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A
tion
S = −γ

∫

Ω

√

−det ‖gab‖ dτ dσ −
n

∑

j=1

mj

∫

√

ẋ2
i (τ) dτ. (1)Here γ is the string tension, gab = ηµν∂aX

µ∂bX
ν, ηµν = diag (1;−1;−1;−1) is metri
in R1,3; c = 1; mj are masses and σ = σj(τ) or xµ = xµ

j (τ) ≡ Xµ
(

τ, σj(τ)
) are worldlines of massive points (quarks), ẋµ

j (τ) ≡
d
dτx

µ
j (τ); (a, b) = ηµνa

µbν.

xµ = Xµ(τ, σ) is a string world surfa
e

 x0
 R1,3  

 m
1

 m
2

 x1

 xk

Dynami
al equations result from the a
tion (1) andunder orthonormality 
onditions

Ẋ2 +X ′2 = 0, (Ẋ,X ′) = 0 (2)take the form (here Ẋµ ≡ ∂τX
µ, X ′µ ≡ ∂σX

µ)

∂2Xµ

∂τ 2
−
∂2Xµ

∂σ2
= 0 (3)

mj
d

dτ

ẋµ
j (τ)

√

ẋ2
j(τ)

± γ
[

X
′µ + σ̇j(τ)Ẋ

µ
]
∣

∣

∣

σ=σj

= 0, (for an endpoint) (4)2



mj
d

dτ

ẋµ
j (τ)

√

ẋ2
j(τ)

+ γ
[

X
′µ + σ̇j(τ)Ẋ

µ
]
∣

∣

∣

σ=σj−0

− γ
[

X
′µ + σ̇j(τ)Ẋ

µ
]
∣

∣

∣

σ=σj+0

= 0, (5)Rotational states for string models q-q and q-q-q:

Xµ(τ, σ) = Xµ(τ, σ) = Ω−1
[

θτeµ
0 + cos(θσ + φ1) · e

µ(τ)
]

, (6)where σ ∈ [0, π], Ω = θ/a0 is angular velo
ity, e0, e1, e2, e3 is a tetrad in R1,3,

eµ(τ) = eµ
1 cos θτ + eµ

2 sin θτ, éµ(τ) = −eµ
1 sin θτ + eµ

2 cos θτare unit rotating ve
tors, v1 = cosφ1, mjΩ/γ = v−1
j − vj.Energy and angular momentum of states (6) :

E =
πγθ

Ω
+

2
∑

j=1

mj
√

1 − v2
j

+ ∆ESL, ∆ESL =
2

∑

j=1

[

1 − (1 − v2
j )

1/2
]

(Ω · sj),

J =
πγθ

2Ω2
+

1

2Ω

2
∑

j=1

mjv
2
j

√

1 − v2
j

+ S.
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Rotational states of all string models (here q-q and q-q-q) generate Regge traje
toriesfor mesons and baryons
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Stability problem for the model q-q-qWe substitute the general solution of string os
illatory equation (3)

Xµ(τ, σ) =
1

2
[Ψµ

j+(τ + σ) + Ψµ
j−(τ − σ)], σ ∈ [σj, σj+1], Ψ̇2

j±(τ) = 0 (7)into boundary 
onditions (4), (5). We obtain the system of ordinary (nonlinear) di�eren-tial equations with deviating arguments :
d

dτ

Ψ̇µ
1+(τ) + Ψ̇µ

1−(τ)
(

2Ψ̇1+(τ), Ψ̇1−(τ)
)1/2

=
γ

2m1

[

Ψ̇µ
1+(τ) − Ψ̇µ

1−(τ)
]

,

d

dτ

(1 + σ̇2)Ψ̇
µ
1+(+2) + (1 + σ̇2)Ψ̇

µ
1−(−2)

[

2(1 − σ̇2
2)

(

Ψ̇1+(+2), Ψ̇1−(−2)
)]1/2

=
γ

m2

d

dτ

[

Ψµ
2+(+2) − Ψ̇µ

1+(+2)
]

,

d

dτ

Ψ̇µ
2+(+) + Ψ̇µ

2−(−)
(

2Ψ̇2+(+), Ψ̇2−(−)
)1/2

=
γ

2m3

[

Ψ̇µ
2−(−) − Ψ̇µ

2+(+)
]

,

Ψµ
1+(+2) + Ψµ

1−(−2) = Ψµ
2+(+2) + Ψµ

2−(−2).Here (±2) ≡
(

τ ± σ2(τ)
), (±) ≡ (τ ± π).5



For the rotational state (6) with Ψµ
1±(τ) = Ψµ

2±(τ) = Ω−1
[

eµ
0θτ + eµ(τ ± φ1/θ)

]we substitute small disturban
es
Ψµ

j±(τ) = Ψµ
j±(τ) + ψµ

j±(τ), σ2(τ) = σ2 + δ2(τ), σ2 =
π − 2φ1

2θinto equations of motion, omitting squares ψj± and δ2.The linearized system for small disturban
es ψj± and δ2 is

ψµ
1+(+2) + ψµ

1−(−2) = ψµ
2+(+2) + ψµ

2−(−2),
(

Ψ̇j±, ψ̇j±

)

= 0,

ψ̇µ
1+(τ) + ψ̇µ

1−(τ) − Uµ
1

(

U 1, ψ̇1+(τ) + ψ̇1−(τ)
)

= Q1

[

ψµ
1+(τ) − ψµ

1−(τ)
]

,

ψ̇µ
2+(+) + ψ̇µ

2−(−) − Uµ
3

(

U 3, ψ̇2+(+) + ψ̇2−(−)
)

= Q3

[

ψµ
2−(−) − ψµ

2+(+)
]

,

ψ̇µ
1+(+2) + ψ̇µ

1−(−2) − 2a0

[

δ̇2e
µ(τ) + θδ2é

µ(τ)
]

=

=
eµ
0

2a0

[

(

Ψ̇1+(+2), ψ̇1−(−2)
)

+
(

Ψ̇1−(−2), ψ̇1+(+2)
)

]

+ 2Q2

[

ψµ
2+(+2) − ψµ

1+(+2)
]Here a0 = θ/Ω,

Qj =
γ

mj

√

ẋ2
j(τ) =

γa0

mj

√

1 − v2
j , Uµ

j (τ) =
eµ
0 − ǫjvj é

µ(τ)
√

1 − v2
j

, ǫ1 = −1, ǫ3 = 1,
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Subsystem of 4 equations with ψ3
j± has solutions ψ3

j± = B3
j±e

−iξτ if and only if

∣

∣

∣

∣

∣

∣

∣

∣

−iξ −Q1 −iξ +Q1 0 0
0 0 (−iξ +Q3) e

−iπξ (−iξ −Q3) e
iπξ

(−iξ + 2Q2) e
−iσ

2
ξ −iξeiσ

2
ξ 2Q2e

−iσ
2
ξ 0

e−iσ
2
ξ eiσ

2
ξ −e−iσ

2
ξ −eiσ

2
ξ

∣

∣

∣

∣

∣

∣

∣

∣

= 0 ⇐⇒

Q2

[

(Q1Q3 − ξ2) sinπξ + (Q1 +Q3) ξ cos πξ
]

+ ξ(Q1c̃2 − ξs̃2)(Q3c̃3 − ξs̃3) = 0. (8)The similar 
ondition for small os
illations in the rotational plane (for proje
tions

ψj± onto basi
 ve
tors e0, e, é, for example, (ψj±, e) = Bj±e
−iξτ ) is the followingspe
tral equation:

ξ

Q2

·
ξ2 − θ2

ξ2 − θ2
=

(Q2
1κ1c̃2 − ξ2) − 2Q1ξs̃2

(Q2
1κ1s̃2 − ξ2) + 2Q1ξc̃2

+
(Q2

3κ3c̃3 − ξ2) − 2Q3ξs̃3

(Q2
3κ3s̃3 − ξ2) + 2Q3ξc̃3

. (9)

κj = 1+v−2
j , c̃2 = cosσ2ξ, s̃2 = sinσ2ξ, c̃3 = cos(π−σ2)ξ, s̃3 = sin(π−σ2)ξ.Roots of Eqs. (8) and (9) [in the form F (ξ) = 0

] on the 
omplex plane of ξ = ξ1+iξ2are 
ross points of zero level lines for ReF (ξ) and ImF (ξ).
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String model YDynami
al equations (for 3 world sheets Xµ
j (τj, σ), j = 1, 2, 3, σ ∈ [0, π]):

∂2Xµ
j

∂τ 2
j

−
∂2Xµ

j

∂σ2
= 0, mj

dUµ
j (τj)

dτj
+ γX

′µ
j (τj, π) = 0, Uµ

j (τj) =
ẋµ

j (τj)
√

ẋ2
j(τj)

,

Xµ
1

(

τ, 0
)

= Xµ
2

(

τ2(τ), 0
)

= Xµ
3

(

τ3(τ), 0
)

,
3

∑

j=1

X
′µ
j

(

τj(τ), 0
)

τ̇j(τ) = 0.
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Rotational states of the Y 
on�guration

Xµ
j (τj, σ) = Ω−1

[

θτje
µ
0+sin(θσ)·eµ(τj+∆j)

]

,

∆j = 2π(j − 1)/(3θ).G. S. Sharov, Phys. Rev. D 62, 094015 (2000);arXiv: hep-ph/0004003.G. 't Hooft, Minimal strings for baryons, arXiv:hep-th/0408148.10



Analysis of small disturban
es for the model Y

Uµ
j (τj) = Uµ

j (τj) + uµ
j (τj), Ψ̇µ

j±(τj ± π) =
mj

γ

[
√

−U̇ 2
j (τj)U

µ
j (τj) ∓ U̇µ

j (τj)
]and τj(τ) = τ + δj(τ) (j = 2, 3) substitute into dynami
al equations.Spe
tral equation of small os
illations in the rotational plane for m1 = m2 = m3 is

(ξ2 − θ2)

(

ξ2 − q

2Qξ
+ tanπξ

)(

ξ2 − q

2Qξ
− cotπξ

)

= 0.Here Q =
θv1

√

1 − v2
1

, q = θ2
1 + v2

1

1 − v2
1

.
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Rotational instability and hadron's widthFor the linear model q-q-q width of a hadron state

Γ = Γbr + Γinst, Γbr ≃ 0.1 · Estr = 0.1
πγθ

Ω
, Γinst ≃

ξ∗2
a0

=
ξ∗2Ω

θ
.
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