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Introduction

When a top-down approach from string theory is considered, there
are two choices depending on where SUSY breaking scale is ;

1.SUSY is broken at low energy in supersymmetric EFT ;

2.SUSY is already broken at high energy like string/Planck scale.

In this talk, the second one is focused on, and non-supersymmetric
string models are considered.

In particular, the S0(16) x SO(16) model is a unique tachyon-free
non-supersymmetric string model in ten-dimensions.

[Dixon, Hervey, (1986)]



Introduction

Considering non-supersymmetric string models, however, we face
with the problem of vacuum instability arising from nonzero dilaton

tadpoles; V(¢): dilaton tadpole

V(gb) X A A: cosmological constant

(vacuum energy)

At 1-loop level, ?
0.4

The desired model is a non-supersymmetric one whose
cosmolosical constant is vanishing or as small as possible.

Interpolating models have the possibility of such properties.
[ltoyama, Taylor, (1987)]



o & O b=

Outline

Introduction

Heterotic Strings

9D Interpolating models

9D Interpolating models with Wilson line

Summary



Outline

2. Heterotic Strings



ldea of Heterotic Strings

Heterotic strings are hybrid closed strings of bosonic

R string in 26D and superstrings in 10D.

16d
on torus

Adopting the lightcone coordinates, the worldsheet
contents are

Right mover: 10d superstring
Xh(r—o0), ¥'(r - o)

Left mover: 26d bosonic string out of which

10=(8+2)d

internal 16d realize rank 16 current algebra

10=(8+2)d Xi(r+0), Xi(T+o0)
(i=1,2,---,8 I=1,2---,16)

[Gross, Hervey, Martinec, Rohm, (1985)]



The one-loop partition func, & State Counting

® [he one-loop partition function is the trace over string Fock space:

P q quQWiT
Z(t)=Tr(—=1)" ¢~ g0 . .

F': the spacetime fermion number

® 7(t) counts #(states) at each mass level as coeff. in g (g) expansion.

Z(1t) =17y Z QG q" a..n, denotes #(bosons) minus #(fermions)
at mass levels (m,n)

In the string model with spacetlme SUSY, a,,,, = 0 for all (m,n) because of
fermion-boson degeneracy.

mm) 7 (7) =0 for supersymmetric string models.

® |n order for the string model to be consistent, Z(t) has to be invariant
under modular transformation:

Z(=1/1)=Z(t+1) = Z(7)



Characters

® Z(7) is written in terms of SO(2n) characters 0,,, Vs, Son, Con, @and the
Dedekind eta function n(7), e.g,

S0(32) hetero:

Z50(32)(T) = ZS) (Vs — Sg) (016016 + VieVie + S16516 + C16Ch6)
Eq X Eq hetero:

Zpax s (T) = ZS) (Vs — Ss) (016 + S16) (O16 + S16)

S0(16) X SO(16) hetero:
Z30(16)xSO(16) = 21(98) {Os (V16C16 + C16Vie) + Vs (016016 + S16516)

—Ss (VigVig + C16C16) — Cs (016516 + 316016)}
/ n n n n \
n —Mn/2 /- \—n On_l 0 0 Sn_l 1/2 1/2
28" = () =g () =0 0n) ). () = o (05 =01l )

the Jacobi’s abstruse identity: Vg — Sg = 0 -




SUSY breaking by Compactification

® Compactification on a circle

The translation operator for X4 satifies

identify | "
eI Tl — 1 - Py=— (neZ)
,z’ ‘\\4 R
| | > X, This comp. affects bosonic and fermionic states in
0 2mR the same way. — SUSY is NOT broken.

® Compactification on a twisted circle _ N
The translation operator for Xy satifies

X L
R 7 X 627TiP9R _ 62777;}78 P9 — n—; 2 (n c Z)
8 . i i
identify with 2m rot. [ F': the spacetime fermion number J

s . This comp. affects bosonic and fermionic states in

~
~

;- Y the different way. It induces the mass splitting

| "~ X9 between bosonic and fermionic states.

0 2TR
mmmm) SUSY is broken  [Rohm, (1984)]
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3. 9D Interpolating models



Interpolation between SUSY and non-SUSY models

An interpolating model is a lower dimensional string model relating two
different higher dimensional string models continuously.

10 dim. Model M, Model M,
4 non-SUSY SUSY
i Comp. on a
T-dual non-SUSY twisted circle

9 dim. Interpolating model v

0 < . > 0

Radius R

In the large R (small a) region, the cosmological constant is SUSY breaking

. -2
Ao~ (np —np)a 9£—|—O(e ¢ )
L a=Vo' /R, &£>0, Np, np:# of massless fermions, bosons}

If np = ng, the cosmological constant is exponentially suppressed.
[ltoyama, Taylor, (1987)]



Interpolation between s0(32) and SO(16) x SO(16)

® The one-loop partition function
Zl(r?t) Zg) {Ao,0 [Vz (016016 + S16S16) — Ss (VieVie + C16C16))|
+A1/20 [Vs (VigVig + C16C16) — Ss (016016 + S16516) |
+Ao.1/2 [Os (Vi6Ci6 + C16Vi6) — Cs (016516 + S16016)|
+A1/21/2 |Os (016516 + S16016) — Cs (VigCis + C16Vi6) | }

[Aa,@ _ (77?7)_1 Zga’pﬁﬂqa’pi/? — (7777)_1 Zexp [QWinwﬁ — 7Ty (n a® 4+ w?/a* )}

n,w n,w

where the sum is takenover n€2(Z +«a), we Z ‘|‘5}

« R — co: contribution from the zero 1~(1)
winding # only — AO%O — (20&) ZB ) A04,1/2 — 0

. contribution from the zero —) A N aZ(l) A —0
momentum only 0,6 B 1/2,p

xJ
)
o




Interpolation between s0(32) and SO(16) x SO(16)

® The limiting case: R » x Aao — (za)—lzg), Ayi/2 — 0

Zi(r?t) = Zg) {Ao,0 | V5 (016016 + S16516) — Ss (VigVie + C16C1)]
+A1/20 [Vs (VigVig + C16C16) — Ss (016016 + S16516) |
\
)

—

LA VaYA VAN BT . Bk VA O (O QN
TIX)T/2 [Y8\YIovIo T YIovIo) T8\ I6~10 | Pl 10

]
|

‘ the one-loop partition function of SUSY S0(32)
heterotic model, which is vanishing

@SY is restored in R — « (a _)D




Interpolation between s0(32) and SO(16) X SO(16)

® The limiting case: R - 0 Ao g — azg), Aijpg—0
A Zg) {Ao,0 | V5 (016016 + S16516) — Ss (VigVie + C16C1)]

int
A h_/g (1(131%3 | QISGIS) _ g_i (Q]3Q|3 | glﬁglj)‘
I A/ VA I

+Ao.1/2 [Os (Vi6Ci6 + C16Vi6) — Cs (016516 + S16016)|

the one-loop partition function of SO(16) X SO(16)
heterotic model

non-SUSY SUSY
- SO(16) x SO(16) S0(32)
(9) SUSY S0(32) model in R - o
Z. ! realizes < I nSUSY
S0(16) x SO(16) model in R - 0 9D Int. model |
~ 0 > o

Radius R



Interpolation between s0(32) and SO(16) x SO(16)

® Massless spectrum at generic A, massless states come from n=w=0 part
Zi(r?t) — Zg) {Ao,0 [Vs (016016 + S16516) — Ss (VieVie + C16C16))]
+A1/20 [Vs (VigVig + C16C16) — Ss (016016 + S16516) |
+Ao.1/2 [Os (Vi6Ci6 + C16Vi6) — Cs (016516 + S16016)|
+A1/21/2 |Os (016516 + S16016) — Cs (VigCis + C16Vi6) | }

Massless bosons . 9-dim. graviton, anti-symmetric tensor, dilaton: Guv> Buv, ¢

- Gauge bosons in adj rep of S0(16) x S0(16) x U 5(1)
Massless fermions . 84 ® (16, 16) & Jou» Boy

TLF—?’LB:64
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4. 9D Interpolating models with Wilson line



Boost on momentum lattice

Considering d-dimensional compactification, the boost in the momentum
lattice corresponds to putting massless constant backgrounds, that is,
adding the following term to the worldsheet action

D A= a=10—d,,9
CAa/d 20X 0Xg {A:(a,l)le—d,---,26J

C,,. metric and antisymmetric tensor, C;4: U(1)'® gauge fields (WL)
[Narain, Sarmadi, Witten, (1986)]

« The d-dimensional compactifications are classified by the transformation

So(16+d,d)

So(16+d)xso(d)’
whose DOF agree with that of C,,.

In this work, we will consider one-dimensional compactification and put a single
WL background A = C;—1 49 for simplicity.



Boost on momentum lattice

After turning on WL, the momenta of X/=1, X#=% and X%=° are changed as

1 boost and

(1

‘L= \/a_l"m rotation | (12 = 7= (\fm 2\/ma)
{PL = \/?(cm—l— ) — \PL = (\/_Am-l—man— /—1_+A2%)
\PR = e (an = ) P == (V2Am + V1 + A%an — V1 + A2Y)

[, is the left-moving momentum of x/=1

The effective change in the 1-loop partition function is

) . i)r:‘t\rl\(;EUCtion } )
\ ) \ )

o, _ —1 = 20m a

Ui




The fundamental region of moduli space

Do all the points in moduli space correspond to different models? —— NO!

It is convenient to introduce a modular parameter T as
A —1 , 1 —1
a ~ +1 a
V14 A? V1+ A?

is invariant under the shift
F 7422

‘ The fundamental region of moduli space is

—V2<FH < V2 )

T=7T1+1T2 =

A(“».B)

Momentum lattice (7.6)




Interpolation between S0(32) and SO(16) x S0(16) with WL

® The one-loop partition function

Zl(li) = Z,(BT) {V (O(O 0)016 + S(O 0)816) _ 58 (Vl(ﬁo 0)V16 + C(O 0)016)
(1/2, O)V 4 0(1/2 0)016) s (0(1/2 O)O n 8(1/2 0)816)

+7x (Vi
+0s (V§PCr6 + OGP Wi ) = Cs (05179816 + 851D 01
(0%

_|_08 (1/2, 1/2)3 i 8(1/2 1/2)016) . 08 (V1(61/231/2)Ol6 4+ 0%/231/2)‘/16)}
OB 1 (e [0]7 @ ! Se\N 1 e R 1/2 (28) 1/2]"
(055) = e (v ) wsio[0]) (560 = o (ot ] <t 15
. : a a Vol a
R — oo: (056 Ne) Vl(6 o, 3) S( Ne) C( ﬁ)) > o Z(B) (016; V1678163016) 5ﬁ,0 R
oo T —
V1t A2

* R-0: (Ogg’ﬁ)a‘G(g,ﬂ)ﬁsfgﬁ)acfgﬁ)) —> \/JTOZS) (0165V1678167016) 5Oé,[] o =\ 1 + A2R



Interpolation between S0(32) and SO(16) X SO(16) with WL

® The one-loop partition function

A

int

z(7 ﬁ/ (07016 + 555 0)816) ~ 85 (Vg Vi + Cf% 0)016)

+05 ( Vl(gﬁl/ 2)0 + 0(0 vig) = Cs ( 0(0 !/ 2)5 + S(O !/ 2)016)

‘|_08 (O%/Qal/Q)S i 8(1/2 1/2)016) . 08 (Vl(fil/Q’l/Q)Cl@ 4 01((13/2,1/2)‘/16)}

® The limiting cases

e R - oo:the 1st and 2nd lines survive

. . non-SUSY SUSY
e R > 0:the 1st and 3rd lines survive S0(16) X SO(16) S0(32)
For any WL A4, g
(9) _ SUSY 50(32) model in R = o nhon-SUSY
Z. ¢ realizes < 9D Int. model v
S0(16) x SO(16) modelinR >0 0" cadiue g ©
\

+WL A



Interpolation between S0(32) and SO(16) X SO(16) with WL

® Massless spectrum

A

int

Massless bosons

Massless fermions

at generic A, massless states come from n=w=0part
27 { Vs (085”016 + S5V 816) = Ss (Vig "Vas + CfgVCr6)

W (Vi Vs + O1/ " Cas) = S (015" 016 + 515> 516

VPO + O a6 ) - Cs (01 S16 + S P 016)

+O04 (0(1/2 1/2)3 n 3(1/2 1/2)0, ) Cs (V1(61/2’1/2)C n 0(1/2 12y, )}

« 9-dim. graviton, anti-symmetric tensor, dilaton: YJuv; B, ¢

- Gauge bosons in adj rep of S0(16) x SO(14) x U(1) x UZ 5(1)

85 ® (16,14)

ng —ng = 32



Interpolation between S0(32) and SO(16) X SO(16) with WL

® Massless spectrum 7 a few conditions under which the additional massless states appear

Zw =2y {VS (O%%’O)Om + S%’O)Sm) — Sy (Vl(g’o)vm + Cfg’o)om)

int

TR (v1<61/ 20y16 + O/ 2’0)016) s (ogg/ 2006 + §(L/20) 316)
+0s (V5P Cr + OGP Vi) = Cs (055D 816 + 857D 1)

105 (019535 4 S8/21710,4) — 0y (V1Cyg 1 OB ) )

condition ® T = ?’Ll/\/§ ny € 24

new massless states: « two 8y ® (1,14) «_two 85 (16.1)

' {50(16) x S0(14) x U(1) ——> S0(16) x SO(16)
85 ® (16, 14) ——>  85®(16,16)

?’LF—’I’LB:64



Interpolation between S0(32) and SO(16) X SO(16) with WL

® Massless spectrum 7 a few conditions under which the additional massless states appear

int

Zw =2y {Vs (O%%’O)Om + S%’O)Sm) — Sy (Vl(ﬁo’o)vm + Cfg’o)om)

+7s (V2006 + 0 2’0)016) — G5 (02004 + 51720 316)

+0s (V§PCr6 + OGP Wi ) = Cs (05179816 + 851D 01

105 (019535 4 S8/21710,4) — 0y (V1Cyg 1 OB ) )

conditon® 71 = '?12/\/5 nog € 24 + 1

new massless states : « two 8, ® (16,1) e two 8¢ ® (1,14)

' { S0(16) x S0(14) x U(1) ——> S0(18) x S0(14)
85 ® (16,14) ——> 85 ®(18,14)

[np—nB:O]




Interpolation between S0(32) and SO(16) X SO(16) with WL

® Summary of the conditions

We have found the two conditions under which
the additional massless states appear:

condition® T4 = nl/\/§ ny €24 [ A J
~ —1
1 P—

= a
- _ Vv1+ A2
condition 2 Tl = '?12/\/5 nog € 24 +1 T

Actually, there are only four inequivalent orbits in the fundamental region:

Condition n, =0and 2 (or —2) n,=-1and1
Gauge gp SO(16) x SO(16) SO(18) x S0(14)

nF>nB Ng = Npg




Interpolation between Eg X Eqg and SO(16) X SO(16) with WL

® The one-loop partition function

Z9) = Zg) {Vg (O§% 0)016 + 8(0 O)Slﬁ) — Sg (O( )816 + S(O 0)016)

int
+Vs (08516 + 51/ 016 ) — S5 (05" 01 + 51 516

L 04 (V(o VDo 4+ ey, 6) Gy (V(O 2y o0 1/2)016)

+0 g (V(1/2 1/2) V 4+ Cr(l/2 1/2)C ) CS (Vl(f-'il/%l/?)c 4+ 0(1/2 1/2)V )}
o) L \(@p) [ ] " A [ ] ' Sig" NG [1/ 2] (a.8) [1/ 2] '

A Y + A v =— 1A 0 + A )

(Vl(gz,ﬁ) 2?7 0,00 7 |0 (0,1/2)7 11/2 O{g,ﬁ) on7 (1/2,0) 0 (1/2,1/2)7 |1/2
° . x (0} \/a 1
R — oo: (056 B) Vl(ﬁ a,f) S( B) C( 5)) —> > Z(B) (016; V167 816; 016) 65,0 R
oo T =

T V1 A2

P R0 (ogfé,ﬂ)’Vl(éx,ﬁ)’sigﬁ)’o{gﬁ)) —> VaryZyy (016, Vis, S16, C16) G ro=V1+A’R



Interpolation between Eg X Eqg and SO(16) X SO(16) with WL

® The one-loop partition function

Zl(r?t) N g) {V (O(O V016 + 8(0 " 516) — Sg (Ogg’g) S16 + 3(2’0)016)
( OlL/? O)S + 8(1/2 0)01 ) Sg (0(1/2 O)O N 5(1/2 0)516)
Oq (V(o Y20+ o 1/2)1/16) _ Gy (Vl(é),l/z)v + 1/2)016)

Oq V(1/2 1/2) V 4 0(1/2 1/2)C ) 08 (Vl(é/Q’l/z)C 4 C,(1/2 1/2)V )}

L&

® The limiting cases

e R - oo:the 1st and 2nd lines survive

« R - 0:the 1st and 3rd lines survive hon-SUSY SUSY
50(16) x SO(16) Eg X Eg
For any WL A4, 4 |
(9) _ SUSY Eg X Eg model in R — oo non-SUSY
Zing realizes < | __ 9Dint.model
i S0(16) x SO(16) modelinR—->0 0 adius B o

+WL A



Interpolation between Eg X Eqg and SO(16) X SO(16) with WL
® Massless spectrum at generic R, massless states come from n=w=0part

23 {Vs (05016 + 510" 816) — S5 (01" 816 + 5157 015

+Vs (0(1/2 0816+ SE*04 ) — 35 (0> V015 + 51/ 0)316)

+0 (

V(1/2 1/2V +C(1/2 1/2)C ) Cs (V(I/Q 1/2)6’ +C(1/2 1/2)V )}

709 _

int

8

Massless bosons

« 9-dim. graviton, anti-symmetric tensor, dilaton: Yuv; B,u,m ¢

- Gauge bosons in adj rep of S0(16) x SO(14) x U(1) x UZ 5(1)

85 ® (128,1)

nNg —Np — —730

Massless fermions




Interpolation between Eg X Eqg and SO(16) X SO(16) with WL

® Massless spectrum 7 a few conditions under which the additional massless states appear
253 = 257 { Vs (057016 + 57816 ) = S5 (01" S16 + 537 016)

int

+Vs (O8> 816 + 8152V 016) — 55 (01 >V 016 + S/ > 516)
+0s (V5P Crg + OGP Vi) = Cs (VISP Va6 + C P 016

_|‘08 (V1(61/2 ,1/2) V e Cj{é/z 1/2)0 ) 6_18 (V1(61/231/2)016 e Cl(é/zal/Q) V16)}

condition ® T = ’I’Ll/\/§ ny € 24

new massless states : « two 8y ® (1,14)

) 50(16) xSO(14) xU(1) —>  SO(16) x SO(16)

Furthermore, the different additional massless states
appear depending on whether n/2 is even or odd.



Interpolation between Eg X Eqg and SO(16) X SO(16) with WL

® Massless spectrum 7 a few conditions under which the additional massless states appear
253 = 257 { Vs (057016 + 57816 ) = S5 (01" S16 + 53" 016)

int

+Vs (08816 + 8§27 015) — S5 (05> 016 + S/ > 516 )
+0s (V5P Crg + OGP Vi) = Cs (VISP Va6 + C P 016

condition -1 T1 = nl/\/§ n1/2 c 24

new massless states : « two 8y ® (1,14) * two 85 ® (1,64)

8s®(128,1) —— 85 ®((128,1) @ (1,128))

In the fundamental region, this condition is 7; = 0,
which corresponds to the no WL case.



Interpolation between Eg X Eqg and SO(16) X SO(16) with WL

® Massless spectrum 7 a few conditions under which the additional massless states appear
Z9) = (7) {Vg (O(O 0)016 + S (0.0 Slﬁ) — Sg (O%O) S16 + 852’0)016)

int

+Vs (05527816 + S{5/ >V 016 ) = Ss (055 >V 016 + S{5/* S16)

+0s (vfg D006+ 090 2)1/16) ~ Cy (vl(g)’l/ Mg + O %16)

condition ®-2 T1 = nl/\/§ n1/2 c24 +1

new massless states : « two 8y ® (1,14) - two 8y ®(1,64)

)  50(16) xSO(14) x U(1) —>  SO(16) x Eg

In the fundamental region, this condition is #; = /2 (or ¥, = —/2).



Interpolation between Eg X Eqg and SO(16) X SO(16) with WL
® Massless spectrum 7 a few conditions under which the additional massless states appear
79 = { (0(0 V046 + 8100 516) — S (052‘” Sig + S{%O)om)
+T (0&/ 20066+ S\L/200 o ) — 55 (05> 046 + 1/ 2’0)316)
+0s (Vl(éJ Y20+ o 1/2)1/16) — Cs (Vl(é)’l/z)vlﬁ + Cfg’l/g)cm)

conditon® 71 = '?12/\/5 nog € 24 + 1

new massless states: ¢ two 8¢ ® (1,14) Gauge group is not enhanced

In the fundamental region, this condition is #; =+v/2/2 and #; = —/2/2.

[ There is no condition such that ny = ng in this example. J




Interpolation between Eg X Eqg and SO(16) X SO(16) with WL

® Summary of the conditions

We have found the three conditions under
which the additional massless states appear:

condition -1 T = N /\/5 n, /2 €27
condition ®-2 71 = 711/\/5 ny/2 €2Z +1

condition@ 71 = '?12/\/§ nog € 24 +1 = A 01
V1 + A2
Actually, there are only four inequivalent orbits in the fundamental region:

Condition ny=20 n, =2 (or —2) n, =1and -1

Gauge gp SO(16) x SO(16) SO(16)XxEg SO0(16) x SO(14) x U(1)

nF>nB nF<nB np<nB




The leading terms of the cosmological constant

The cosmological constant is vvritten as

A 0, ) = [ e R

Up to exponentially suppressed terms, the results are
® SO(32) - SO(16) X SO(16) interpolation

ao
A /al

® 3 X Eg - SO(16) X SO(16) interpolation

9
2
A (a, R) ~ 48714 ( -0 ) x 8 {(27 ~220) — 2 1dcos (V27 ) +2-2° cos (iwﬁ) }
/= 2

These results reflect the shift symmetry ¥ — % + 2v/2 and the conditions under which the
additional massless states appear.

A(9)

int

(0, R) ~ 4851 ( )9 x 8{(224 = 220) + 2(16 — 14) cos (V2771 ) |
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Conclusion

® \Ve have constructed 9D interpolating models with two
parameters, radius R and WL A4, and studied the

massless spectra.

® Ve have found some conditions for (R, A) under which
the additional massless states appear.

® \\/e have found that an example under which the
cosmological const. is exponentially suppressed
simultaneously with the gauge group enhancement to

50(18) x SO(14).



Outlook

® How are SM-like or GUT-like 4D models with np = ng
constructed ?

®\\/e can generalize by putting more WL and the other backgrounds.
In fact, compactifying d-dimensions, the compactifications are

SOo(16+d,d) .
SOL6+ XS0’ whose DOF is d(16 + d).

classified by

® Are the conditions found in this work preferred ? Where are
stable points in moduli space ?

Thank you!



