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optimistic objective:

To study non-perturbative objects (e.g., black holes) using
perturbative techniques (string perturbation theory)

This would normally be considered “blasphemous”, but with
appropriate resummations! one can hope to get quite far (and the
perturbation series is asymptotic2)

In particular we would like to construct a microscopic picture of
quantum black holes, black hole production using scattering
experiments (hoop conjecture), understand origin of BH entropy,
etc.

1(see e.g. Amati, Ciafaloni and Veneziano, . ..)
2E.g., the Stirling approximation of the gamma function is also an
asymptotic expansion but is remarkably close to the full result



hints and basic idea:

String scattering amplitudes at high energies (and fixed angle) at
higher genus dominated by saddle points [Gross, Mende, Manes|

Such a saddle point has the interpretation of a semiclassical highly
excited string (minimising worldsheet area)

Suggestion: instead of searching for saddle points, construct
“semiclassical” strings directly (coherent states) and use these to
compute string amplitudes at high energies

This might qualitatively capture some higher genus contributions,
while possibly providing a handle on non-perturbative string physics
(black holes)



Dvali and Gomez (inspired by a corpuscular view of black holes)
suggested to view black holes as
(classicalisation) at a quantum critical point

This has attracted a lot of attention. E.g., Dvali, Gomez, Isermann,
Liist and Stieberger (2015) set out® to make this idea sharp by
computing tree-level scattering amplitudes (with

):
A A\ N
@8INpe? ~ () M, AL BHeA=1

They also conjecture to include non-perturbative factor (entropy)
“by hand” (with multiplicity ") leading to

3 (218N pert PN BH)[2 ~ AN|_, ~1
J

implying (A = 1) dominates over A < 1

3Using powerful techniques (KLT relations, scattering equations), in both
field theory and string theory



However, it is unclear (at least to me) whether one can identify the
resulting state in 2 — N as a bound state of N gravitons. Also, |

would have expected the result to actually depend on
: N, X and € = £2/(4Gy).

Then there is the issue of higher loop corrections. These was
studied by Addazi, Bianchi and Veneziano (2017), where it was
found that :
leading to a re-interpretation of the Dvali et al results.

One would ideally like to adopt a formalism where the
, and where one can freely speak about size
when it is well-defined, as well as mass and charge. What we
suggest here* is to replace the N graviton final states by a
(which is a bound state and one has full control
over its quantum numbers).

“Dieter Liist and DS (in preparation)



Outline:

String Coherent Vertex Operators

Superstring Coherent Vertex Operators

Decay Rates and Infrared EFT description

3-Point Amplitudes (2 gravitons — coherent state)



(my PhD thesis):

(1) : depends on a set of continuous quantum numbers
A AL

(2) : produces a resolution of unity,

/ Z/d)\dA Ty )/ZZ )

so that the V(\, \;...) span the string Hilbert space, #. The
dots “..." denote any additional quantum numbers;

(3) : transforms correctly under all (super)string
symmetries °
Note:
- V¢ denotes the euclidean adjoint of V (subtle phases..)

- eigenstates of annihilation operators in covariant
or lightcone gauge closed string theory

Seg., QeVIMX;...) = (Lo — Lo)V(\ X;...) = (bo — bo)V(\, X;...) = 0.



Coherent states satisfying all defining properties can be
constructed® using DDF operators (o/ = 2) 7

1

" 2r

1

2 _pin ¥ dz GEX’. einq-x(f)
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A; dz 8,x" e"9x(2) /Z\;7
with g2 =0, g- A, = 0 and [A, AL] = n696, 4 mo, in terms of
which (including a 6 integral for level-matching):

Vcoh(Z, 2) =G 27;!0 exp { g %eineAn ' A—n}

0 T

(0.0}
e 200 S ; B,
X exp { Z B o T A_m} ePx(2.2)
m
m=1
with p?> =2, p- g = 1. (In compact spacetimes there is also an
overall phase, (—)™:Ns "and p;, pr independent, etc.)

6Hindmarsh & Skliros PRL (2011), Skliros, Copeland and Saffin (2017)
7Del Giudice, Di Vecchia, Fubini (1972); Ademollo, Del Guidice, Di Vecchia (1974)




Carrying out Wick contractions and contour integrals leads to a

27
coh 2 Z)i=aC / dc9 Uu(z),
where, defining , the chiral half reads,
U(z) = : c(z) ex ( Z 7ei(n+m)0c CmS D)
Cr i n,m>0 2nm SOl

2 eint . :
= . pn —ing-x.(z) \ Lipx(2) .
+\/a,§ n(,, D]x e >e i
transversality conditions ¢, - p = (, - g = 0, and defined:
D; = Zf:l Zn—r(as(n ))(r 1) 0y,
Sm,e(z) = Zf:l rZm+r(as(m))Ze—r(as(£)).

AMEREIS and as = —nqg - a_s.



A rest frame only exists in an expectation value sense (o' = 2):
()= My, M= |G+ [Cn*-2 M2 €[-2,00)
n m

it has spatial extent,

R = \/<(X(z,2) —x)2):
R2 — Z %(Knp -+ |<.Tn|2 = QRQ(CH . 5ne—2in7—M))
n>0

for R > (s, and to every coherent vertex operator (when a
semiclassical interpretation exists) there corresponds a classical
(lightcone gauge) trajectory:

X%(z,2) = —iMIn zz,

Xi(z,2)=>" % Nz "= X2+ ) %(Xin Z— 22",

n m

Notice we can make R arbitrarily small for any given mass M.






Superstring Conventions

It is efficient to work in and focus on

The matter action reads:

i
| = /d2zd2aED+x.D_x.
41

With appropriate gauge choice, can work in flat superspace
(superconformal gauge), where E = 1, and x* is promoted to a
scalar superfield, X#(z,z) = X*(z) + X#(Z), the chiral half of
which reads:

XH(z) = X (2) + 0244 (2),
DX =1y +0,0,xy, gan T D, = 0,



take the form:

V:/dQZOh(Z)@E(Z)

and will be superconformally invariant (and hence can be inserted
into path integrals) provided their weights are (h, h) = (3, 3).
They should also depend on and
there should exist a (defining properties of string
coherent states)

Furthermore, invariance requires® #D, = #D_ in V
(when {D;,D_} =0), and further restricts to #D; = odd
(from summing over 2|l spin structures®).

Proceeding by analogy with bosonic string, we will be needing
to construct V...

Be.g., D’'Hoker and Phong (1988)
Seiberg and Witten (1986)




Superstring DDF Operators

The superconformally-invariant () DDF operators
read:

. 1 o
An = }'{ dzdf, D, X'eI X (ne7)

s

(with g = g - A, = 0) and there are also
counterparts:

B; == fdzd&z D+X’ q - equ.X (r eZ+ %)

o e
2 (ig - D3 X)2

(with g - B, = 0) and (anti-)commutation relations:

[Al, AL ] = 06980y m,  {BLBL} =698,



Superstring Coherent Vertex Operators
Introduce , )\f,, 5;', and define:
A= %”zn/\n A, B D> i “2'7_15"7% j Bf(nf%)

for some u € C. The vertex operators satisfying all defining
properties are then (for type Il superstrings'®) on RP—1:1 x T10-D:

V(z,3) = j{ du (eA i B> <eﬁ i B) o
(0]

2Tiu

(up to overall normalisation) and correspond to a
, with p? = 1.
- ¢ du enforces invariance, #D, = #D_
- sinh B enforces GSO projection

- in presence of KK and winding charges include uM-N° factor
and take p;, pr independent

1
0for Heterotic string replace anti-chiral half by bosonic result



The momentum expectation value of these superstring coherent
vertex operators is (recall p> =1, p- g =1 and ¢> = 0):

<]fD,U«> =] p’u' — I\/q‘u7 Wlth N = Z ’)\n’2 + Z r’€r|27
neN reN—1

The corresponding mass expectation value is:

M? =2N — 1,
in precise agreement with what expected for NS sector mass
eigenstates, but here N is a . (There is
iftt N >1/2)

We can also enforce “classical level matching” N = N

In what follows we switch back to for simplicity

Hie, M>*>0if 3, rl& | >

1
2



Before proceeding further we should check that there is
at low energies:1?

-l D, /20 > 1 .5
1 L
- I3 v
— 528X I B = )

and the coherent state corresponds to evaluating the source with:
X%(z,2) = —iMIn zz,
: gl . i r
Xi(z,2)=0 = (R EN RN P (X, 2= 7= X 27),
n m

We can check agreement noting that at large distances from the
source gravity should be weak and there will be massless radiation
=

12where ®, G,y and H(3) are the dilaton, spacetime metric and 3-form field strength, H = dB,
respectively

)



The can be computed from the
imaginary part of the coherent state 2-point (1-ploop) amplitude
using the optical theorem:

1 A .
Arsre = 5 / dPp / d*r / D(bcX) e |(1, b)|26P (P* — PH) VeV
Fi1

The b, ¢ are the Diff(X) ghosts, 7, T is the modular parameter of
the torus and PP the loop momentum?!3. The result in the IR is:

167TGD Dr A
b, Z (2m)D oy N

dﬂsD 2 271'06)
1 =2 1 -2
[J’N+ (;—1>J,2\,+...} [JN . (?—I)JN +}
where : , and the frequency
of emitted radiation,*
47N
w,\,:”T, with N=1,2,..., and L=2ra'M

13D’Hoker and Phong (1989); DS, Copeland, Saffin (2016)
14Here z =2 =sin0, the Jy = Jy(Nz), Jy = Jy(NZ) are Bessel.



Carrying out the analogous computation in the EFT (power into

Guv, By and @ radiation) leads to Lz

Having gained confidence that our coherent states have a sensible
low energy limit we can now where EFT is
expected to breakdown while also probing for

In particular, inspired by the 2 — N graviton scattering
computation of Dvali, Gomez, Isermann, Luest and Stieberger
(2015), | finally mention some preliminary

15DS, Copeland, Saffin (2013)



Writing Vi, (j) for graviton vertex operators (j = 1,2) of momenta
k; and polarisations ¢J, and Veon the most general coherent vertex
operator allowed by symmetries and charge conservation; the
amplitude of interest is:

A

A2—>00h — e_2¢<\7g( )\7 ( ) coh(3)>5

2

For illustration purposes, the simplest interesting case is where the
coherent state has a single harmonic (n) excited with mass
expectation value M and size R (when well-defined). Write:

M 2

2R ¢Ti.

|<n‘2 s M2
The correspondence with the Dvali et al computation is:
R\ 2
X=¢(2=) =¢N
e ot
R
() -esn



The result for the full amplitude is'®

Axseoh = i(2m) 84 (K) (Y0 1 ()TN 2,2,
a=1

where, writing v+ = %(1 + %lklg - q), e.g.,

2= A GBFH (N (E+)T, 2=,

5

The H,(x) are and lp(x)
. We have defined:

A=yl G Fn  B=( v
— 22” 12 n n, _n n n7+’77n

n—1 Si“(W”’Y—)

fn(k12 . q) = (_) 7Tr(n)

M(my ) ()

Asymptotics pending . ..

16Dieter Liist and DS (in preparation)



Conclusions

| have presented the first covariant construction of
in bosonic, type Il and heterotic
(super)string theories

These vertex operators have well defined mass and momentum
expectation values, and (when sufficiently macroscopic) size.
In latter case they're in direct

but extend fully into quantum regime
Computed (in
IR!) using both EFT and string amplitudes with coherent
states finding precise agreement; (after chiral splitting results
resum into )

Preliminary results for a 2 — CS (two gravitons to most
general coherent state allowed by symmetries); For n*h
harmonics the full tree-level result is given in terms of

. Is there






Coherent States in QM

Consider harmonic oscillator Hamiltonian,
" 1
= w(aTa~|— 5), with  [a,a7]=1 and al0) =0,

al, a are creation and annihilation operators. Coherent states
usually defined as eigenstates of the annihilation operator, a,

alA) = AlA), with |A) = exp ()\aJr — \*a)|0),

which therefore lead to classical evolution of expectation values,
e.g.,

d? : .
@O{(t» = —wi{x(1)), with (x(t)) = %(A*e’wt—l—)\e_’“t).
i (for a variety of

reasons) and we need a more general definition of coherent states



Excite ground state string (of momentum p;, pr) with r massless
vertex operators (of momenta —njq, —f;q, j=1,...,r, nj € Z*):

Viground
State

v v y-1,

excited excited excited

o) v v

massless massless massless

set Y, nj = >_. A; and ressum (Vg) are bosons)!’:

assless

0o
1

Vcoh = Z ﬁ Ve():gited = exp (Vexcited) :
r=0 °

Then promote massless polarisation tensors to (renormalised)
. An, An and normalise:

g

er...

Vgoh(zv 2) Vcoh(W, V_V) RS

" Taking into account factorisation and conformal invariance



This procedure produces physical vertex operators, Vo, that
depend on

. s G) :
To obtain a relax level matching in, e (i.e. take

—njq and —fjq independent) and project onto V., satisfying,
(Lo — Lo) Veon = 0
—This procedure produces coherent states,
rdlars) = (Vo wiillag3)
that satisfy all defining coherent state properties

(a) One can think of this as a
... when a special choice of polarisation tensors is made
(b) Veon are !



The are defined by:

N
d 1
Zn(as) :f Loy exp gasus
0

s=1

5 > kil(af)kl k,l\,!(a/\l/v)kN

ki+2kp+--+Nky=N

and for vertex operators: a; = (— nq) = 1),8 x.. A number of
useful properties are:

ZN(bsas) = bNZN (as) (scaling relation)

ZN as = E amZN—m as (recursion relation)

as + b Z ZN—m as b ) (multiplication theorem)

1
Zn(a/b%) = Nb_ BG.N) (beta function relation)



Superconformal transformations generated by the super-stress
tensor, T(z),8

1
T(z2) = —5D4 X D2 X

Consider a superfield V(z) = V[X(z)] of conformal weight h. That
is, Under general superconformal transformation

(2,0) = (z+ 62,0 +60) = (z+ V — 30,D, V.0 + 3D, V),
parametrised by infinitesimal superfield W(z)

SwV(w) = 5 7{ dzd0, WT (2)V(w),

™

with poles in contour integral generated from OPE:

60 1 60
T(2)V(w) = (hW T, )V(w)
with Y=z—w —0,0,, 60 =60, — 0,,. Contractions carried out
with:
(X(@Z)X(w)) =—In(z—w—06,6,)

8Note that z = (z,6,) and w = (w, 6,,).




Superstring Vertex Operator Vacuum

Again, by analogy with bosonic string, act with DDF's on a vacuum
state, e.g.,

eip-X(z)
This will be physical (i.e. a weight h = % superfield) when p? = 1.

by GSO we know that physical vacuum requires:
#D, = odd. .. (eliminating the tachyon, etc.)

DDF operators A’ , and B’ ; contribute generically:

2(2n—1)

i —  #D,.=2n

BI—%(ZH—].) — #D, =2n—1, with =l 2 . ..
to the corresponding vertex operators.

— So need of B','s acting on ePX(@),



Annihilation Operator Eigenvalues

Construct Grassmann-even polarisation tensors, )\f,, and
Grassmann-odd counterparts, &;. Then, define:

ASTR LA Ay B=SR 7%, B,

for some u € C. Then consider the quantity:

oA+B gipX(2)

This is an of Al and B; (forn=1,2,...):

_1
2

i ( WA+B Lip X\ _  2nyi [ WA+B Lip-X
A}, (e e'? ) = uglpes (e e'? )
Bi eA+Beip~X . u2n—1§i eA+Beip~X
n—% . n—%
so is a candidate (chiral half of a) coherent superstring vertex
operator. However, not satisfied . ..



#B =odd, so we should decompose e? into even and
odd #B's, and pieces, i.e.,
e® — sinh B

Consider therefore quantity:

Ou(z) = e*sinh B ePX(?)

This is an ofAﬁ, (forn=1,2,...):
A, (eA sinh B efp-X) — P (eA sinh B eip'X)

but not of B,
1
2

B:,,; (eA sinh B eip'X> = uz"*lffk% (eA cosh B eip'X>

2

It is rather an eigenstate of B.'s, with Grassmass-even
eigenvalues. (This is seemingly forced upon us)



Picture Changing

In the bosonic string the position of the vertex operator (z,z) may
correspond to a symmetry, and so we should in that case not
integrate over its position. Instead we replace:

/dzzO(z, Z) = 6(c)6(c)O(z, 2),

with ¢, ¢ (ghosts) associated to translations generated by CKV's
(the number of which depends on topology and is constrained by
index theorems).

/dzzO(z, Zk and §(c)é(€)0(z,2)

correspond to different of the same state.



Picture Changing

Similarly, in the superstring, either locations of vertex operators
(z,Z) or (6,03) (or both) may correspond to a symmetry, and so
we should in that case not integrate over these positions. Instead
we replace, e.g.,

/ d?zd*0V(z,z;0,0) — / d?z5(7)8(¥)V(z, 2 0,0),
with zero modes of superghosts, C(z) = c¢(z) + 6+(z), associated
to translations generated by - 's. Focusing on the chiral half of
O(z,z;0,0) = O(z,0)O(z,0), we say that:
/d9 V(z,0), has picture number 0

d(v)V(z,0), has picture number —1

— Above superstring vertex operators



Example
As an example, consider the chiral vertex operator:
O(w) = £'B.  ePX)
= gﬂp:XueikX(W),
with ¢ - k = k* = 0. In terms of components, X = x + 61,
O(w,0) = ¢ - p*e™ ™ + ¢, (uxt — k - ppH) e,

and we recognise immediately the two (—1 and 0) pictures
respectively:

SGERT, a0t — gyt

Similar remarks hold for the full superstring coherent vertex
operators above



