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F- H I (FHI)

T R S T

T FHI   R A  F S1:
WFHI = κS

(
Φ̄Φ − M2

)
, W κ  M  R PW M ∼ MGUT = 2.86 · 1016 GeV

• WFHI  R  CW  U(1)R S: S → eiα S , Φ̄Φ → Φ̄Φ, W → eiαW.
• S :  L H S, S U  GUT G G, .., GLR = SU(3)c × SU(2)L × SU(2)R × U(1)B−L.
• Φ̄  Φ: P  L H SW  SU(2)R DW B − L = −1, 1 R

–  C S A P S S U(2)R × U(1)B−L → U(1)Y .

T SUSY P
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• T SUSY P  VSUSY = VF + VD, W

• VD = 0,  |Φ̄| = |Φ|.

• VF = κ
2 M4

(
(Φ2 − 1)2 + 2S2Φ2

)
,

 Φ = |Φ|/M = |Φ̄|/M  S = |S |/M.

• WFHI G R  FHI S T   F-F D
 Φ = 0  VF ' κ

2 M4 = cst W   L M 
VF  S > 1 = Sc.
• WFHI A L   S B  GLR, S
 SUSY V 

〈S 〉 = 0  |〈Φ̄〉| = |〈Φ〉| = vG = M

1G.R. Dvali, Q. Shafi, and R.K. Schaefer (1994); G. Lazarides, R.K. Schaefer and Q. Shafi (1997).
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T P-Q P T (PQPT)

T P-Q (PQ) S   S CP P

D   S   V  SU(3)c  L  QCD I  CP-V T, I  S
C C, g3,  G F-S T, G,   D, G̃. I..,

LQCD 3
g2

3

32π2 θ̄ G
a
µν G̃aµν W θ̄ . 5 · 10−10 (!?) S dn ' 5 · 10−16 θ̄ < 10−26e cm

W dn  N E D M. A P S  T Strong CP Problem   I  G C
A U(1)PQ SW I N T  LQCD A F:

LQCD 3
g2

3

32π2

(
θ̄ + ca

a
fa

)
Ga
µνG̃aµν W 109 . fa/GeV . 1012  < a >= −θ̄ fa/ca.

W ca   M-D P, a(x)   G B - A - AW  S B
 U(1)PQ  fa   E SW U(1)PQ  B S.

T, M  PW R  a S T T CP-V T T Z.

T R S T

O,  S B  U(1)PQ W SUSY C   R T  VEVW A  P 
PQ-C F A2 O R S T S T TW L  FHI. I.., IW
I P → P, Q → eiα Q, Q̄ → e−iα Q, U U(1)PQ W O WPQ → WPQ W

WPQ = κaP
(
Q̄Q − f 2

a /4
)
, W L T VEV φQ = fa W 2Q = 2Q̄ = φQ.

C  O  C M C B I (FHI  PQPT)?

2J.E. Kim (1984); T. Goto and M. Yamaguchi (1992)
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S  M

T R S

T K P O  C  T P C B R   L C   GLR SW
(PQ,R) = (0, 4) T D N C  Φ̄Φ. T, T S  BW A

W = κS
(
Φ̄Φ − M2

)
FHI

+ κaP(Q̄Q − f 2
a /4) PQPT

+ λS Q̄Q U C

+ λµ
Q̄2h2

mP︸    ︷︷    ︸
(
mP ' 2.44 · 1018 GeV

)
 G µ = λµ f 2

a /mP ∼ 1 TeV

+ yνi j

Φ̄lci Φ̄lcj
mP︸       ︷︷       ︸

 G M  RHN

+ yli jlihlcj + yqi jqihqc
j︸                  ︷︷                  ︸

W  MSSM  µ = 0

+ λDaQ̄D̄aDa + λHaQ̄H2
a︸                       ︷︷                       ︸

 A DW

S- R G S
  GLR R PQ B D

M F
li (1, 2, 1,−1) 0 −2 0 0
lci (1, 1, 2, 1) 2 0 0 0
qi (3, 2, 1, 1/3) 1 −1 1/3 0
qc

i (3̄, 1, 2,−1/3) 1 −1 −1/3 0
H F

S (1, 1, 1, 0) 4 0 0 0
Φ̄ (1, 1, 2,−1) 0 0 0 0
Φ (1, 1, 2, 1) 0 0 0 0
P (1, 1, 1, 0) 4 0 0 0
Q̄ (1, 1, 1, 0) 0 −2 0 0
Q (1, 1, 1, 0) 0 2 0 0
h (1, 2, 2, 0) 2 2 0 0

E M F
D̄a (3̄, 1, 1, 2/3) 2 1 0 −1
Da (3, 1, 1,−2/3) 2 1 0 1
Ha (1, 2, 2, 0) 2 1 0 0
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S  M

E  D-W P

W I3 n P O L-H S D̄a  Da (a = 1, ..., n) W A SU(3)c 3̄ A 3 R.
T R G U, W I A E N  SU(2)L × SU(2)R (2, 2) S Ha.
W G I S M T D̄a − Da  Ha T S T:

mDa = mD̄a ' λDa fa  mHa ' λHa fa.

S SUSY B  I E E B U(1)R × U(1)PQ   D S.
T E U S  U(1)R × U(1)PQ  Z4 × Z2(n−6)  C B F, F E n,  F:

eirR(W) = 1
eir

∑
i R(i)+p

∑
i PQ(i) = 1

}
⇒

{
4r = 0 (mod 2π)
−12r + 2(n − 6)p = 0 (mod 2π) 

{
eirR ∈ U(1)R
eipPQ ∈ U(1)PQ,

W r [p]   U(1)R [U(1)PQ] A  S O i I A O A SU(3)c 3 A 3̄ O T M.
I  T I T E T T S   S B  〈Q̄〉  〈Q〉, ..,

e2ips 〈Q〉 = 〈Q〉  e−2ips 〈Q̄〉 = 〈Q̄〉 ⇒ 2ps = 0 (mod 2π) ,

S O C D DWW B P  PQPT. T I n = 5  n = 7.

T O L E   T G C C gi, W i = 1, 2  3, W MSSM O  R4:

dαi

dt
= −

bi

2π
α2

i W αi(t) =
g2

i (t)
4π

 t = ln(Λ/ GeV) ⇒
1
α3
=

(1 + Bα)
α2

−
Bα
α1

W Bα =
b3 − b2

b2 − b1

I  A B − L = 2/3  −2/3  D̄a  Da R  F T C  D̄a,Da  Ha  b1, b2,  b3,
W C P T Bα R U.

3G. Lazarides and Q. Shafi (1982); H. Georgi and M.B. Wise (1982); G. Lazarides and Q. Shafi (2000).
4See e.g. M. Peskin, arXiv:0801.1928.
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S  M

T R K̈ P

W E  K̈ P   F O   R F  F:

K = |S |2 + |P|2 + a(S P∗ + S ∗P) + b
|S |4

4m2
P

+ c
|P|4

4m2
P

+ d
|S |2 |P|2

m2
P

+
e|S |2 + f |P|2

2m2
P

(
S P∗ + S ∗P

)
+
g

4m2
P

[(
S P∗

)2
+

(
S ∗P

)2
]

W A T C a, b, c, d, e, f  g A T, F S, R.

T SUSY P

T SUSY P, VF, C   SUGRA S P

VSUGRA = eK/m2
P

KMN∗FM F∗N∗ − 3
|W |2

m2
P

 W M,N = {S , P,Φ, Φ̄,Q, Q̄}.

I T LW mP → ∞, VSUGRA    SUSY L, VF, W T   :

VF '

∣∣∣∣κ (Φ̄Φ − M2
)
+ λQ̄Q

∣∣∣∣2 /(1 − a2) + κ2a
∣∣∣Q̄Q − f 2

a /4
∣∣∣2 /(1 − a2) + κ2 |S |2

(
|Φ̄|2 + |Φ|2

)
+ |λS + κaP|2

(
|Q̄|2 + |Q|2

)
−

[
aκa

(
Q̄∗Q∗ − f 2

a /4
) [
κ
(
Φ̄Φ − M2

)
+ λQ̄Q

]
/(1 − a2) + C C

]
T D– C V A T D |Φ̄| = |Φ|.
F M � fa,  F T T SUSY V L 

〈S 〉 = 0, |〈Φ̄〉| = |〈Φ〉| ' M, 〈P〉 = 0,  |〈φQ〉| = fa, W φQ = 2Q = 2Q̄.

T, GLR × U(1)PQ  S B D  GSM × Z2.
T S VF G A R   S  FHI   PQPT, W S   F.
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T C S

F D   SUSY P

VF P TWO D–  F–F D 
(1) Φ̄ = Φ = 0  Q̄ = Q = 0
(2) S = 0, Φ̄ = Φ = M,  Q̄ = Q = 0   C P E D

{
VHI0 ' κ

2 M4/(1 − a2)
VPQ0 = κ

2
a f 4

a /16

S   F D (1)

T D (1) C B U A I P S I C T A C F V O M F

(a) |S | > M/
√

1 − a2  (b) |σa | >
√
κ(λ − aκa)/(1 − a2)M, W σa = λS + κaP

. T M S A T I T:

S F M S
 

B

Φ̄, Φ 4 C S κ2
(
|S |2 ± M2

(1−a2)

)
Q̄, Q 2 C S |σa |

2 ±
κ(λ−aκa )M2

(1−a2)

F
Φ̄, Φ 2 D S κ2 |S |2

Q̄, Q 1 D S |σa |
2

S VPQ0 � VHI0, VPQ0  D O R     FHI L   Peccei-Quinn Phase Transition (PQPT)

T C S A C B A I (a)  V B (b) .
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T I E

T I P

T I P  BW A VHI = VHI0 + VHIs + VHIc , W

• VHI0: T D C  VHI A  F-F D, VHI0 = κ
2 M4/(1 − a2).

• VHIs: SUGRA C  VHI W   F  E VSUGRA   I T

VHIs '
VHI0

(1 − a2)m2
P

[
A1 |S |2 + A12

(
S ∗P + PS ∗

)
+ A2 |P|2

]
+

VHI0

4(1 − a2)2m4
P

[
B1 |S |4 + B2 |P|4

+ B3 |S |2 |P|2 +
(
B4 |S |2 + B5 |P|2

) (
S ∗P + PS ∗

)
+ B6

((
S ∗P

)2
+

(
P∗S

)2
) ]

=
VHI0

2m2
P

(
m2
+

(
s2 + q2

)
+ m2

−σ
2
)
+ · · · W

I KS P = |S |2 + |P|2 + a(S P∗ + S ∗P) =
(
σ2 + s2 + q2

)
/2 T Q P  K

I m2
± =

(
D1 ±

√
D2

)
/(1 − a2)2  D1 = A1 − 2aA12 + A2  D2 = D2

1 + 4(1 − a2)(A2
12 − A1A2).

I A1 = 2ae − a4 − a2(d − 1) − b, A2 = 1 − d − a(a + ac − 2 f ),
A12 = a

(
1 + d − a(a + f ) + g

)
− e  B1−6 = f (a, ..., g)

N T  a , 0  b = c = d = e = f = g = 0 W O m2
− = 0. HW N m2

− ≤ 0  O 
O O A V   S I, ns – S B.

• VHIc: O-L R C  VHI   SUSY B A  I T

VHIc '
κ2VHI0

16π2(1 − a2)

(
2 ln

κ2 xM2

(1 − a2)Λ2 + 3
)
+

(λ − aκa)2VHI0

32π2(1 − a2)

(
2 ln
κ(λ − aκa)xa M2

(1 − a2)Λ2 + 3
)

 x = |S |2(1 − a2)/M2  xa = |σa |
2(1 − a2)/κ(λ − aκa)M2.
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T I E

T I D

T Equations Of Motion (...)   V F 

f̈ + 3H ḟ + VHI, f = 0 ⇒ H2 f ′′ + 3H2 f ′ + VHI, f = 0  f = σ, s,  q  ′ = d/dN  N = ln (R/RHIi)

H R(t)   S F   U  RHIi  V   O  FHI.
W I T F I C ( N = 0): f (0) = (1.5 − 4.5) · 1017 GeV  f ′(0) = 0  f = σ, s,  q.
I f (0)  L E, s R A A A O R A I O T P f (0). E..,

• q ' 0

• s '
2κ2C1 + (λ − aκa)2C2

8(1 − a2)π2m2
+σ

m2
P,

• σ =
mP(1 − a2)
√

2C3

[
− m2

− − D tan
(
DN

− arctan
1
D

m2
− +

2C3σ
2
HIi

m2
P(1 − a2)2

 )]1/2

W D =
√

C3
(
2κ2 + (λ − aκa)2)/2π2(1 − a2)3 − m4

−

W C1,2,3 = f (A′ s, B′ s).
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016
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• T F s T O T B J M, A N D5 R ... σ.

5 I. Izawa, M. Kawasaki, and T. Yanagida (1997); M. Kawasaki, N. Sugiyama, and T. Yanagida (1998)
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T P-I E

T S  PQPT

F λ ' (0.05 − 0.1),   T1rh > V1/4
PQ0. T, A FHI  O Matter Domination (MD)  T ≥ T1rh  Radiation

Domination (RD)  V1/4
PQ0 . T . T1rh. T V  s   B  PQPT :

sPQi ' (ρ1rh/VHI0)1/4 sHIf  ρ1rh = π
2g1rh∗T 4

1rh/30.

F T . V1/4
HI0, W  D   T WPQ = κaP(Q̄Q − f 2

a /4)   R F-T S P 

VPQF = κ
2
a

∣∣∣Q̄Q − f 2
a /4

∣∣∣2 + κ2a |P|2 (
|Q̄|2 + |Q|2

)
⇒ VPQF = VPQ0 = κ

2
a f 4

a /16  Q̄ = Q = 0.

A G M S SUSY B,  P  Q̄ = Q = 0   :

0.5

1

1.5

2

2»P» ê f
a

0.5
1

0

-1
-0.5

≤ 2»Q» ê fa

0

0.5

1

1.5

16 VPQF
ÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅÅ

ka
2 fa4

0

0.5

1

VPQ ' VPQ0 + m2
P |P|

2 + VT + VPQc  |P| ≥ fa/2, W

• VT = −
√

2VPQ0 |aP ||P|   T Ca W
aP ∼ 1 TeV.

• VPQc = κ
2
aVPQ0

(
ln κ2a |P|

2/Λ2 + 3/2
)
/16π2 A L

C A    SUSY B.

• VPQ D N G R T A FHI, S VPQc S
 η-C;
•W |P| < fa/2,  I O A  |P|-
T T  PQPT;
• I |PPQi | > fa/2 W O A O-O-E D O
 PQ S, I.., A S R.

aV.N. Şenoğuz and Q. Shafi (2005).
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T P-I E

R P  G (G̃) A

T E D, ρ1 [ρ2],   O SW R T U A T T T1rh [T2rh], 
E D O P R, ρR,   N D  G̃, nG̃ , S T E:

ρ̇1 + 3Hρ1 + Γ1ρ1 = 0,
ρ̇2 + 3Hρ2 + Γ2ρ2 = 0
ρ̇R + 4HρR − Γ1ρ1 − Γ2ρ2 = 0
ṅG̃ + 3HnG̃ −CG̃ (neq)2 = 0.

⇒


H f ′1 = −Γ1 f1
H f ′2 = −Γ2 f2
H f ′R = (Γ1 f1 + Γ2 f2)R
H f ′

G̃
= CG̃ (neq)2 R3




f1 = ρ1R3

f2 = ρ2R3

fR = ρRR4

fG̃ = nG̃R3



H = (ρ1 + ρ2 + ρR)1/2 /
√

3mP

CG̃ =
3π

16ζ(3)m2
P

∑3
i=1 cig

2
i ln

(
ki
gi

)
neq = ζ(3)T 3/π2

 gi ( i = 1, 2, 3)   G C C  MSSM, (ki) = (1.634, 1.312, 1.271)  (ci) = (33/5, 27, 72).
W   F I C: ρ1(0) = VHI0, ρR(0) = nG̃(0) = 0,  ρ2(N̄PQ) = VPQ0, W N̄PQ  T V 
N̄ C T T T TPQ W I D A T S O T E ρR

(
TPQ

)
= VPQ0.

R  FHI

T C R T 

T1rh =

(
72

5π2g1rh∗

)1/4 √
Γ1mP  Γ1 =

1
16π
λ2 minf

( λS Q̄Q ∈ W)  g1rh∗ ' 438.75 [g1rh∗ ' 513.75] 
n = 5 [n = 7]. T G̃ A 

Y1G̃ =
nG̃

s
(T1rh) ' 1.9 · 10−12

( T1rh

1010 GeV

)
.

R  PQPT

T C R T 

T2rh =

(
72

5π2g2rh∗

)1/4 √
Γ2mP  Γ2 =

1
2π
λ2
µ

(
fa

2mP

)2

mPQ

( λµQ̄2h2/mP ∈ W)  g2rh∗ = 228.75. T G̃
A 

Y2G̃ =
nG̃

s
(T2rh) '

(
π2

30
g1rh∗

)1/4 T2rh

V1/4
PQ0

Y1G̃ .

W O  Y2G̃  S R  Y1G̃   R T2rh/V
1/4
PQ0 � 1.
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O C

C R

W I   C S  F C:

(i) T V   I C O A   D O.
(ii) T N  e- NHI∗ T  S k∗ = 0.002/Mpc S D FHI    S  R
 H  F P  Standard Big Bang (SBB) C:

NHI∗ = NHI −N∗ ' 23+
2
3

ln
V1/4

HI0

1 GeV
−

1
3

ln
V1/4

PQ0

1 GeV
+

1
3

ln
T1rhT2rh

1 GeV2 ' 50  Trh1 = 1010 GeV  Trh2 ' 105 GeV

W N∗ [NHI]   V  N   O  FHI  k∗ C O  H  FHI [ E 
FHI]. T  F   C:

max{ε(σ(NHI)), |η(σ(NHI))|} = 1,  ε '
m2

P

2

(
VHI,σ

VHI

)2

 η ' m2
P

VHI,σσ

VHI
.

(iii) T P S, PR∗,   C P  k = k∗    CW WMAP7 D:

P1/2
R∗
= V3/2

HI /2
√

3 πm3
P |VHI,σ |

∣∣∣
N=N∗

' 4.93 · 10−5.

(iv) T S I, ns,    CW    WMAP7 R   ΛCDM M (αs ∼ 0).
ns = 1 − 6ε(N∗) + 2η(N∗) = 0.963 ± 0.028 ⇒ 0.935 . ns . 0.991,  95% ..

(v) I O F T PQPT  T P A A S T D  VPQ0,  R
∣∣∣PPQi

∣∣∣ > fa/2,
W    |P|   B  PQPT.

(vi) A U G̃, W I  U B6  YG̃ I O  A PW  SBB N:

YG̃ .

{
10−14

10−13  G̃ M mG̃ '

{
0.69 TeV
10.6 TeV.

6M. Kawasaki, K. Kohri, and T. Moroi (2005); J.R. Ellis, K.A. Olive, and E. Vangioni (2005).
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R

I  I R

W C D T A (L G S) R   κ − a  κ − M  F:

10-3 10-2 10-1
-3.0

-2.5

-2.0

-1.5

-1.0

-0.5

  n
s
 = 0.963      n

s
 = 0.991

  M  = M
GUT

       n
s
 = 0.935

 

 

a 
( 1

0-2
 )

κ

(a)

10-3 10-2 10-1

1

0.5

5

  n
s
 = 0.991

  n
s
 = 0.963

  n
s
 = 0.935

  M  = M
GUT

 

 

M
 (1

016
 G
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)

κ

(b)

5 10 15 20 25 30
-0.8

-0.7
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   a = - 0.0062, κ = 0.0036 

   a = - 0.0125, κ = 0.002

   a = - 0.0189, κ = 0.00111

    κ
α

 = 0.01

    λ = 0.1

    b = - 0.01

σ
*

σ
f

 

( V
H

I /
 V

H
I0
 - 

1)
 ( 

10
-3
 )

σ (1016 GeV)

• O C S-U D O T F
P: κ, κa, λ, M, fa, λµ, n, a, b, c, d, e, f ,  g.
•W F n = 5, κa = −b = 0.01, λ = c = d = e = f = g = 0.1,
fa = 1012 GeV  λµ = 0.01⇒ µ ∼ 1 TeV.
•W C O M = MGUT  κ = 0.002  a = −0.0125.
• T R  ns C  AW D 
M  VHI. F L σ’, VHI D 
O B   L σ’ VHI R
M.
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P-I C E

F κ = 0.002, M = MGUT  ns = 0.963 W O T1rh = 4.7 · 1013 GeV, [T2rh = 3 · 104 GeV] R 
Y1G̃ ' 9 · 10−9 [Y2G̃ ' 1.9 · 10−14] W  CW  G̃ C  mG̃ < 10 TeV.

• T E  T E D
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• T E  T G̃ A
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C
C FHI W  PQPT B  R S , W  O:

• O V FHI   SUSY GUT SW N V, ±(0.01 − 0.1),   M P;
• A S R   S CP  µ P  MSSM;

• A S S O R A PQPT, W L  O S V   G̃ A.

A I O I  O S   O BW I C U C.
C. P C F-T H IW  P-Q P T 14 / 14
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