SUPERSYMMETRY & GEOMETRY OF STRINGY CORRECTIONS



Plan:

e Motivation [works with J.T. Liu; T. Pugh & R. Savelli]

> R* corrections
o dualities, compactifications (N = 2)

> exotic kynematics and A/ = 1 4D physics
¢ Higher-derivative couplings with varying dilaton-axion
¢ more to come (?)

e Supersymmetry and generalised Lichnerowicz formula [with A. Coimbra, H. Triendl &
D. Waldram; A. Coimbra]
¢ Heterotic strings

o M-theory



R* corrections in string theory

* “CP-odd” part:
e (Heterotic strings: GS terms)
e M5 (NS5) anomalies ~ C3(B2) A [3p3(TX) — po(TX)]

* CP-even part
o tree-level: 6_2¢(t8t8 -+ iégEg)Rél

e one loop: (tsts F seses)R* (IIA/1IB)
(t8€8 + €8t8>R4 ~ [ip%(TX) — pQ(TX)]

Imp3/2

mn€Z [m+np|3 for P = Co + ie 10

e D-instanton contributions for IIB: f(p,p) = >

* Susy completions
e checked at linearized level
e N = 1 superinvariants:

JO(Q) = (tgtg + %610610) R4

J1 (Q) — t8t8R4 - ielothRél



Summary of type Il (o’)? one-loop couplings (10D):

No B With B
e-0 | i(tse1o + €e1ots) BR B A Xg(QNC) + exact terms
+ | = B A Xg(QFC)
0-e | = ;e B A (r R — 4 (tr R?)?) ?
e-e | tgtgR* ?
0-0 %610610}%4 77

4
<> tStSR — tul...ustl/l...VSR'LL]'M2VlVQRM3H4V3y4RM5M6V5V6RM7M8V7V8

« tgM* =24 (fr M* — 5 (tr M?)?)

4 __ afuyv
& €10€10R — €apfpur---us€ fra 8 RH1H2

o At linearised level ( 5 & 4-pt functions at one-loop) :

U1 o RH3H4 Vsla RH#sH6 Vs Ve RH7HS Vs

QLC — Qi

o Curvature: R(Q4),,*? = R,,*° £V, H,*P+1H,*"H,. "

* Hclosed = R(Q4)uas = R(OQ2)asu




N = 2: M-theory/IIA on Calabi-Yau threefolds

e 4D quantum corrected effective action:

S= oy Jdiaya (14 2) e 30 ) Repy + (1 ) e — 1, ) Gy (00)?

2K4
+ (14 22) 7201 4 X1 ) Gun(0h)?)

Ve

v = Vs3(27ly) O

G - the metric of the h(; ;) — 1 vector-multiplets

Grn - the metric of the v 5) non-universal hypermultiplets
xr = 2¢(3)x/(2m)°

> x1 = 4¢(2)x/(2m)?

e Weyl rescaling:

v V. VvV V

> Quantum corrections to vector and hyper moduli space metrics

> Corrections to the Kahler potential (Vs — V3 — 32C?f—?’)?,ﬂX(Xg)))
T (Js



B-field

= Appearance of ( at linearized level)

R (w+ YH) = R, + IV, H

x Inclusion of higher orders in By required by

e supersymmetry

e T-duality (similarly for RR couplings to D-branes  C A 1/ A(X)ch(z))
e generalized geometry ??? hope for systematic geometric calculation?
e Heterotic/Type Il duality ((refined) map between tree-level and one-loop terms)

« In fact, 10d one-loop term ' R3H?2 (in the string frame):

10 1
b[(i rVG O T RriT2 RTeTA RrsTe (}1}7r889]¥§738r9 ____]1}7T8T9]¥g75839)
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is at the origin of ....



Quantum corrections to N/ = 2 moduli spaces:

e vector moduli (IIA): Gy — (1 — x iz )Gy (€720t = vge20)

e (non-“universal”) hyper moduli (I1A): G,;; — (14 €**+ = \)G,;,
2 “loop counting” parameters:

e for the corrections to the metric of vector multiplets(c-model) :
e a2 (Lhpr X ) (xr = 20(3)x/(2m)%)

e for the corrections to the metric of hypermultiplets :
U6 ~ vg (1 — 2y, €21 4 O(e*4)) (42 =4 and y1 = 4¢(2)x/(27)?)

classical “universal” hypermultiplet (¢4, B2, Co: O3 — CoQ3 +Co A Q3+ --+)
e classically - SU(2,1)/U(2) coset (3 isometries)

e Loop corrections - self dual Enstein metric defined by a single function:
e~ — 4¢(2)x/ (2m)?



Summary of type Il (o’)? one-loop couplings (10D):

No B

With B

e-0 %(tgélo + 610t8)BR4

< (tse1o + €10ts) BRY(Q4)

+ | = B A Xg(QN°) = 2t3e10B(RY(Q4) + RY(QL))
0-e | = srmmr BA (R — 1 (Ir R?)?) | = 3B A [Xs(Q4) + Xs(92-))]
= ox @ B A (Ir R — (tr R?)? + exact terms)
e-e | tgtgR? tetg R (Q4) = tstgs RY(Q_)

0-0 %610610R4

%610610 (R(Q+)4 + %HQR(Q+)3 + .- )

= s€10€10 (R(Q)* + SH?R(Q_ ) +--)

o new kinematic structures in 0-0 sector

o litingto 11d: H +— G4 (with lifting ambiguities)

¢ get RR couplings via reduction




Lift from D=10 to D=11
... IS heavy and the ambiguities are not fully resolved.
Lift from D=6 to D=7 has the main features and can be done explicitly.

CP-odd part:

1 _
—Bo AN X — -
g2 39772

Cs A (trR2 —~ 1—12d (G*% A (Vg)abc)> .

o abe = 4G, pndit e ebr e

CP-even part:

—1 lif 2 2 2 2 uv 2 1% o
e 'oL™ = R\, 2R, +iR*— 1R, G*" + LRG*+ iV ,Gyap, V' GH
& GG 5GP GN o + 5513 (GP)? — 55(Gu)? + (e0m)?

Reducing back to 10D/6D
o iLbc SN (6¢/2Fabc; fHa,b)

allows to recover RR completion (1-loop only!)



Puzzles (at tree-level)

e One-loop results would suggest

J()(Q) = (tgtg + %610610) R* — (tgtg + %610610) R4(Q_|_) + %610610H2R3(Q+) + ...
= Jo(Q24) + AJo(Q4, H)
Jl (Q) = t8t8R4 — ielothRll — t8t8R4<Q+) — %ElotSB (R4(Q_|_) + R(Q_)) = Jl (Q+)

AJy (2, H) needs susy completion. N = 2, 4 tests:
= cl(trRZ+uRAR) with o!=[ o AtrR?, o e HLD(X)
o FiW?|g4erm  With W - N = 2 chiral Weyl superfield and F; - function of
chiral vector superfields

=- important cancellations
> Extra corrections (??): Jo(Q2) — Jo(Qy) + AJy+26 J1(2) — J1(Qy) 40

> Different superinvariant appear at tree-level and one-loop (!?)

e INlIBuse SL(2)andtry e ® — 7=Cp+ie ?
> Treedpt: ASipli—pt~ 5 [ {tgtg[R4 + 24R?|DP|?] + O, [(1DP|2)2}} %10 1



Exotic kynematcis, dilaton in R*, SL(2) and F-theory

e |IB strings with varying dialton-axion 7 = Cy + ie=?
O S]]B ~ éI(R—PP) *101
> P=_Vr (U(1) g covariant, charge 2)

2ImT

> formally obtained from R(1?) at fixed volume v

1 Rer
> T2 metric: =
Rer |7]?

> F-theory space - elliptically fibered CY <
> D7/07 - codim 2 defects (with deficit angle) - degenerations of el. fiber
> 10D slice integral: 532 ~ & [[RU2) x4 1

e Decompactification limit of M-theory (on X.)
OSllNéfR*lll = SgNﬁf(R—PP>*91 = SiIB
> 1B limit v — 0 :



~ o inlIB

e Kinematics:

> (tsts + 610610)R4

> no CP-odd (GS-like) couplings

> tree-level, 1 loop and non-perturbative contributions
e M-theory (11D) perspective

> For M-th/T?, v—=0 = S3—0

> need to account for KK modes on T?

e For constant : AS! ~ é ft8t8R4 x111 = AS;~ éfo(T, 7_') t8t8R4 *10 1

3/2

_ To . T 1/2 _ s
> fO(Ta T) — Z(m,n);é((),()) lm+n7t[3 29%(/32) + 23 gs/ + 0(6 te )
e Varying dilaton-axion:
> ASrrBlapt ~ L {tgtg[R4 + 24R?|DP|?] + O, [(1DP|2)2}} %10 1

> Complete agreement with 0-mode reduction of

S ~ —/tgtg *10 1



~ o/? in F-theory...
e Odd-odd sector:
> 0-mode reduction of

1 . 4
S3%(eg) ~ —/€8€8R12 *10 1

> S3i%(eg) restricted to 4pt vanishes
e Missing 7 dynamics - all g corrections

e (Conjectured) complete coupling:

1 A 1
12 _ _ A 12)\4
537 = (47)° 318 /fO(Tv 7) [tsts + 96612612] (RU2))* xq0 1

> SL(2,7Z) and SUSY compatibility

> perturbatively tree + 1-loop terms

> No “cusp forms” - non-perturbative part captured by fo(7, 7)
x gs-exact ~ O(a’?) Type IIB action without flux

+x R and 7 couplings beyond 4pt



4D N = 1 compactifications of F-theory
e Smooth four-fold B; — CY}, fibered over B3 with zero-section

e 2 + 8 derivative reductions (+0O(a’?)):

1 1
S§+3 = / (Vb - 6471'3 fQ(T, 7_') 63(X4)‘33> R(4d) *4 1

2ma’ B
o Correction
N/R(4d) *41/B foxs (JAc3(Xg))*g1+...,
3
o Use xg(J Axgl) =14 O(a)
> Verify that the correction is finite
> constant T (B3 = CY3) known N = 2 results
> T varies over Bj - the correction is non-topological

> = Kahler potential via Weyl rescaling (plenty of ifs and buts!)



Weak string coupling limit

Sen limit: a region of the complex structure moduli space of the CY fourfold X,, where
none of the monodromies acting on 7 involves the string coupling 7, *:

> 7, ' kept small in a globally well-defined way
> Type IIB on orientifolded CY threefold X3 - branched double cover of B;
> O7-plane - branching locus: in cohomolgy Do7 = ¢1(B3)

x Correction ( fopological ) to the classical volume V5 of the CY threefold:

s ¢(3) ( /
V3 =V3 — X(X3) 4+ 2
T 3933 (Xs) X

Dé”w) +  O(g;?)

¢ Note integration over X3 (not Bs)

o Only Weyl rescaling contribution to Kahler potential is computed here
> New terms from tree-level closed string scattering in this CY orientifold background

> Absent in toroidal models!



Supersymmetry and Generalised geometry
gen. Lichnerowicz theorem (gLBT) = effective actions (Local data)

e (gen.) Lichnerowicz theorem: (D“D4 — D?) e = |15 + v**U I 4cqle (S tensoriall)

o Heterotic effective action: S = R+ 4V?¢ —4(0¢)? — ;3 H>—%-tr F~

O laped = %v[aHbcd]_%/trﬁ[abﬁcd] =0

0P, = Dye = Ve —%Habcvbce . o
o — covariant derivative (A = {a, a})

0o = Doe = — 120/ Fopay™e
o 0N=De= (V'Vq—37Hapcy™ —70s) € Dirac operator
Gravitational terms (obstruction to gen. tangent bundle E) ?
o take G — G, X O(d)....
& reduce the structure group of £ to O(d) x G x O(d) C O(d + dim(g)) x O(d)

o ldentify O(d) € G with O(d) in C
> Works only for A = Q. = w"C+ 17! (cf susy for Q_111)
> Fortypell G — O(d) x O(d) does NOT work



>  “Tensoriality” without generalised geometry:
M o + 7t M 1 /2
DIPe — Dy D 6—6—4(trFFe—trR R 6)—|-2V QSDMe:—Zﬁbe—I—C/)(Oz )

(mod. heterotic Bl: dH = — " (tr F A F —tr RT A RY))

>  Multiply by e=2?¢" and integrate by parts (e'e = 1):

100 = (D) Pe— (D) DY+ &5 (1 P Fe—tr R RY) + 0(a”)

64

>  Works for static backgrounds without spacetime filling flux (!!)

>  The (bosonic) action

Sy = / e 2%L, = BPS?
Mo

> “intergrability” (Susy + Bl = solutions?) as an ... alternative to G. Ricci ?

1
™ p- D~

1 1 1
NP €~ —D&(OG) + §0DX7€ = —ZgNMFME—F §BNMFM€—|—

48

O=dp—LH and EY,,.B%, - EOMs for metric and B-field

1
—dHNMpQFMPQG



> Flip of the sign in O(a’) effective actionwrt D, : 2. — QI
© Rinnpq(27) = Rpgmn (27) = —12d Hinnpg

e leading to corrections all orders in «o:
> “gaugino” v, € I'(A2C,. ® S(C_)) for “gauge group” O(d)
o Sboaas = VA R(Q) 3505 7?€ oo. = Dape (?)
> ). - COMPOSite “gravitino curvature”
o 8tap = Dape + 2Va! (2a/tr EAF —tr R(QY) A R(Q)]apap) 7% — Dape
> Dag, — Dg ingLBT =  O(a?) modifications of susy for
yaﬁavbﬁge — DD, e+ DD, e+ DWD e = —iS‘e 4 yabed] o g€
hierarchy of higher o’ corrections (consistent with GCG)
O(a'?) agreement with literature

new O(a’*) corrections

v V. VvV V

iterative all order formulae ?



e Higher ordersin «’:
o Tensorial action of DfeD_ e — DD e + DD
¢ No (new) corrections to Bianchi Identity *
¢ RHS vanishes on shell (can be checked)

e The corrected operators (at order ~ (a/)3):
5¢ab — f)abe — i V (Q/)/R/abe + %(@/)S/Q,T(abe + %(@/)5/2v[avc ((Tb]ce)

0ba = Do = Ve + ()Y (Tape) + & (@)*VP (X3(R)ape) + 5} (Y (R, T)o + Y (T, R)a)e

where: 7= —L(F A F — RAR) and S% = R“R., — F* [,
Definitoins:

XS(F)oz — %FeaaTebcdvade + %FefozTefabfyab — %Feaagebfyab

Y (R, T)oe = RpaVe(TP€) + Rpo Ve (F)e



Note:
o R=RT & V,— D,

o (Vi Vi + 5 Ha% YV )e = Ry e = 1Ruve + 5(/ ) Fape

[a

Adjoint operators:
D,:S—=>V®S & Dft . VeSS
Doy : S~ = A2CL @S & Dfab . A2C, @ S — S~

defined as [4*Dye = — [ Dfagp, e

>  ~ O((a)?) (and ~ O((c/)*)) action:

action ~ O (a’)
A\

ﬁTaﬁae — ﬁTabﬁabe + ZA?TO‘IA)@E = DD, e — D®D_ e + D*D,¢
+ 2(0&’)2 [e.O.m.|@((a/)1)}abW€ — (O/)S(iTJT + 6—14§_|g>€ + (O/)S [e.o.m.\@((a/)o>]abT“chd“be

(schematically)



M-theory

e Fields: {gmn,AmnpﬂPm}
o S8 =gk [ (VEIR— 3F A+F — LANF A F)

o S = % f\/fg(lzmvmnpvnwp + Fopp i (%@mvm'pl...mnwn + %@p17p2p3¢p4))
> SUSY Oty = Vine + gag (Y™ — 88,142 Foy e = D
> eom ,Ymnpvnwp i % (,ymnpl...pzlfplmm + 12‘,rmnp1p27p1p2) ¢n — 0 = Lmn¢n

e exact sequence: SQV@@SQV@SD—KS
> L oD = 0 follows from supersymmetry
> reality of [,L%y, = L=—L"= Do L =0.

e Lichnerowicz-type relation D*D,c = v** D, D¢  (trace of Einstein + 8-form)
> L%y, = 4" Dyip. and D¢ = $7,L = 4D,

> coefs in D, and D“ are uniquely fixed by tensoriality of rhs!

o LT = Sg=[V=9R—315F0 0, F )= AN (A*F+ 3FANF)



Higher order
D:S—>T"®8

(Dg)a — va8 + « <vaabcd) 76d5 -+ BXabcdeCdvbg
DT*®S =8

~

(DW — ,yab <vawb + (chacef) ’Yefwb + BXaceffyefvcwb>

where X4 € |0,2,0,0,0] and «a, 8 etc. parametrise higher-order corrections

(DDe) = vV Vie + (o — & — B) (VX gpeq) 70V Pe
~ @ (VY Xapea) 1% = (B + B) Xanear* VP + .
(ifa—a~3=0)=-iRe+} (20— B~ B) R Xopear™'s
+ 5 (B+8) B Xueaz — § (B+8) B caXapesr* e + ..

Ambiguities:
> «a = a = 8 = 0 consistent: keeping susy classical and only correcting Sr

> & =0, =f=pf: D*V,e and 4%V, D,¢ are separately tensorial ( the fermionic
action is in terms of "supercovariant” objects)



Everything that can modify susy:

Projection of Rep Multiplicity multiplicity of of which result projected into
R? of s0(10, 1) embeddings in 6y in [V, V]R3 form of rank
X 0,2,0,0,0] 8 1 1 2
W 2,0,0,0,0] 3 3 1 2
S 0,0,0,0,0] 2 1 1 2
Y 0,1,0,0,2] 2 1 1 6
& 1,0,0,0,2] 2 4 2 4,6
T" 0,0,0,1,0] 3 5 3 2,4,6
Z" 0,1,0,1,0] 3 1 1 4
U’ 1,0,1,0,0] 3 4 2 2,4
L 2,1,0,0,0] 3 1 0 -

M* 2,0,0,1,0] 6 1 0 -

The last two lead to symmetrised V and so are immediately ruled out. The other terms
all admit at least one combination which corresponds to R*[V, Ve in the Lichnerowicz,
which thus give rise to R* terms.



These R* will appear as p-forms contracted with gamma-matrices acting on the spinor.
The different terms contribute to different forms as follows:

p-form : O 1 2 3 4 5
R* multiplicity: | 7 0 1 2 17 0
X'®R e - o - e -
W'® R - - - - - -
S"®R - - - - - -
Y'®QR - - - e e -
V'@ R - - - - e -
T"® R - - = - e -
Z'Q R - - e - e -
U'® R - - e - e -

I Nothing is possible at 2% and R? order !!!



>  Tensoriality of DD + cancellation of 2,4,6-forms yields 2 independent invariants
o :C( (tgtg — %ee) R* + %etg;CR‘l)
oy (tgtg + %ee) R*
>  what fixes y = 07
¢ fermion terms and “actual” supersymmetry
¢ Inclusion of F
o next order ~ R7 (lift from 2-loop string terms)

Will quantum corrections be a key to the (generalised) geometry of M-theory?
(How much) can generalised geometry capture the systematics of string expansion?

Plenty of open questions....



