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Overview

We aim to give a (2-derivative) lagrangian description of the low-energy dynamics of a stack of M5-branes,
including all fermion contributions.

The final goal would be the formulation of an action principle in superspace
« First step: Lagrangian of n non-interacting tensor multiplets in flat 6D (4,0) superspace v
» Second step: interaction with 6D supergravity
» Third step: adding self-interactions and embedding in 11D superspace

Problematic lagrangian description of 2-forms with self-dual field-strengths (chiral 2-forms)

How to implement the self-duality constraint?
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The model



M5-brane - Field content

M5-branes, together with M2-branes, are half-BPS extended objects of M-theory, appearing in its low energy 11D
supergravity limit as black p-brane sources of the 3-form potential A®) and of its magnetic dual B®).

[Duff; Bershoeff-Sezgin-Townsend ‘87-88; Duff-Stelle ‘91; Gliven ‘91; Gibbons-Townsend ‘93; Townsend ‘95; Witten ‘95-96;...]
The world-volume theory of the M5 brane is described at low energy by the dynamics of a tensor multiplet in
chiral D=6, N=(4,0) superspace (16 supercharges):

(648, B 2a) A B,... € Sp(4) ~ SO(5)

R-symmetry: Sp(4), and 794 = —14

Counting of on-shell d.o.f.:

» Fermionic d.o.f.: T72 4 = A4 — #f=16/2=28
@Bl Cpggt® =0

* Bosonic d.o.f.: 1 1 - — #b=5+3=38
B}“/ : Huyp = éa[HB,,p] = _éeuupa)\ﬂ'a B)\T

Self-duality constraint on H,,,(B): H® =H® &  Bis a chiral 2-form



Chiral (2n)-forms in D=(4n+2)
space-time




A well known problem: In D=4n+2, the kinetic term of chiral (2n)-forms is zero!

Contrary to the D=4n case, in D=4n+2:

- (anti)self-dual (D/2)-forms Q™" = + « Q2" are real

(2n+1) A C)2n+1) (2n+1) O(i2n+1)

* Any D-forms: P = 0 for any P
. (2n+1) 2n41 (2p+1
while PE™1) A QETY) = pET 5\ QPP 2 o

How to write a lagrangian kinetic term for chiral (2n)-forms in D=(4n+2) space-time dimensions?

The corresponding field-strength HE™1 = dB((21) is self-dual: HE™ D = HE™) g0 that:

Lk = %H(_Zn-H) AwHED 7%H(_2n+1) AHCHD g

One has to deal with the kinetic term of unconstrained (2n)-forms

...but the self-duality constraint is necessary for SUSY (pairing of d.o.f.)... To be imposed by hand?

The same problem also affects chiral theories in 2D, 10D



Various strategies have been found to face the problem at the lagrangian level

+ non Lorentz covariant formulations [Henneaux-Teitelboim ‘89; Schwarz-Sen ‘94; Perry-Schwarz ‘96;...]
« infinite number of auxiliary fields [McClain-Wu-Yu ‘90; Martin-Restuccia ‘94; Devecchi-Henneaux ‘96;...]
» non-polynomial actions [Pasti-Sorokin-Tonin ‘95-'96; Bandos et al. '97]

+ rheonomic approach in superspace [ D'Auria-Fré-Regge ‘83; Castellani-Pesando ‘93;]

These approaches are effective, each one with its advantages and drawbacks, most of them formulated at the
bosonic level

Recently: Sen’s approach inspired by string field theory, manifestly Lorentz covariant and with finite number of
auxiliary fields, revived the interest in the subject since it evaded a possible no-go theorem:

*“ if a manifestly Lorentz invariant superstring field theory could be formulated, then it should allow as low energy
limit a 2-derivative lagrangian description including 1B supergravity and its chiral 4-forms!’ [Sen “15-19]

| will discuss how the rheonomic superspace approach can deal with chiral forms (in this case, chiral 2-forms on
the M5-brane world-volume), and how it can be modified to incorporate Sen’s prescription at low energy



6D N=(4,0) rigid supersymmetry
in the rheonomic approach



The rheonomic approach

This is a geometric superspace approach to build supersymmetric theories.

It can be applied also to theories with chiral p-forms: One deals with unconstraind p-form fields off-shell: the
self-duality constraint has not to be imposed by hand, it emerges from the field equations of a superspace
Lagrangian and, independently, from closure of the superspace Bianchi identities (BI)

It was applied in the past to the construction of theories with chiral p-forms:

» 6D minimal pure supergravity [D’Auria-Fré-Regge ‘83]
» 10D IIB chiral supergravity theory [Castellani-Pesando ‘93]

Advantages: no exotic auxiliary fields are needed

once the superspace lagrangian is restricted to space-time, the self-duality constraint is lost

This is the approach we followed to build the 6D chiral theory



Short summary of the rheonomic approach

It is a superspace generalization of Einstein-Cartan formalism, where supersymmetry transformations are
associated with superdiffeomorphisms in the odd directions of superspace.

The full local (super)symmetry is encoded in the formal definition of the super-fieldstrengths and on their
rheonomic parametrization on a anholonomic basis of superspace, spanned by the 1-forms (V4, wé)
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It gives constraints on the superfields of the theory (relying on Fierz id.s), which include:

« the dynamical field equations on space-time
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+ the SUSY transfromation laws of the fields on space-time
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Short summary of the rheonomic approach

It is a superspace generalization of Einstein-Cartan formalism, where supersymmetry transformations are
associated with superdiffeomorphisms in the odd directions of superspace.

The full local (super)symmetry is encoded in the formal definition of the super-fieldstrengths and on their
rheonomic parametrization on a anholonomic basis of superspace, spanned by the 1-forms (V4, zpé)

The construction of a given SUSY theory in D-dimensions is based on two (equivalent) pillars:

» Consistency of the rheonomic parametrizations with the Bianchi “identities” in superspace.
It gives constraints on the superfields of the theory (relying on Fierz id.s), which include:

« the dynamical field equations on space-time

+ the self-duality constraint on the chiral p-forms

+ the SUSY transfromation laws of the fields on space-time
« all the other contstraints required for SUSY

» Construction of a geometric D-form lagrangian in superspace written in terms of differential form fields, and
the exterior d operator (no Hodge operator). lts field equations in superspace are k-form equations such

that:
« their components along VK are the dynamical field equations on space-time
« their components along V..4).. give all the contstraint required for SUSY, including the self-duality constraint on the

chiral p-forms
Its restriction to space-time is invariant (up to total derivative) w.r.t. the SUSY transfromation laws



Our results: The super-fieldstrengths (FDA in superspace)

T = Vi - lyrayt=o .
2 o fva —axt+ Laraae?
Rigid SUSY background: , with: 2 i ’
o= dpt =0 Pt = —Tyapa = dOA.
i — i _
H = a8+ Eqsgcc“cmraws V2 . dH' — 5 dphgChelapB vi =0
Matter fieldstrengths: DAL, = d)\i‘ ;d°=0=BI dz& ~0
Pie = dong Pppg =0
1 _
H' = HpeVAVOVE 4 BT apAp VAVP
Consistenc: Rheonomic parametrizations: / Iya -pl 8 a B | . rabc B
onsistency = p YDAy = aApVE — 2iPyg M7 4 iH T Cap
! ! - I
Pag = Pag,Vi+ Piatey,
1
+ field equation M@, 4 = 0, together with H', = — 5 Cabockr H!laef

The tensors .., Pag. . Oa)l are the so-called supercovariant fieldstrengths.



Our results: The supersymmetry transformation laws

SUSY transf. of a generic field ¢ are super-diffeomorphisms along odd directions of superspace

= Lie derivatives with spinor parameter A 0 = L& = (1ed + due) €
1
5B = 3 CABEAT ap A VAVP — igph CACEAT 2B V2
Using the above relations we get: 56)\/2 _ —ZiTAB,aFaEB + iH;{;bcrabCGB(CAB
56¢AB = E[A)\B]0

which, restricted to space-time (at 9* = d¢” = 0, so that V3 = §2, 47 = 0), reduce to:

]
/ AB— !
6B, =5 CPealuNg
. 1 v
S A = —2i0,phgMeB + EaNBLprM PeBCap

Sedpg = E[A>\/5]0



Our results: The superspace lagrangian

The geometric approach allows to derive the following (6|0)-form Lagrangian in superspace, to be integrated on

a generic bosonic submanifold of superspace, to be identified with space-time: A = / oo £610),

M
In order to be independent of the embedding of M©1% ¢ M I'8) the bosonic kinetic terms have to be written at
first order (no Hodge operator). The Lagrangian reads:

_ - 1., .
£60 _ {(P»IQB _ Il’[AAE]O) oo ybodef, CACCED _ = i\B,IP;,CD yaodel | CACCED,

Imn €abcdef +

1— ~ -
+ 40 (H’(B) o é ‘f’Ar/nrAIA V/m) H/abc Vdeffabcdef o H/ Hllmn Vabcdef

i 51 —a
- ZAAra (DAf VP ¢ et + EABMZJ roedy® Vabcd) +

5 —A 4i —B
EPLB (A/ Foth® Vigore?ode! . ¢/CDCDAw rabcchabC>
_ T 5 _ 3
—30H' ()\/ArabwA Ve 4 41¢/AB¢Ara1/JB Va) - Z>\Arabc>\ls¢crdwo yabed <(CAB(CCD+E(CAD(CBC> } .

The fields Phy ., H!, _ are auxiliary. Their equations of motion identify them with the supercovariant
AB,a> ' 'abc

field-strengths PAB@, Hé’,bc appearing in the superspace rheonomic parametrizations.

5.20610)

The self-duality contraint follows from the 2 component of 5B
C



.. and its space-time restriction

The restriction to space-time (wﬁ = 0) reduces to the free lagrangian:
o= (Lo,m80n % 9B, B + LxArup,x ) @
=z e 1,48 + 2 uBup T3 nAIA X

= |n the restriction to space-time, the self-duality constraint is projected out

= L%" depends on unconstrained BL,,, and the corresponding field equations do not account for the correct

matching of d.o.f.

£ is invariant off-shell, up to total derivative, under the SUSY transformations written above:

1— 1 -
S LM =9, KFdBx, with KM= ZA/AF”F“eB%(b/AB - %Ai\rp” MeA8,B)yr

it is off-shell SUSY invariant, but SUSY doesn’t close on the fields
win §.L%", the “wrong” self-duality components of dB' enter the total derivative term

The associated Noether current, conserved on-shell: auj}”on—shell = 0 reads:

1 1
T = =TT NE 0, dap + TP T NG0By



Comments on the above results

(6[0)

The rheonomic superspace lagrangian £°™, for the free case considered, is classically well-defined:

« it is manifestly Lorentz and SUSY invariant

« it includes the self-duality constraint among its EL equations in superspace (but not on the space-time
restriction of £619)).

Next step on that side: coupling with supergravity multiplet: (V2,4#,58,2 ,,) ...under construction...



Comments on the above results

The rheonomic superspace lagrangian £®19) for the free case considered, is classically well-defined:

« it is manifestly Lorentz and SUSY invariant

« it includes the self-duality constraint among its EL equations in superspace (but not on the space-time
restriction of £619)).

Next step on that side: coupling with supergravity multiplet: (V2,4#,58,2 ,,) ...under construction...
Towards the formulation of an action principle, we would like however to modify our superspace Lagrangian into a

classically equivalent one, but which would implement Sen’s prescription in superspace, and which would include
the self-duality constraint also once restricted to space-time.



Implementing Sen’s prescription
(at first order) in the rheonomic
approach
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In ‘15, Sen formulated a prescription to implement the self-duality constraint at the level of the space-time action
preserving covariance, at the price of introducing an exira chiral form, with wrong-sign kinetic term but fully
decoupled from the physical sector, and an auxiliary self-dual form Q@1 = Q™1
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Sen’s prescription

In ‘15, Sen formulated a prescription to implement the self-duality constraint at the level of the space-time action
preserving covariance, at the price of introducing an exira chiral form, with wrong-sign kinetic term but fully
decoupled from the physical sector, and an auxiliary self-dual form Q@1 = Q™1

That approach is deeply rooted in string field theory, and he showed that the decoupling holds at all orders in
perturbation theory.

It was studied in detail for the 10D [IB theory. When applied to the complete theory including the gravitational
field, his description requires non-standard general coordinate transformations

In ‘19, Lambert applied the formalism to the D=6 chiral theory

We aim at extending Sen’s prescription such as to be applied to our geometric superspace lagrangian, starting
with the simpler (non interacting) chiral model in rigid 6D superspace.



...and application to our 1st order lagrangian

Complication of our setting: we have a first order lagrangian (no-Hodge operator!)
=- two ways, not to loose covariance and SUSY invariance:
+ To pass to a second order formulation in superspace, and apply Sen’s prescription there

= This requires extending £(¢19) — £(6118) through coupling with appropriate integral forms
[Castellani-Catenacci-Grassi ‘14, Cremonini-Grassi ‘21]

v To reformulate Sen’s prescription such that it holds at first order, and then to modify our superspace
lagrangian £©19 such that:
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...and application to our 1st order lagrangian

Complication of our setting: we have a first order lagrangian (no-Hodge operator!)

=- two ways, not to loose covariance and SUSY invariance:

+ To pass to a second order formulation in superspace, and apply Sen’s prescription there
= This requires extending £(¢1% — £(611®) through coupling with appropriate integral forms
[Castellani-Catenacci-Grassi ‘14, Cremonini-Grassi ‘21]

v To reformulate Sen’s prescription such that it holds at first order, and then to modify our superspace
lagrangian £ such that:
« once restricted to space-time, it is equivalent to Sen’s prescription
« its EL equations in superspace for the physical fields are the same as those from £619



Short summary of Sen’s prescription, in this simplified model (no gravity)

[Sen ‘15, ‘19; Lambert ‘19] Given a theory including chiral n-forms B’ and extra fields @, its space-time
lagrangian reads (for 10D 1B theory, n=4, and Y = B® A ¢®), and £®) = gB' + v/ = F©¥):

= % (dB'+ Y/(®)) A" (dB'+ Y!(®)) + Y(®) A (dB + V() + Lint(®) = L1 + Lint(®)

Prescription:

« replace: (dB’ + Y’) —* (dP’ + Y’)

« add interaction with auxiliary self-dual Q" = —*Q' (algebraic constraint): * (dP’ + Y’) AQ_:
1
Ly > L= (dP’ + Y’(¢)) A x (dP’ + Y’((D)) +(Q. + Y(®) A <dP’ + Y’((D))
1 M,‘ =0 = PP +Y)=o0,
The field equations read (where P+ (&) = 3 (€ £ %€)): ‘237
=0 = d("eP'+a ) =0 = "eP'+Q ==

Writing: = = P + P one sees that P, (dP) = 0 = dP = —*dP = d*dP = 0 (free field)

oL’

2 5
Identification: P = B' + P/, = P,(dB'+Y')=0, and 505 _ st

aP,e)  ob




First order formulation of Sen’s prescription on space-time

To implement Sen’s mechanism at first order, we introduce the following (2n+1)-form auxiliary fields:
A=Hape VAAVPAVE=H. +H-, Q. =Q 4 VEAVEAVe = *QL
and modify the 1st order Lagrangian (4n + 2)-form in spacetime:

L=dB +YYA*H - % H'A*Hy 4+ dB' A Yy 4 L£5,(9)

into the following one: £ = — [(dP+ V) A H+ (' + V') A Q| + £55,(®) = £/ + £3,(®)
£l
gfg = & Pl +Y' =0, = Py(dP)=-P.(Y)
sL - ,
The field equations read: el =0 o Py(H)=-P (Y, = P (H)=r.(dP)
5L rl =1
5 =0 e d(f)=0, = H=0=
Pl—l—E/ . pl_ =l

We can define: B' = P= = . B are the dynamical interacting fields while P’ are free fields.

2 b
Equivalent to Sen’s 2d order prescription, with Q_ = Q_ + I (H-Y)



First order formulation of Sen’s prescription in superspace

Our 1st-order superspace lagrangian can be written as:
£619 = aB' + Z'y A *H — % H'A*Hy+dB A Z+ 289 (0)
where we have collectively denoted by ¢ the scalar and spin-1/2 fields, and we have defined:
A =R, vaanvPave, *H= 1eabcde,/-/abC VIAVEAV  (1storder, auxiliary field)
Z'=ZI(0) = %Xgrabw Vaa Ve %@AB DrapBva.
It looks very similar to Sen’s space-time lagrangian. To have it at 1st order in superspace, we write:

£=—[@P +ZynRy + (H’+Z’) AQ ] 4 Lim(®)

where A’ = A’ + AH' is a 3-form superfield, with A’ = H.,.V3VP V€ its (3,0) component and AF' the rest
(components in odd directions), and Q' = O; Ve vove, W|th *Ql = —Q' (self-dual on space-time)

Note that its space-time projection is the first-order formulation of Sen’s prescription on space-itme, with similar
conclusions.



First order formulation of Sen’s prescription in superspace

SL o = P+ 72/ = Q'
W |
Wefind: { ——— =0 < (va/\ VEA Ve 4 6eabcdf-”(vc,A Ve A vf)> AR +Z) =0,
— abc
5L -
— = dH' =
5Pl 0 & 0

from which:
R =R —Z'=q=!, B =P +=y2, P =/P -2

= P = B+ P, with P chiral, but free and SUSY invariant:

o - 1 4 ~ ~ - ~
P:dP=2(Q-—P-(H) = (dP)ape VEVPVE = d*dP =0, 6P =0
while:

H' =dB + 7z =p_ (H') = (F/’ +iL(I:I/)>; Sof = 8oL



Conclusions and outlook




Conclusions and outlook

v We have constructed a SUSY invariant lagrangian in D=6 superspace for tensor multiplets in rigid chiral
theory with 16 supercharges whose field equations include the self-duality constraint for the chiral 2-forms.
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Conclusions and outlook

v We have constructed a SUSY invariant lagrangian in D=6 superspace for tensor multiplets in rigid chiral
theory with 16 supercharges whose field equations include the self-duality constraint for the chiral 2-forms.

v We have then modified it to implement Sen’s prescription (at first order) in superspace and on space-time
Next steps:

To add interaction with supergravity (for the anomaly free case), and try to apply our extension of Sen’s
prescription in this more challenging case

To extend our 6-form lagrangian to a (6|/16) form in full superspace by adding appropriate integral forms

To try to go off-shell (Rheonomic formulation of Harmonic superspace?)



Thank you!
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