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 The consistency conditions for decoupling the 
longitudinal modes of free massless spin-1 or 
spin-2 particles are so strong, that they lead to the 
Maxwell (Yang-Mills) Lagrangian and Einstein-
Hilbert Lagrangian unavoidably. 
 

 The problem for higher spins has attracted many 
through out the history: Pauli, Fierz, Schwinger, 
Rarita, Fronsdal,…, Vasiliev,…, Niederle, Burdík,… 
Sagnotti, Francia, Iazeolla, … 



 Even at free-field level the theory is complicated  
 
 
 
 
 
Maxwell-like form for mixed symmetry tensors 
(Campoleoni &Francia 2012) 
 

 At the interacting level the theory is highly non-
tractable. One attempt is to get some insight from 
string field theory (Francia and MS), another, 
better explored one  is the proposal by Vasiliev. 



 The Vasiliev equations describe not a single 
higher spin, but necessarily the whole 
tower at once: 
 
 
 
 

 This is perhaps a hint of something deep 
like string theory.  They also require AdS. 



 In three dimensions the Vasiliev equations 
become tractable, and as a theory of gravity they 
are expected to have CFT dual. 

 The euclidean higher spin gravity is described by 
an sl(n,C) or hs[λ] connection A: 



 Gaberdiel and Gopakumar (2010) proposed that 
the higher spin gravity is holographically dual to 
WN  minimal model CFT. 
 

 Raeymaekers, Procházka and collaborators 
recently presented some of the most impressive 
checks by studying black hole like solutions on 
one hand and studying properties of W algebras 
and their representations on the other hand. 



 Field theoretic description of all excitations of 
a string (open or closed) at once.  
 

 Useful especially for physics of backgrounds: 
tachyon condensation or instanton physics, etc. 
 

 Single Lagrangian field theory which around  
its various critical points should describe 
physics of diverse D-brane backgrounds, 
possibly also gravitational backgrounds. 



Open string field theory uses the following data  
 
 
Let all the string degrees of freedom be assembled in 
 
 

 
Witten (1986) proposed the following action 



This action has a huge gauge symmetry 
 
 
 
provided that the star product is associative, QB acts as a 
graded derivation and < . > has properties of integration. 
 
Note that there is  a gauge symmetry for gauge symmetry 
so one expects  infinite tower of ghosts ― indeed they can 
be naturally incorporated by lifting the ghost number  
restriction on the  string field.  Solving the master equation  
in the superstring case is still an open problem.  See our 
work with Berkovits, Kroyter, Okawa, Torii and Zwiebach.   
 
 



 The elements of string field star algebra are states in the 
BCFT, they can be identified with a piece of a worldsheet. 

 By performing the path integral on the glued surface in 
two steps, one sees that in fact: 



     We have just seen that the star product obeys 
 
 

 
And therefore states                          obey 
 
 
 
The star product and operator multiplication 
are thus isomorphic!   



 The star algebra is formed by vertex operators and the 
operator K. The simplest subalgebra relevant for tachyon 
condensation is therefore spanned by K and c. Let us be 
more generous and add an operator B such that QB=K. 
 

 The building elements thus obey 
 
 

 
 

 The derivative Q acts as 



    This new understanding lets us construct solutions to 
OSFT equations of motion                                   easily.   

 
  
 
 
  

More general solutions  are of the form   
                                                Here F=F(K) is arbitrary 

                                           M.S. 2005, Okawa, Erler 2006 



 What do these solutions correspond to? 
 

 In 2011 with Murata we succeeded in computing their 
energy 
 
 
in terms of the function   
 

 For simple choices of G, one can get perturbative vacuum, 
tachyon vacuum, or exotic multibrane solution.  At the 
moment the multibrane solutions appear to be a bit 
singular.  (see also follow-up work by Hata and Kojita) 



 Recently there was a significant progress by Erler, who 
found the tachyon vacuum for Berkovits  super-OSFT 
 
 

 
where        is picture-number and ghost-number zero string 
field. This action can be also written as 
 
 
 
The equation of motion takes the form 



 On a non-BPS D-brane the solution can be conveniently 
looked for in the basis                                       suggested by 
Berkovits and M.S. 
 

 Erler looked for solutions such that 
 
 
Corresponding  g can be constructed by  
With a clever choice of β he found: 
 
 
for which he could have computed the energy etc. 



 So far all the discussion concerned background 
independent solutions and aspects of OSFT. 
 

 The new theme of the past year or two, is that 
OSFT can be very efficient in describing BCFT 
backgrounds and their interrelation.  
 

 Traditionally, this has been studied using the 
boundary states. General construction not known! 

 



 Describe possible boundary conditions from 
the closed string channel point of view. 
 

 Conformal boundary states obey: 
 
1) the gluing condition 
 
2) Cardy condition  (modular invariance) 
 
3) sewing relations (factorization constraints) 

See e.g. reviews by Gaberdiel or by Cardy 



 The gluing condition is easy to solve: 
   For any spin-less primary       we can define 

 
 
where          is the inverse of the real symmetric 
Gram matrix 
 
 
where                             , 
(with possible null states projected out). 

Ishibashi 1989 



 By demanding that 
 
 
and noting that RHS can be expressed as 
 
 
Cardy derived integrality constraints on the boundary 
states. Surprisingly, for certain class of rational CFT’s he 
found an elegant solution (relying on Verlinde formula) 
 
 
 
 where         is the modular matrix. 



 Originally Ising model was intended as a toy model 
for ferro- to paramagnetic phase transition (Lenz 
1920, Ising 1925) 
 
 
 

 At long distances and critical temperature the Ising 
model is described by the simplest possible unitary 
CFT with c = ½ and with 3 primary operators:  
1  (0,0)                      identity 
ε   (½,½)                  local energy operator 
σ  (1/16, 1/16)      local spin operator 



 The modular S-matrix takes the form  
 
 
 

 And thus the Ising model conformal boundary 
states are  
 
 
 

 The first two boundary states describe fixed (+/-) 
boundary condition, the last one free boundary 
condition 



 This model naturally arises when one 
considers Ising model on a plane with a 
defect line and employs the folding trick. 



 (Ising)2 model  is well known point on the 
orbifold branch of the moduli space of c=1 
models 



 Even though Ising model itself has only 3 bulk primaries, 
(Ising)2 has infinite number of them (Yang 1987) 
 
 
 
 
 

 It is precisely equivalent to a free boson on an orbifold 
with radius                     (in our units            .) 

 While some boundary states are readily available, the 
complete list can be expected to be quite rich 



 Here is the list found by Affleck and Oshikawa (1996) 

Now we would like to find all this from OSFT !?!  



 To construct new D-branes in a given BCFT 
with central charge c using OSFT, we 
consider strings ‘propagating’ in a 
background BCFTc ⊗ BCFT26-c and look for 
solutions which do not excite any primaries 
in BCFT26-c . 

 In the case of Ising the boundary spectrum 
is particularly simple:  
 



 The coefficients of the boundary state  
 
 
can be computed from OSFT solution via 
 
 
 
 See: Kudrna,Maccaferri, M.S.  (2012) 

Alternative attempt:  
Kiermaier, Okawa, Zwiebach (2008) 



 Truncating the string field e.g. to level 2: 
 
we are interested in the stationary points of the 
potential 

 
 
 

 
Picture shows only t and a dependence. 
Taken from M. Rapčák’s thesis. 



 Going to higher levels, we should properly take 
care of the Ising model null-states 
 

 Null states form an ideal, e.g.  
 
 
 
So we can consistently set them to zero and 
reduce the complexity. 



 Already in the lowest truncation levels we see two 
solutions corresponding to 1- and ε-branes  

Solution first found by M. Rapčák for his bachelor thesis. 



 A real surprise awaited us on the Ising 1-brane. 
Starting with a complex solution at level 2 we 
found a real solution at level 14 and higher! And 
with positive energy ! 

Solution first found by M. Kudrna for his Ph.D. thesis. 



 Cubic extrapolations of energy and Ellwood 
invariant (boundary entropy) to infinite level 



 Hopefully soon level 30 should be reached 

Sen&Zwiebach 

Moeller&Taylor 

Gaiotto&Rastelli 
Kishimoto&Takahashi 

Kudrna & MS 

Required tools: 
-universal basis 
- conservation laws 
- C++  
-SU(1,1) singlet basis 
-parallelism  
  we use metacentrum 
- ??? 

N.B.:  Level 30 is interesting, as we should see the oscillation for the tachyon  
vacuum energy predicted by Gaiotto and Rastelli.  

Kishimoto 



 High level numerical computations in OSFT have the 
potential to discover new boundary states (e.g. they could 
have predicted existence of fractional D-branes) . 
 

 The key tool for physical identification are the boundary 
states obtained  from the generalized Ellwood invariants. 
 

 First well behaved positive energy solution discovered ! 
(describing σ-brane on a 1-brane, or perhaps double 
branes) 
 

 We are coming to an era of possible computer exploration 
of the OSFT landscape – stay tuned! 
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