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Introduction

« 10 RITD 5% 5w (with modular invariance) :

* TypelIB (- Type OB * Heterotic EZXSU(2)? A
* Type lIA * Type OA * Heterotic SO(24)xS0(8)
* Typel * Heterotic SO(32)

* Heterotic SO(32) * Heterotic SO(16)XEg

\_" Heterotic EgxEg ) \ ° Heterotic SO(16)xS0(16)
it tachyon free

/

# (Strings with SUSY) < # (Strings without SUSY)

« Non-SUSY “Heterotic” string theory|ICE R %= XT3
(&)



Introduction

»Non-SUSY string iR | FHEMIBO TRELLD

(1)
10D SUSY

Qur approach - o0 R 0

: < > 10D Nqn-SUSY
string string

Interpolating model 9D Interpolating

model

SUSYAVEMARYICEIE T 2 R = 00 DEFH THOFHE ! ltoyama, Taylor (1986)

A(9) _ (nF . ’an)f/Rg + ) (e_R/W) {5 : positive const. ]

np Mg : #of massless B, F

« np =ng = BHEHNICHEINT-FEEHNZHD
« LHOLEYV2TAANLRERDOHE (&/IMEnegatived) H'dH - 7=
e #RE D1 AMICKH L TDH Z, Scherk-Schwarz twists

[&:%i@%%%ﬁuzﬁ L T Z,twists L TIHE o N H1EE =R~ J
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2. Non-SUSY Hetero with general Z, twists



Heterotic Superstring

Gross, Hervey, Martinec, Rohm (1985)

»Hybrid(“heterotic”) theory including only closed strings:
* Left: bosonic string (26D)
 Right: superstring (10D)

»Compactified on T¢ (with maximal SUSY)

) 4 )
16 4| x! scsanc‘zad ‘ 16 4| x!
: Compactified d {\ Xi Vo xibg
wil ] owfu] e o 1o_d{>xg“ Xngg:
X 3L

bosonic string
(26D)

L

R

superstring

(10D)

bosonic string

(26D) (10D)

« X!, X% k" bosonic / fermionic coordinates

wu=0,..9-d,i=10-4d,..,9,I1=1,..,16)

superstring



Heterotic Superstring

»The internal momenta P = (¢, p;; pr) € I''6+44

« Narain lattice: even self-dual lattice w/ Lorentz. sign. (16 +d, d)

- Labeled by an integer vector Z = (q',m",n;) € Z'6xZ2%xZ?
winding numbers KK momenta

« Turn on full moduli: d(d + 16) = d? + 16d = (G;; + B;;) + Al

« Consider a rectangular d-torus: G;; = Ri26ij

- ' Narain, Sarmadi, Witten, (1986)
(=" —m'Aj,

1 . 1
< T <7T'Ai‘|‘ni‘|‘m] <Gij‘|‘Bij_§Ai'Aj>>
1

1 .
\pRi = V2R, (W A +np —m? <Gij — Bij + 514@ ' Aj>> arer
d {\ P} pRi-t

n' = q'a;6 € T & Spin(32)/Z, or EgXEj lattice



Construction of Non-SUSY Hetero e o

Ginsparg, Vafa (1987)

» Z, freely acting orbifold (stringy Scherk-Schwarz comp.)

* Project out SUSY hetero on T¢ by 1+ (;)FO‘ (+ twisted sec. added)

Z, generator : (—)Fa F: spacetime fermion #
28 ' a: shift of order 2 such as « |P) = 2™F | P)

« ¢ is called a shift vector ; 26 € rie+d.d

+ labeled by a vector Z = (g', 7', f1;) whose components are 0 or 1
L. Non-SUSY strings depend on Z

- Splitting the Narain lattice I''6+%¢ into I'}°**¢ and r16+d .

Pirdd — [ peplotdd | 5. p e 7) -olP) +|P) for Perlotdd
(8% =

Boson/Fermion lives in I‘+16+d’d / T16+dd respectively =mmp SUSY breaking



1-loop Partition Function

» Heterotic strings on T4 (with maximal SUSY)

727" = 728D (Vg — 88) Zrioaa

orbifolding
by (—)"a

* Non-SUSY Heterotic strings

I T=0Qy

I yi yi ay
X1, X1, Xg
/aq
((s—d (8—d) T
Zp )—72 2 (7777) ol
2
Zrictd,d =1 (16+d) Z q% q% " L ______ :
peli6+d,d a {\XLy X? U
, 10-a{| x4 x4
\J= e?™T Vg, Sg, Og, Cg: SO(8) characters/ ] R

(2)

ZM Z(8 d) {VgZ 16+d,d SSZF16+d,d + OgZF16+d d C8 16+d d+5}
_ +

vector spinor

scalar co-spinor
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3. Endpoint limits & Interpolations



Endpoint limits &Interpolations

»Considerd = 1,2 caseswithA=B =0
 1-loop partition function:

Z’(S;)LSY Z(S d) {VSZ 164+d,d 582P1_6+d,d + ngrlim-d,d_'_(s Cg 16+d d_|_5}

* The behavior of Z pie+dd in the limits of R; — 0, o0

(+8) |
+ Take R; > o0 = onIy m! = 0 contributes (i=12)

» Take R; —» 0 = only n; = 0 contributes

Example in d = 1 with (m!, A,) = (1,0):

Ri—o0

Ri—00 Rl —~N—1
ng,l > NS ()~ Zris, Zr‘ljt7,1_Hs 0, SUSY
R1—>O\ 1 N—1 R1—>0\ ]- N—1
Zl—‘li%l ? R1\/E (7777) ZF%E’ ZF1i7,1+5 ? R1\/772 (7777) Zrib‘_i_%. Non-SUSY



Endpoint limits &Interpolations

* 9D Non-SUSY heterotic models (d = 1)

ltoyama, Koga, Nkajima (2021)

 class (1): || = 0 (mod 4), (m;7) = (0;0)

% ltoyama, Taylor ‘86 ]

10D non-SUSY 04 a >oo 10D non-SUSY
non-SUSY heterotic strings on a circle
 class (2): |]?> = 0 (mod 4), (M, ) = (1;0)
10D non-SUSY r R 400 10D SUSY
 class (3): || = 0 (mod 4), (M, ) = (0;1)
10D SUSY 04 d » | 10D non-SUSY

Interpolating model

« class (4): |%|?> = 2 (mod 4), (M, 7A) = (1;1)

10D SUSY

<

R

0

10D SUSY

SUSY restored at both of the endpoints
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Endpoint limits & Interpolations

class(1) _
/7

« 8D Non-SUSY heterotic models (d = 2)

e class (1) & (2):

7|2 = 0 (mod 4), (; ) = (1,0; 0,0)

——

10D non-SUSY

9D non-SUSY M»{ 10D SUSY

[
|
|
|
1
|
|
|
1
|

A

9D SUSY

-
=

v

<

9D non-SUSY B» 10D SUSY

- ——

10D (Non-)SUSY

* class (1) & (4):
|| = 2 (mod 4), (m; A) = (1,0; 1,0)

class(4)

Koga (2022)

]

— o e o e m e M M e M M M e m M e e e ey

9D SUSY

1————

9D

SUSY

class(4)

| Limits of Ry, Ro

|| 10D SUSY model | 10D Non-SUSY model |

condition

(Rl,RQ)%(O0,00) mt+m? >0 mt+m? =0
(Rl,Rg)%(O0,0) m1+ﬁ2>0 ml-i-ﬁQ:O
(Rl,Rg)%(0,00) TAL1-|-m2>O TAL1-|-T77,2:O
(R17R2)—>(0,0) n1+n9 >0 n1+n9 =0

No class(1)
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4. Cosmological Constant



Cosmological Constant

* 1-loop cosmological constant (vacuum energy density) :

2
A(LO—=d) — _ 2 (27”/*> (10—d) / d TZM
F 722

Fundamental Region :

./7:{7':7'1—1—2'726@| —
* decompose Finto Fs; ={t € Flt, = 1} and F, = {1t € F|r, < 1}

Foq ={1t € F|lt, =1} The integral can be evaluated

Feoq={1 € Flt, <1} exp.suppressed
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(10—d)D non-SUSY Heterotic models

« Consider compact coordinates Y* (i = 1,...,d) below :

k d—D
i =ae@) +aw +be) +ba) vl , ~- H
\ \ f / N 1 v
D, D-D, Dy — D,
class (#) in 9D class (2) class (4) class (3) class (1)

» Assignment of (m,7) :

1,0

—
—

Y

)
—_

for b(3)2D+1,...,D+D3
for b(l):D—l—Dg—l—l,...,d

Y

) =|(
s fagyy) =|(
) =|(
) =[(0,]0

) for apy=1,...,D ey
USYat R, —» o

) for awy=Dy+1,...,D °

| }

)

Non-SUSY at R, = o
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Formula for CC

* Consider D > 1: SUSY is restored at all R; =
« Up to exponentially suppressed terms,

(10—d) 412471 G z 2 152 é 2 2 ”
AVTTY N — ' R; 2ng — 1 Ra—i— 2np) R
D
x8[24+ )  exp [m{Z@nal ) + Z g ( }
TEA, a=1 b=D+1

Ag: nonzero roots of SO(32) or EgXEg
= CC does not depend on all the other endpoint models

massless

condition
-5
» (10—d) 41. 2471 2 12
A ~ 154 H Z Z 2N, — 1 R + Z(2nb) Rb (nF — nB)
=1 a b
A, €EZ i

m-Ap €7
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Solutions of ny = ng

»SUSY S0(32) endpoint models:

Asoz) = {(£:.£,0M)}

» Simplest configurations:
« Al (a =1,...,D) are the same configuration
« Al(b=D+1,..,d)istakento be 0

1

A, = (OP, <§)q) (p+q=16), Ay=(0")

e D e 2Z7: np—nB=—504‘7':0
e DeE2Z+1: np—ng=4pqg—{2p(p—1) +2q(q—1)} — 24

Np = Np = (p; q) — (9,7), (7'9)

CC is exp. supp. when gauge group is SO(18)xS0(14)



Wilson-line Moduli Stability (1)

« SUSY S0(32) endpoint models:

AQ0—d) Z Ch (24 +4 Z COS [2#91] COS [27r0‘]]>

1<I<J<16
- D d
0! = Z(Qna ~ 1AL + Z nyAj;, sum of WLs
a=1 b=D+1 ~—
< d =5
o 4! 2‘1Jr2 2 152 2 2
" p15—d(y/ol)10—d HR 231 - R, +b_%:+1(2nb) &
N—

 Simplest configurations are critical points:

(. (3)) ram10

A(lO—d)
) 88AI ~0 (I=1,...,16,i=1,...,d)




Wilson-line Moduli Stability (2)

»Hessian matrix:
« Simplest configurations

= (2 (3)) wram10 2=

* D€ 2Z:

82A(1O_d)
0ATOAT

Nf5jj5ij (I,JZl,...,16, ’i,jzl,...,d) £E>0
= Hessian is positive definite

» A global minimum when the gauge group is S0O(32)
and no massless fermions exist (A < 0)




Wilson-line Moduli Stability (3)

»Hessian matrix:
« Simplest configurations

q
= 2)) a0
e De2Z+1:

92 A(10—4) (2p —17)&'01.5645 (I=1,...,p),
6A,{8A3’ (—2]? + 15) 5,(5]J5ij (I =p+1,..., 16)

& >0

= Hessian is positive/negative definite forp = 0,16/ p = 8

» A global minimum when the gauge group is SO(32)
while a local maximum when the gauge group is SO(16)X SO(16)

» p =179 (nrp = ng) = saddle points
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Summary

* (10 — d)D Non-SUSY models are constructed by orbifolding by (=)«

( « : shift of order 2 in Narain lattice)
Various interpolation are shown in d = 2 case
Cosmological constant of (10 — d)D Non-SUSY models in R; = oo is

-5
41. 941 (1 ;
A0=d) e (H Ri> > {Z(Qna —1)2R? + Z(2nb)2R%} (np —npg) + O(e F/V)
1=1

w a b

Find the configurations of WLs which gives exp. supp. CC

Analyze WL-moduli stability: ny = ng < saddle points

Out look

Higher-loop correction, (meta)stable vacua, cosmology
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