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Playbill

“If you don’t know where you're going,

it doesn’t matter which road you take.”

¢ Through a Looking Glass:
What 1s mirror duality

¢ First Few Fragment’s Fruition
Why it is worthwhile

¥ Forging and Fanciful Framing

How a mirror is made
in collaboration with Per Berglund

Y Festivities of a Fine Finish
Where the foundations lie... er, I mean, are
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Mirror Duality in String Theory

¢ Compactifying space-time

£ The surface to
the right is...

A very 2-dimensional
surface, both
indefinitely long and
indefinitely wide
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Mirror Duality in String Them'y

¢ Compactifying space-time

Y The surface to
the right is...

Still, a 2-dimensional
surface,

indefinitely long and
somewhat wide
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Mirror Duality in String Theory

¢ Compactifying space-time

& The surface to
the right is...

Only a 1-dimensional
line

indefinitely long and
veeery thin

& Topologically, it remains
RxS!, even if the circle

¥ T . &L ’
& is too big to be seen as curved, or a2 difhere”
N 5?

& is too small to be seen  bring® ¥
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Mirror Duality in String Theory

contd
Y But... why do we need strings?
& Because we can’t see points, that’s why:
& When a probe of energy E, = li/Ap, = mpc?,
interacts with a target of mass mx...

¢ ...during interaction, they form a system with a composite
(effective) mass (mt + hi/Apc?),

¢ ...from which the escape velocity equals the speed of light
at the distance Rs = 2GN(m¢ + i/Apc?)/c?.

& So, once A, = Rs(= €p ~10-3°m = “Planck length”),
the probe stops seeing “inside” the target. iy

o\é -

¥ And strings are the next best thing. :
\\wf
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Mirror Duality in String Theory

cont'd

¢ Indeed, in the multipole expansion, the next “thing” after
a point 1s a dipole—i.e., a stick.

¥ Except, relativistic “sticks” are not rigid.
¢ Strings have a finite and nonzero tension:
1 c?
2rta’hic 2nGy

¢ ...and so also a characteristic size, s = ¢p ~10~3°m.
(D

To

¥ And strings (modeled on mesons) interact:
¢ by breaking in two, and

¥ by joining ends.
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Mirror Duality in String Theory

contd
¥ Something like this:

¢ It is then consistent to have opposite charges at the
endpoints. (In fact, only SO(32) charges will do, but that’s technical.)

¢ Also: there are always closed (O-like) strings.

7
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Mirror Duality in String Theory

Y Self-interaction..

)

¥ ...guarantees: open strings are 1nconsistent without
closed ones, but closed strings are self-consistent.

®
[

¥ Strings vibrate:

XH(T,0) =xt + g—fcr
where
& —(rer)/l,
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Mirror Duality in String Theory

¥ Self-interaction...

SN ag

¥ ...guarantees: open strings are inconsistent without
closed ones, but closed strings are self-consistent.

-
,?\]

¥ Strings vibrate:

| T
u _ o Pu W
XH(t,0) =2 + JreT +i 5 n;w
n=+0
where
gi i (U:: CT)/@S, 1 aﬁn,R
8
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Mirror Duality in String Theory

contd
¢ The energy/mass of a mode of string motion then is:

n2h?c? | w?R?
|
R2 a2 hZ 2

2
(mc?)* = - 5 (NL+ N —2)

¢ n = (periodic space) momentum mode
¢ w = string winding mode

¢ Ni, Ngr = total number
of oscillations

¢ Small-Large transform.: (n=0;w=1)

a B2 02
A d R« — 2
n<sw an = B

LITIERTONOY
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Mirror Duality in String Theory

cont'd

¥ When a dimension is curled up critically, R ~ ¢s,
¢ ...then R— ¢s?/R is a symmetry.
¥ Otherwise, it’s a small-large T-duality.

¢ Clearly, when more than one dimension 1s curled up,
there are many more ways to dualize.

¢ When curling up 6 dimensions & preserving 1 susy,
one must use a Calabi-Yau manifold.

¢ Strominger-Yau-Zaslow (1996):
“Mirror duality of Calabi-Yau
manifolds is a T-duality”

I0
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Values of Mirror Duality

Y First off, What does mirror duality do?

¢ When space is curled up on a CY 3-fold 7/ the string
model in the remaining 3+1-dimensional spacetime has

¢ h?! “generations” of Standard Model matter,
¢ and hb! “anti-generations”,

¢ plus some completely charge-less “junk”.

¢ Mirror duality swaps that:

Q M@, h)y o WL, o) A @
¢ discovered (Greene & Plesser, 1990) @&\:V“‘i‘\;\’/‘.
ON\'& \,‘“

12
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Values of Mirror Duality

cont’d

¢ So Candelas, de la Ossa, Parkes and Green worked out a
detailed example (1991). \ote the palindromic gearty

Y One CY 3-fold, M, is: ",

20 + 2y + 23 + 20 + 28 — 5P 2120237475 = 0,
(z1,22,23,24,25) ~ (Az1, Azp, Az3, Azy, AzZ5)

@ where 1 # 0. This is CP*[5].

@ Symmetries: (z1, z2, 23, 24, 25)=(w? 21, W 22, W 23, W 24, WF Z5),

where w>= 1, and so (a,b,c,d,e) are taken (mod 5).
@ Turns out, W =M /(ZsxZs5xZ5); (hb1=101, h*1=1: 1)

I3
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Values of Mirror Duality

cont’d
@ So, in the 1-space:

¢ ) = 0is the “Fermat e
quintic,” 2z = 0;

K
7=
[
4
4
4
4
4
4
’
’

14
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Values of Mirror Duality

cont &7
4

@ So, in the 1-space:

-
-

¢ 1 =0is the “Fermat
quintic,” 2z = 0;

€ 9 =wis the “quint-
ogicon”, [[izi=0:

2 (5 C%s meet in 10 C?s meet

in 10 CVs meet in 5 C%s); ﬁ

- A0 Ay
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Values of Mirror Duality

cont’d

@ So, in the 1-space:

€ 1 =0is the “Fermat
quintic,” i zP® = 0;

@ ) = o is the “quint-

K

-
-

ogicon”, [[izi=0:

2 (5 C¥s meet in 10 C?s meet

in 10 CPs meet in 5 C"s); \
@ ) =1 is the “quintic ﬁ

conifold’: fiz) =0 =df(z)...

-
-
-~ -

¢ ...which is singular*. [http://en.wikipedia.org/wiki/Conifold]

Z g — Zi(aif) dz!, so that {df= 0} = {(a1f, Ol a5f) =08

14
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Values of Mirror Duality

cont’d
¢ Long story short, physicist compute. And, have found
[COGP] that the Yukawa coupling on W may be expressed
as a power series P,

- 00 nkk362m’kt g -

87527 4 .

k=
N SV SR SR SN G L P VAR
L= {1 g (51)) 20 (0) mzl (m!)5(51p)5m<¢ (1+5m) — 9™ (1+ ))}

& This tells the interaction strength for every model in this
1-parameter family.

© The nx give the number of degree-k embeddings of CP's
(5%s — string instantons) in W.

15
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Values of Mirror Duality

Y Instantons?
Y Vacuum “bubbles”
= virtual particles

¥ pop out of the
vacuum,

¢ propagate,

& vanish into the
vacuum.

¢ Espec. interesting,

¢ when they are
noncontractible!
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Values of Mirror Duality

digression cont’d

¢ String instantons? e

¥ Vacuum bubbles
= virtual strings
¥ pop out of the C

Zstan\o

Vacuum
bubbles

¢

vacuum,

@ propagate, 24771\ )\
& vanish into the

vacuum. 775fan\o
& Must be bosons! <>

S
A

Y Bose-Einstein
distribution!

¢ May well be

noncontractible

Space
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Values of Mirror Duality

cont’

¢ The “big picture”:
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How Mirrors are Made

, make
Y So, how does one find the mirror dual?

¢ In the mirror pair of quintics, if M:={ze CP%, f(z)=0}, then
W:=M/(ZsX2Z5XZ 5). @ \

WA
. o . e
¢ But, this is not true in general. @ o\\x«‘i""’:&wvg\)
@ So we take f(z) = 215+ 225+ 237+ 245+ z5° \.}@M@

¢ analyze (disect) ho

does Z5XZ 5XZ 5 act,
~ : 120°
Y where do mirror K\
modes come from, / —>
¢ how do they interact?
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How Mirrors are Made

, make
Y So, how does one find the mirror dual?

¢ In the mirror pair of quintics, if M:={ze CP%, f(z)=0}, then

W:=M/(Z 5X2 5XZ 5). @ '
‘ﬁy\ cl

¢ But, this is not true in general. @

¢ analyze (disect) ho )/

does Z5XZ 5XZ 5 act, \
Y where do mirror >

modes come from, —>
¢ how do they interact?

Q So we take f(z) = z15+ 225+ z3°+ 245+ 255

Glue together
bepu:&ec{ LR Quotient |
20 WI .
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How Mirrors are Made

, make
Y So, how does one find the mirror dual?

¢ In the mirror pair of quintics, if M:={ze CP%, f(z)=0}, then
W:=M/(ZsX2Z5XZ 5). @ \

WA
. o . e
¢ But, this is not true in general. @ o\\x«‘i""’:&wvg\)
@ So we take f(z) = 215+ 225+ 237+ 245+ z5° \.}@M@

¢ analyze (disect) ho

does Z5X/Z 55X/ 5 act,
Y where do mirror
—>

modes come from,
¢ how do they interact?
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How Mirrors are Made

, make
Y So, how does one find the mirror dual?

¢ In the mirror pair of quintics, if M:={ze CP%, f(z)=0}, then
We=MI(Z5xZ5xZ5). ©) \

¢ But, this is not true in general. @ oW

L\ \J&'
@ So we take f(z) = 215+ 225+ 237+ 245+ z5° \.}g\*“‘@
¢ analyze (disect) ho

does Zs5xZs5xZs act, The Z5 cone

Y where do mirror
modes come from,

& how do they interact? localized,
closed string

20
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How Mirrors are Made

contd
¢ String modes (that’s all matter and all force fields!):

¢ from closed strings (as before),

¢ from open strings that close via quotient symmetry.
¢ Find a procedure so that the total Hilbert spaces
Q@ A (M; Symy) = % (W, Symw), with states

¢ symmetric (identified) w.r.t. Sym,
¢ generated by G, if W= X/G.

© Ha!

'Find X with Symx = GxH, so:

M = X/H, with Symy = G, &
W = X/G, with Symw = H.

21
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How Mirrors are Made

¢ So, how to find X with Symx = GxH?

¢ By analyzing “building blocks”

Q@ zk

@ z1%4+21-20"+. . +2p1Zp",

cont’d

¥ ...one finds, one needs to transpose a minimal polynomial:

QIf f(z) = Yi[ljzi*0), then f T(z):;ﬁza<f/i>.

¢ All such f(z) = 0 “hypersurfaces” are smooth.

Then, Sym|f(z)] = Sym|f T(z)] = FxGxH.

Then, M:={f(z) =0}/ FxG has Symm = H, mirves
and W:={f1(z) = 0}/ FxH has Symw = G. duals

Friday, November 19, 2010
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How Mirrors are Made

contd
¥ This is what one might call an experimental proof.

Y That is, a proof in experimental mathematics.

¢ That is, within a class of constructions:
¢ most general, known, at the time,
¢ define a large class of cases (16 X unknown®),
¢ and prove the duality relation rigorously.

¢ (It suffices to show that the states in the Hilbert spaces
for candidate mirror duals transform in complementary

ways w.r.t. FxGxH.) 24
oardb’s Ehaar@mmﬁ—%

Remember Wigqner-Eck

*Eventually, a computer search (by others) found many thousands...
23
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How Mirrors are Made

2 And then...

s e .SE«L@V\&Q- LI
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Where the Foundations Are

G .16 uyears Laker:! ol

< And then, out of the blue... TS e o]
for a

ALESSANDRO CHIODO AND YONGBIN RUAN drivers |

http://arxiv.org/abs/0908. 0908v2 License))

ABSTRACT. We prove the classical mirror symmetry conjecture for the
mirror pairs constructed by Berglund, Hiibsch, and Krawitz.] Our main

MARC KRAWITZ

http://arxiv.org/abs/0906. 0796v1

ABSTRACT. In this article, we study the Berglund—Hiibsch transpose construction W7 for invertible quasi-

'BERGLUND-HUBSCH

Co

Friday, November 19, 2010

VERTEX ALGEBRAS

Ol bitle
s o)

MIRROR SYMMETRY VIA

http://arxiv.orqg/abs/1007. 2633v?2

e My


http://arxiv.org/abs/0906.0796v1
http://arxiv.org/abs/0906.0796v1
http://arxiv.org/abs/0908.0908v2
http://arxiv.org/abs/0908.0908v2

Where the Foundations Are

contd

g

BERGLUND-HUBSCH MIRROR SYMMETRY VIA
VERTEX ALGEBRAS

LEV A. BORISOV

ABSTRACT. We give a vertex algebra proof of the Berglund-Hiibsch
duality of nondegenerate invertible potentials. We suggest a way
to unify it with the Batyrev-Borisov duality of reflexive Gorenstein

e http://arxiv.org/abs/1007. 2633v2

ﬂfrom Lev A. Borisov’s web-site?
W"-— -—-w

¢ The proof by Lev A. Borisoy (Math Dept. @ Rutgers U.) uses the algebra
of vertex operators. These repr esent the worldsheet localization of the
states in (Fock-)Hilbert space of the given string theory model.

¢ Borisov also pinpoints the key structural differences between the
BH-construction and the previous, “standar construction of the
previous 16 years, called the... ...the Batyrev-Borisov construction.

¢ This permits a (now studied) unification of these two approaches.

= o Aoy
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Where the Foundations Are

contd
¥ And the moral to this story?

| f you do not expect the unexpected,
you Wil not find it.

] o i C—— —

—Aristotle

Only dead fish swmwth the stream
— Thomas Mal col m Mugger i dge

™ N

Time 1s the only judge worth any respect;
‘xcept, | have no tine to wait for iIt. f

—Yours Truly ,
e —— : e ——————S——

28
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