E B C

D

Relativistk

F A

Fig. 1. A cube moving with velocity v
seen by an observer at an angle of 90°.
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Terrell’s insight was that even if those rays leave 
different parts of the moving body at the same time, 
they won’t reach the observer’s eyes at the same time. 
The net result is a distorted view. Amazingly, for an 
object that subtends a small solid angle, the Terrell 
effect will cancel out the Lorentz contraction, mak-
ing the object appear to have been rotated. Indeed, 
it allows you to see partly around the object and 
observe its reverse side.

Of course, the rapidly moving Enterprise would also 
be subject to the Doppler effect, which would ren-
der it a different colour. Indeed, the frequency shift 
might even make the craft totally invisible to human 
eyes. The Enterprise would also appear brighter or 
dimmer due to relativity’s “headlight effect” (which 
I’ll come back to later). All in all, these effects will 
make a rapidly moving object, such as the Enterprise, 
appear nothing like it does at rest.

Now, if you think that’s confusing – don’t worry, 
you’re not alone.

Length contraction: the short story
The idea of length contraction was postulated by the 
Irish theoretical physicist George FitzGerald in 1889 
and by the Dutch theorist Hendrik Lorentz in 1892. 
Also known as Lorentz–Fitzgerald contraction or just 
Lorentz contraction, it was invoked to account for the 
negative outcome of Albert Michelson and Edward 
Morley’s memorable experiment of 1887. The two 
Americans had famously tried – and failed – to detect 
the “aether”, a hypothetical stationary medium that 
was supposed to carry electromagnetic waves, much 
as the surface of water carries water waves. 

Keen to rescue the hypothesis of a stationary 
aether, Lorentz and Fitzgerald’s solution to Michel-
son and Morley’s null result was to suggest that 
objects travelling at a substantial fraction of the 
speed of light will – when viewed by another observer 

– appear shortened in the direction of their travel. 
Based on a calculation by Oliver Heaviside of how 
the magnetic vector potential in Maxwell’s equa-
tion transformed between reference frames, their 
idea was, in truth, just one of a few proposed “solu-
tions”. None was completely satisfactory, however, 
and for many years, length contraction remained an 
ad hoc hypothesis.

It was only in 1905 that Albert Einstein cut through 
the confusion when he published his special theory 
of relativity. It did away with the aether altogether 
and proposed two postulates. The first is that the 
laws of nature are the same in all “inertial” reference 
frames – i.e. those frames moving at a constant veloc-
ity with respect to one another, in which any object 
with no net forces on it will appear at rest. The sec-
ond postulate states that an observer in any inertial 
reference frame will measure the speed of light in a 
vacuum to be the same. 

From his theory, Einstein derived length contrac-
tion as well as time dilation, the equivalence of mass 
and energy, and more. In particular, he realized that 
an observer at rest on a high-speed train will measure 
the length of a passing high-speed train as shortened 
in the direction of its motion, by the factor (1–v2/c2)1/2 
where v is the relative velocity between the observer 
and the other train. (Paradoxically, an observer on 
that train will measure the first as shortened by the 
same factor. Isn’t special relativity fun?)

Length contraction has never been directly meas-
ured. But its effects show up in the magnetic force 
that acts between parallel, current-carrying wires. 
Bizarrely, this force, which is purely magnetostatic, 
appears in one wire due to length contraction as 
experienced by the charge carriers in the other wire’s 
frame. (It’s complicated. You can find more infor-
mation in a paper by Paul van Kampen from Trinity 
College Dublin – Eur. J. Phys 29 879). Current-carry-
ing wires aside, there is little doubt that Lorentz con-
traction occurs if length is measured – that is, when 
different points on a moving object are all measured 
at the same instant of time in the observer’s station-
ary frame of reference.

But when you view an object with your eyes or a 
camera, it’s a different story. You’re then recording 
the photons the object emits – and these photons 
arrive at your eyeball or camera lens at the same 
time. What both Einstein and Lorentz overlooked, 
however, is the fact that the photons may have been 
emitted by the object at a different time, especially if 
the object is large. In fact, in 1922 Lorentz errone-
ously claimed, in the Dutch version of his Lectures 
of Theoretical Physics, that the contraction could 
be photographed.

Lost in history
Over the years, few people paid much attention to 
observing Lorentz contraction. Anton Lampa, an 
Austrian physicist who had once helped Einstein get 
his first university professorship, did publish a paper 
on this topic in 1924 (Zeitschrift für Physik 27 138). 
Concerning the appearance of a moving rod to an 
observer, his work was unfortunately largely over-
looked. Indeed, in his famous 1940 children’s book 

Curiouser and curiouser A row of stationary dice (bottom), with other dice moving from left 
to right (top) at 90% of the speed of light. All cubes, whether moving or at rest, have the same 
orientation. However, we cannot see the Lorentz contraction of the upper cubes, which 
instead are rotated. Indeed, due to the fact the speed of light is finite, we can actually see the 
“rear” sides of the upper cubes.
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Curiouser and curiouser A row of stationary dice (bottom), with other dice 
moving from left to right (top) at 90% of the speed of light. All cubes, whether 
moving or at rest, have the same orientation. However, we cannot see the 
Lorentz contraction of the upper cubes, which instead are rotated. Indeed, due 
to the fact the speed of light is finite, we can actually see the “rear” sides of the 
upper cubes.

D. Appell
Physics World 32 (2019) 41

The invisibility of length contraction

Classical Lorentz Contraction
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QED reconciles relativistic kinematics and dynamics

Relativistic
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Relativistic dynamics?
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Hadrons are non-perturbative: Only numerical lattice approaches are feasible

The strong coupling αs ≥ 1

Preconceptions of hadrons


