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Symmetries:
® Poincaré transf. X'* = A* XY + c*
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* Weyl transf. v, 5 = € yap



CFT
®00000

Action Principle and Conformal Symmetry

Polyakov’s Action

“+o00 ?
1 2
Sely, X, b = —— / dT/dU — detyy*P ((x, o X* 0 X™ +11>”poﬁrstbv> Ny
—00 0

Symmetries: Conformal symmetry:
e Poincaré transf. X'* = A*, XY + cH ® vanishing stress-energy tensor: Tog =0
e 2D diff. v, = (J_l)aﬁ)\pw\ﬂ e traceless stress-energy tensor: tr7 =0

— e®
* Weyl transf. v/, ; = e*® yqp e conformal gauge V.5 = e® nup
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Superstrings in D dimensions:

T(z) = —%(’)X(z) LOX(z) - %tb(z) oWz = o= go
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Action Principle and Conformal Symmetry
Superstrings in D dimensions:

T(z) = —$8X(z) -0X(z) — %1])(2) oP(z) = c= %D

(A,0) / (1 —A,0) Ghost System

Introduce anti-commuting (b, ¢) and commuting (3, 'y) conformal fields:
1 — _
Sehost[b; ¢, B, Y] = o / dzdz (b(z) 9c(z) + B(2) Ov(2))

where Ay =2 and Ac = —1, and Ag = % and A, = —%.
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Action Principle and Conformal Symmetry

Superstrings in D dimensions:

T(z) = —$8X(z) -0X(z) — %1])(2) oP(z) = c= %D

(A,0) / (1 —A,0) Ghost System
Introduce anti-commuting (b, ¢) and commuting (3, 'y) conformal fields:

Synost]bs €, B, ] = % / dz dz (b(2) Be(z) + B(2) By (2))

where A, =2 and Ac = —1, and Ag = 3 and A, = —1.

Consequence:
Crull = C + Cghost = 0 = D =10.
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Extra Dimensions and Compactification

Compactification

%1,9 :%1,3® %

® % is a compact manifold
e N = 1 supersymmetry is preserved in 4D
® algebra of SU(3) ® SU(2) ® U(1) in arising gauge group
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Extra Dimensions and Compactification

Compactification

%1,9 :%1,3® %

® % is a compact manifold

e N =1 supersymmetry is preserved in 4D

® algebra of SU(3) ® SU(2) ® U(1) in arising gauge group
K&hler manifolds (M, g) such that

e dimgM=m

® Hol(g) C SU(m)

® g is Ricci-flat (equiv. ¢;(M) vanishes)
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Extra Dimensions and Compactification

Compactification

MY = MV X

® % is a compact manifold
e N = 1 supersymmetry is preserved in 4D
® algebra of SU(3) ® SU(2) ® U(1) in arising gauge group

K&hler manifolds (M, g) such that Characterised by Hodge numbers
e dimgM=m
® Hol(g) C SU(m)

* g is Ricci-flat (equiv. c1(M) vanishes) counting the no. of harmonic (r, s)-forms.

h"* = dim HZ *(M, C)
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Polyakov's action naturally introduces Neumann b.c.:

o=/
=0

o=0

9eX(T,0)

satisfied by open and closed strings living in D dimensions s.t. 0X = 0.
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Polyakov's action naturally introduces Neumann b.c.:

o=/
=0

o=0

9eX(T,0)

satisfied by open and closed strings living in D dimensions s.t. 0X = 0.

X(2,2) = X(2) + X(Z) = X(2)-X@E@)=Y(232) =Y()+Y(E)



CFT
000e00

D-branes and Open Strings

Polyakov's action naturally introduces Neumann b.c.:

o=/{
0sX(t, 0) =0
o=0

satisfied by open and closed strings living in D dimensions s.t. 0X = 0.
T-duality

X(z,2) =X(2)+ X(2) = X(z) -X(2)=Y(z2) =Y +Y({?)

Resulting effect (repeated p < D — 1 times) leads to Dirichlet b.c.:
Do Xi(T,0) =0 = 0.Y(t,0) =0 Vi=1,2,....p

thus open strings can be constrained to D(D — p — 1)-branes.
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Introducing Dp-branes breaks ‘ ISO(1, D — 1) = ISO(1, p) ® SO(D — 1 — p). ‘
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Introducing Dp-branes breaks ISO(1, D — 1) — ISO(1, p) ® SO(D — 1 — p).

AA < (Xél |0>

o B )
AY ot 10) — UG Y
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Introducing Dp-branes breaks ISO(1, D — 1) — ISO(1, p) ® SO(D — 1 — p).

AA o oA ]0),
- A & «?,0),

Introducing Chan—Paton factors A";;, when

branes are coincident:

ijl

Pu.a) — umnw
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D-branes and Open Strings

Introducing Dp-branes breaks ISO(1, D — 1) — ISO(1, p) ® SO(D — 1 — p).

Massless Spectrum (irrep of little group SO(D — 2)

A o a4 0), A=0,
a=1

w K
AL e oL 0 — T oy |0),

Introducing Chan—Paton factors Nij' when
branes are coincident:

N
Pu.a1) — uw)
r=1

Build gauge bosons, fermions and scalars.
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Standard Model-like Scenarios

baryonic (Y = %)

, Aj \ -
/Tr( leptonic (Y =0)

leptonic (Y = —1)

IR

left (Y =—-3) right (Y = —1) right (Y = 0)
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Consider N intersecting D6-branes filling .#*3 and embedded in R®

Twist Fields Correlators
e —SE (e X(e)s Me
<H0-M(r) (X(t))> :N<{x(t), M(t)}lgthB)e o ({ i ()}IStSNB)
t=1
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Consider N intersecting D6-branes filling .#*3 and embedded in R®

—SE (el ({X(t) ’ M(t)}1§t§NB

Ng
<H OM(y (X(t))> = N(‘{X(t)’ M(t)}1gt§NB
t=1



CFT Time Divergences Deep Learning
000000 000 o]

00000 o]

000000

Intersecting D-branes
Consider N intersecting D6-branes filling .#*3 and embedded in R®

Twist Fields Correlators

Ng
—Se(d {erM(t)} .
<HGM0) (X(t))> :N({X(t)v M(t)}lgthB e l)( & 1<e<ng
t=1

X2, TOB3)

= D-branes in factorised internal space:

¢ embedded as lines in R? x R? x R?
Dy ® relative rotations are SO(2) ~ U(1)
elements

- o) o SE(cI)({X(t)7 M(t)}lffﬁNB) ~

/ 8(1)) (1)

’ Dy firy \\\L Area({f(f)’ R(t)}lgtSNB)

Dez)
&)
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Consider (focus on R*):
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Consider (focus on R*):

Dyey

i i
(Xw) = (Rw) , X7 — gy
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Consider R* x R? (focus on R*):
Deey

i i
(Xw) = (Rw) , X7 — gy
where
S0(4)

R € 500(2) x 02))
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Consider R* x R? (focus on R*):
Deey

i i
(Xw) = (Rw) , X7 — gy
where s0(4)
R, >
© € 5(6(2) x 0(2))

that is
[Riy] = {Rity ~ Ow)Rny }



00@000 o
000000

What are the consequences for open strings?
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What are the consequences for open strings?

y
® consider u = x + iy = ™19 and 7 = u*
® let x(1) < X(t—1) be the worldsheet intersection Day D)
. . — —
points on real axis | D Des) D@ !
° X(lt’)2 are Neumann, X(3t’)4 are Dirichlet L g gannaa e, X
X(4) X(3) X(2) X(1)




CFT Time Divergences Deep Learning

Boundary Conditions

What are the consequences for open strings?

y

e consider u = x + iy = %1% and T = u*
® let (1) < X(¢—1) be the worldsheet intersection D) [ﬂ

. . —

points on real axis " D Dgs) Dp

1,2 3,4 .. — .

° X(t) are Neumann, X(t) are Dirichlet  Seeee e =3
X(4) X@3) X(2) X(1)

Branch Cuts and Discontinuities for x € Dy

{&,X(X + I'0+) = U(t) . %Y(X = I'0+) = R(;)l . (0'3 ® ]12) . R(t) %Y(X = I'0+)
XX, X0)) =T
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8uX (u) if z € DX Xty + €26.) = Uy, 11) Oz X (X(e) + 54,

0,X(2) = o - ;
() {U(;) 8:X(u) if z e Y DX (x(e) + €¥76) = Ue, 141) 0 X (x(r) +5-),

where %2(0 ={zeC|lmzz0orze Dy} and 4 =n+i0",
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8uX (u) if z € 8, X (x(p) + €275,)
Ug 80X (1) if z € L) 0 X (x(t) + €¥75)

| 8 X(X(t) I 5+),

0,X(z) = { X (x(e) +0-),

where %z(t) ={zeC|lmzz0orze Dy} and 4 =n+i0",
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Doubling Trick and Spinor Representation

Doubling Trick

8,X (u) if z e Y L O:X(xy + €2y L X (xe) + 54),

0, (2) = ) ; .
@) {U(t) 0aX(w) ifze DY DX (x(e) + €75 g X (x(r) +06-),

where %”ét) ={zeC|ImzZ0o0rze Dy} and 54 =n+i0".

Use Pauli matrices ©= (i1l»,0):

~ ~)

0 X5)(2) =X ()11 = O X(x)+ €7 01) = L (¢t e41) Oz X (Xe) + 04) R (1, 41

where » )
L (t,t+1) € SU(2), and R(L t+1) € SU(2)r
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Sum over all contributions:

]
. 2:X(2) = 3 e (~wo)™ (1 w2)® B! () (B (w))
I r
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Sum over all contributions:

.
0:2(2) = 3 ai (—w.)™ (1 - w.)® B (w2) (B ()
I r

o F an, bn; Cny W,
Bo n(ws) = (L9 o, T2hl )
0 Ki)\(~w;) feay2h (an+1l—cn b+ 1—cp2—cn w,)
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Operations sequence:

1. rotation matrix = monodromy matrix
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‘ Operations sequence: ‘

1. rotation matrix = monodromy matrix
2. contiguity relations = independent hypergeometrics
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Operations sequence:

1. rotation matrix = monodromy matrix

2. contiguity relations = independent hypergeometrics

3. finite action = 2 solutions (no. of d.o.f. is correctly saturated)
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Operations sequence:

1. rotation matrix = monodromy matrix

2. contiguity relations = independent hypergeometrics

3. finite action = 2 solutions (no. of d.o.f. is correctly saturated)
4

. boundary conditions = fix free constants ¢,
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The Solution

Operations sequence:

1. rotation matrix = monodromy matrix

2. contiguity relations = independent hypergeometrics

3. finite action = 2 solutions (no. of d.o.f. is correctly saturated)
4. boundary conditions = fix free constants ¢,

Physical Interpretation

X2, TO3)
\/
fi2)
D@y Do, 1 3
— o Smt 27toc’ 2 ’g ~ ool
on-shell
ALC
f(a)// 75 Tag) = Area <{ f(f) })
Day fy |
\
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Operations sequence:

1. rotation matrix = monodromy matrix

2. contiguity relations = independent hypergeometrics

3. finite action = 2 solutions (no. of d.o.f. is correctly saturated)
4. boundary conditions = fix free constants ¢,

Physical Interpretation
]
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— lbi_(T, 0) = (R(t))IJII)i(T, 0) forte (”f(t), f(t—l))
P (t,m) =—Pl(r,n) forteR

T(ern) Ty T(e-1)
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- VY (1,0) = (R(t))lﬂ)i(’f, 0) forte (2, te-1))
P (t,m) =—Pl(r,n) forteR

Tea(ba) = —i 3 0L (6) BUL(ea) = {

H(T) =0&T1€ (T(t), T(t—l))
P(t) #0
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Expand on a basis of solutions

Ve () ifze 2D

+oo
Vi(Ex) = Y babn(Es) =  Y(z)= {ij_(u) it 2 € A

n=—0o0
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Expand on a basis of solutions

Ve, o (u) ifze D

+oo
Vi(Ex) = Y babn(Es) =  Y(z)= {11)5,—(”) it 2 € A

n=—0o0

(0 bm) =27V § SE Y =G0 5 (00, WO ) = bl
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Expand on a basis of solutions

Ve, o (u) ifze D

+oo
Vi(Ex) = Y babn(Es) =  Y(z)= {1IJE,—(U) it 2 € A

n=—0o0

dz
& = Loy ry = Ay () w)\ — pf)
("B brm) 27:/\[%2”,, YV =8 = (W0, W) = b
Derive the algebra of operators:

[bna bjn]+ = = <<*Wn*7 \P7n>
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Consider the case Ry = €™ € U(1):

W(X(t) + e2“i6) = eine(t) W(X(t) + 5)

where
€t) = A1) — A(e) + 0(e) — A1) — 1) — O(X(er1) — () — 1)
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Consider the case Ry = €™ € U(1):
W(X(t) + eZ"ié) = eine(t) W(X(t) + 5)

where
€t) = A1) — A(e) + 0(e) — A1) — 1) — O(X(er1) — () — 1)
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Define the vacuum with respect to by:

by |{X(t)}> =0 for n>1

by, 6>=0 for nZn(t)+&+

1
2 2
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Define the vacuum with respect to by:

by |{X(t)}> =0 for n>1

by, 6>=0 for nZn(t)+&+

1
2 2

Theories are subject to consistency conditions:

in-annihilators
bn

out-annihilators
b1 n | overlap
| region |

L = n@) + n

| inconsistent theories = |

-1 0 1 - L L+1
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Define the vacuum with respect to by:

bo [{x9}) =0 for
b, 6> =0 for

Theories are subject to consistency conditions:

L= ng) + i =0

n>1

€
nZ"(t)+ﬂ+

out-annihilators

in-annihilators

bii1n

| inconsistent theories = |

1 L L+1
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Compute the OPEs leading to the stress-energy tensor:

2
nT = m—n Nong+ 2] 1[N np + 0
— NZ - b, br: M 2 (t) 2 - (t) 2
T(2) - N Z n byt z [ >+ Z e +3 Z Z—x
n, m=—o00 t=1 t=1
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Compute the OPEs leading to the stress-energy tensor:

2
L1 i nw + 5
2 Z—X(t)

t=1

+oo
T(z):%j\/@ Z cbybl zTT™ l

n, m=—o0

M
[{x0}) =N({x0}) R H5<t)(X(t>)] 10)sL.0(R)

t=1

e+ 5
+2
Z .
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oottt = f SRR

= <{X(t)}|{x(t)}> =N({ew}) H (X — X)) ("<u)+3zﬂ) (n(t)-i-ﬂzﬂ)

t=1
t>u
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= ({xoH{x0}) =N{ew}) 1:[1 (Xw) = X)) (e +2) (o +-£2)

® (semi-)phenomenological models involve twist and spin fields and open strings
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Spin Fields Amplitudes

Equivalence with Bosonization

ax(r) <{X(t)}‘{x(t)}> = 7{ 2(1;, <{ <t{)>}<(|t£{{x’{))}<(>t)}>

(1)

(%) = X)) (=) (ot =2)

=

= ({xo}t{xw}) =N{ew})

ot
V|
R

® (semi-)phenomenological models involve twist and spin fields and open strings
® general framework for bosonic open strings with intersecting D-branes
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Spin Fields Amplitudes

Equivalence with Bosonization

ax(r) <{X(t)}‘{x(t)}> = 7{ 2(1;, <{ <t{)>}<(|t£{{x’{))}<(>t)}>

(1)

(%) = X)) (=) (ot =2)

=

= ({xo}t{xw}) =N{ew})

ot
V|
R

® (semi-)phenomenological models involve twist and spin fields and open strings
® general framework for bosonic open strings with intersecting D-branes
® |eading contribution for twist fields
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Spin Fields Amplitudes

Equivalence with Bosonization

ax(r) <{X(t)}‘{x(t)}> = 7{ 2(1;, <{ <t{)>}<(|t£{{x’{))}<(>t)}>

(1)

(%) = X)) (=) (ot =2)

=

= ({xo}t{xw}) =N{ew})

ot
V|
R

(semi-)phenomenological models involve twist and spin fields and open strings
general framework for bosonic open strings with intersecting D-branes
leading contribution for twist fields

spin fields as boundary changing operators on defects
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Spin Fields Amplitudes

Equivalence with Bosonization

ax(r) <{X(t)}‘{x(t)}> = 7{ 2(1;, <{ <t{)>}<(|t£{{x’t{))}<(>t)}>

(1)

(%) = X)) (=) (ot =2)

=

= ({xo}t{xw}) =N{ew})

ot
V|
R

(semi-)phenomenological models involve twist and spin fields and open strings
general framework for bosonic open strings with intersecting D-branes

leading contribution for twist fields

spin fields as boundary changing operators on defects

alternative framework for amplitudes (extension to (non) Abelian twist/spin fields?)
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string theory = theory of everything = nuclear forces + gravity



CFT

000000
000000
000000

Time Divergences Deep Learning
@00 [e]
[e]

A Few Words on a Theory of Everything

string theory = theory of everything = nuclear forces + gravity

From the phenomenological point of view:

® cosmological implications
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A Few Words on a Theory of Everything

string theory = theory of everything = nuclear forces + gravity

From the phenomenological point of view:
® cosmological implications

® Big Bang(-like) singularities
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A Few Words on a Theory of Everything

string theory = theory of everything = nuclear forces + gravity

From the phenomenological point of view:
® cosmological implications
® Big Bang(-like) singularities

® toy models of space-like singularities
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A Few Words on a Theory of Everything

string theory = theory of everything = nuclear forces + gravity

From the phenomenological point of view:
® cosmological implications
® Big Bang(-like) singularities

® toy models of space-like singularities

4

time-dependent orbifold models
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Mathematics

® manifold M Physics
® (Lie) group G ® global orbit space M/G
® stabilizer G, ={g € G| gp=p e M} = ® G group of isometries
® orbit Gp={gpe M| ge G} e fixed points

e charts ¢ = o & where: additional d.o.f. (twisted states)

e Z.UCR"—> U/G ® singular limits of CY manifolds
e m:U/G—- M
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Orbifolds

Mathematics

® manifold M Physics

® (Lie) group G ® global orbit space M/G

® stabilizer G, ={g € G| gp=p e M} = ® G group of isometries

® orbit Gp={gpe M| gec G} e fixed points

® charts ¢ = mo &2 where: ® additional d.o.f. (twisted states)
s Z:UCR"—= U/G ® singular limits of CY manifolds

e m:U/G—- M

time-dependent orbifolds
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Use time-dependent orbifolds to model space-like singularities:

divergent closed string aplitudes = gravitational backreaction?
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Cosmological Singularities

Use time-dependent orbifolds to model space-like singularities:

divergent closed string aplitudes = gravitational backreaction?

Divergences
Even in simple models (e.g. NBO, more on this later) the 4 tachyons amplitude is divergent at

tree level: q
q
lal

q~oo

where

Helosed(q) ~ q47(x,”ﬁl“2 and Hopen(q) ~ qlia/HﬁL”z tr([T1, T2], [T3, Tal,)
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