Closed Strings and Unstable D-branes

AN ATTEMPT To ASSIMICLATE
SoME OF THE RECENT RESV LTS

onN TACHYON ConNDENSATION
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Notations and conventions:

We shall set
{ﬁ=1, c=1, .a’zl—J

gs: closed string coupling constant

We shall be working in the weak coupling limit.

We shall always use the ‘string metric’ and dila-

ton as independent fields. ( not Elnstesw
rmekrie)

~ Our objects of study will be unstable D-p-branes

- of type IIA, IIB and bosonic string theories and
brane-antibrane systems involving BPS Dp-branes

in type IIA and IIB string theories. (ALso 2R “f“"e)
T 2 Type I

Each of these systems has one (or more) tachy-
onic mode(s).




Known properties of the tree level tachyon ef-
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fective action: A-<.
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1. The tachyon effective potential I/;ff(T) has
a (local) minimum at some value T = Tp.

At T = Ty the total energy density vanishes
identically.

Vo (To) + & = OX

e

Ep tension of an unstable Dp brane in
bosonic or type II string theory.

§£ = twice the tension of a BPS D-brane
for Dp — Dp system in type II string theory.
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Shape of V;fi(T) for a D-p-brane in bosonic
string theory:

Shape of V.;¢(T) for non-BPS D-p-brane
in type II string theory:
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For Dp-Dp system we have to revolve this
figure about the vertical axis to get the
tachyon potential as a function of complex

- T.




2.
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T = Ty configuration describes the closed

—

strlng vacuum without any D brane.

e — R Y

Thus around this minimum there are no
physical open strr_ing excitations.

. There are classical solutions of the equa-

tions of motion of T, representing lower
dirnen_g_ional D-branes.

Example:

On a non-BPS Dp-brane of type II string
theory, a kink represents a D- (p—1)-brane.

Energy density is localized around a codi-
mension 1 subspace (zP = 0)




This way, all D-branes can be thought of as
conventional soliton solutions of the tachyon
effective field theory on sufficient number of
space-filling branes.

Wckten
Hevyoavo-

Question: Can we also describe the fundamen-
tal closed strings and other known objects in

- string theory using the open string degrees of
freedom on the unstable D-brane?

If so then the open string (field) theory on

- unstable D-branes could provide a new formu-

e —

lation of string theory.
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Review of time dependent solutlons
E—— —_— - - T ——
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) I[ Lorsen, Nagvi, Tevesk
| Congtable, Lavsen
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We can construct spatially homogeneous rolling
tachyon solution on an unstable D-brane sys-
tem characterized by one inequivalent param-
eter, — the energy of the system.

During the evolution the energy density Too
- remains constant, but the other components
of the stress tensor evolve as

f ;0 =0, (:EO) — p(:{:o)(ﬁj, | 1 <%J<p
iTga= i = o8 = 0, (p+1) <a,B<9 o0r 25 i
. o . S _____,_/
p(z°) = pressure X° = TIME




Result for non-BPS D-brane or D-D system in
type I_I string theory: ¢ ALse —TYypPf€f ©)

Case 1: Tpo < &Ep:

[Too = & cos?(xX),  p(a°) = —&p £(z°) 1
oy _ . 1 |
f(=") 1+ eV22%sin2(A\r) B
+ : 1

| 1+4eV22sin2(3r) |
. J

A: the parameter characterizing the solution

i

The dilaton charge density associated with the

 solution (the charge to which the dilaton cou-

ples on the D-brane world-volume):

[Q(m“) = & f () ]

Note: We have omitted 6(Z;) localizing T,
and @ on the plane of the brane.
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Too = &p cos?(mwA), ‘ p(z®) = —&, f(z0)

Q(mo) — 5p.f($0) \

T ]
Oy — _.
f(=") 1 + ev220%sin2(Xr)
+ -1
;' 1 + e—vV22%sin2(\7)
N, —

1) As xo‘—:» 00, f(;cuo)j 0.

Hence.p(z®) — 0 and Q(z°) — 0

2) At A= 3, Too =0, p(z%) =0, Q(z°) = 0.

AT —T—— e

T et

— the tachyon is at the minimum of V(7).




Ep cosh?(w),

Q%) = £(z°) | |
W
P — —
=" 1 + evV22% sinh2(\r) \

1
_I_ — _
14 e V22%sinh2(0n)

1

_J

T —

+ Again as z° — oo, p(xo) — 0 and Q(z9) — 0.

e —— i

Very similar results also hold for the bosonic
string theory.



So far in this analysis we have ignored the ef-
fect of coupling the open string degrees of free-
dom to the closed string degrees of freedom.

What is the effect of such a coupling?

T —CT

For a subset of closed string states (associated
with excitations of the oscillators associated
with spatial coordinates) the rolling tachyon
configuration provides a time dependent source

x f(z9).

- — some part of the energy will be radiated into
closed strings.

Chen, L, Lin
Lomwbent L‘Luh Maldalena
Galot{o, 1'&2ng Ractells
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For unstable D- p—branes wrapped on TP, we

have the followung results:
Tamb ek, Lin, Matdacera - Lu.{»-fk/azoala‘.‘:)

EG!-M ':L'el [ 2 hakx ﬂo..S"-.‘-e.lLA. -ti fezoyi192
( 1. Total amount of energy radlated into closed

stnngs is infinite.

2. The total amount of energy radiated into
closed string modes with mass < M is of
order M. = —

+
3. Typical velocity of a closed string of mass

M produced in this process is of order 1 /v M

— s

L
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" This suggests that once backreaction is taken

into account, the total amount of radiated en-

ergy will be equal to the initial energy ~ +.

Gs

Furthermore, most of the radiation will be into

very massive closed string with mass of order
o and Velocity of order ,/gs. |

L]
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From this analysis it would seem that the effect
of closed string emission invalidates the tree
level open string analysis.

However let us compare the properties of the
emitted closed strings with those infered from

the tree level open string anaIySts -
“TAs. kﬂ_i %k/DJﬂSuII 530515-;.-

meema.ﬁgh_ L.'.'--U-J “d»l.ﬂu.em Stromirged he --i:k,o" (
1) Tree level open string analysﬁm'i%
the flnal system has:
| p/Too =0 )
- On the other hand, closed string analysis tells

~us that the final closed strings are highly non-
~ relativistic, with velocCity ~ ,/gs

For such a system

{;E/Tgowggﬁo as gS—>OJ

Internal oscillations of the string do not affect
this result.
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2) Tree level open string analysis tells us that
the final system has:

(Q/Too = 0)

Q: Dilaton charge density

On the other hand we know that the closed
string world-sheet does not couple to the zero
momentum dilaton.

e

Ewo*rld—_sheet — d:zz(G,uv(X)'}‘B;LU(X))C?;X”@EXU

R
Thus the final state closed strings carry zero
- total dilaton charge.
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3) Finally, open string tree level analysis tells us
that the various charge densities are localized
on the plane of the original D-brane.

Closed string analysis tells us that the closed
strings move with velocity of order ,/gs and.
hence, in the gs — O limit, takes infinite amount
of time to carry the charges away from the
plane of the brane.

— charges are localized in the plane of the

- brane.during any finite time interval.

However ...



. if we take into account internal oscillation
of the closed strings, then the various charges
spread out away from the plane of the brane.

This seems to disagree with the open string
result. =
. < S(X,)

However, in string theory we have an intrinsic
ambiguity in defining the local distribution of
the various charge densities (including T, (z)).

e.g. given the Fourier transform of the dilaton
field ®(k) which couples to the Fourier trans-
form Q(k) of the dilaton charge density as

T (owew.)

we can make a redefinition

COE 3] > (G - (f(kz‘))—lé(@

f(0) = 1 for correct on-shell normalization.

- This changes the local distribution of Q(z)
without changing the integrated value.
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Conclusion: The results obtained from tree
Ievel open string analysis are consistent with
the results obtained after taking into account
the effect of closed string radiation.

Such agreements between open and closed string
results also hold for more general cases, e.g.
- the decay of unstable branes in the. presence of

electric field. "M kho badky sy 2 A-s.
hep-th/o202142 |
_ A-S.  heb-th/o306129
This leads to the E*'r Sug-. ‘rhu‘f‘oj hap- {'R/Danle‘r_?.
- _--—__f_-; __\
SN :

Conjecture: Tree level open string theory pro-
vides a description of the rolling tachyon sys-
tem which is dual to the description in terms

\31’ closed string emission.

This is different from the usual open closed
duality where one loop open string theory con-
tains information about closed strings.




(This also suggests that in the full quantum
theory, the dynamics of an unstable D-brane
can be described using only the open string
degrees of freedom without ever talking about
closed strings.

Furthermore, in the gs — 0 limit, the results
are correctly described by tree level open string
field theory, i.e. Ehrenfest theorem must hold.

e N S m—

If all states of string theory could be described
as states in this open string field theory, then
one could provide a new formulation of string
theory purely in terms of the open string de-
grees of freedom living on unstable D-branes.

We shall now try to test these ideas in the
context of ¢ = 1 matrix model.

— ¢ Gveevy % Ver nde, M-ﬂ/ﬂ;c&%%li.ﬂ!

Kleboney, Maldacera, Sexbey, hap-th/0305132
/ M“Gfrtﬂ.vjj Tesehwen, Verhirda , hek-th/ 030519y
N ave Marvtinec, heh-th/ 0305148 |
| Alexandrov, knzakov, Kotogov, h;_f.-.-{-k/a‘hm??/’_;
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C=1 MATRIX MODEL : CoNTINUVUM THEory
M WORLD - SHEET FIEC(DS::
X° @ LIOUVILLE @ GrosT
c=1 c =25 C=-26
@ CLOSED STRING S"F’E'C.TRUM
-~ A MASSLESS “TAcHYON"
@I.ADMJTS AN UNSTABLFE Do-—BRnnE"
wWitH A TACHYONIC MODE @.
) RDMITS TiME DEPENDENT
JoLyUTlionNn DESCRIBING. RoLLING
OF THE TACHYON ON Do BRAWE
5 CouPLING TO ccés&' STRING,
2 ALL THE ENERGY 'S RAD/IATED
A?wAy INTO CLOSD STRINGS

~> INVALIDATES OPEN STRING. RANALYSS
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c = 1 matrix model: mnsc M USROVTC § Guims parg | Zimn- Iﬁm
- B‘l'#.":."\.ﬂ \{m%a.hw,?ﬁ.‘h\ulumm

PL‘I‘\‘_-;I.. Grreas, "-'-"i banov § nl-i%‘
— L Sewns ,w.,.ag
Theory of free fermions moving in an inve ——

 EE——
harmonic oscillator potential.

Hamiltonian

¥

Filled fermi sea %

The rolling tachyon configuration on a DO-
brane with energy E = Tpg corresponds to a
single fermlon excited from the fermi Ievel to

an energy level E. / S:h,_{";‘;‘v"’hﬂa,um Cetborg

m
\ He.,tifeew TeschneX, \f’b?-cf.a. c%..

—-..-..._,_-— -

For £ = E— we get the unstable D0~brane

g i e




29

gs = O _limit: We can descibe the system as

‘

classn:al particle described by phase soace

coordlnates (q,p). “TPok @ hans ki \, -
/;;.: Dhan, Hmh&dl. wﬂé\-’*&-

In this limit the rolling tachyon conflgurat|on
with energy E corresponds to a classical tra-
jectory of energy E in the (p,q) space.

Thus the classical dynamics of g is the ana- -
log of the tree level tachyon dynamics on the
unstable DO—brane

g <> classical open string ‘field" on the DO-
brane

- This provides a perfectly good description of

the system.

P — —— - : =-|-=_~._I
On the other hand, if we couple closed strings
to this system in the continuum string descrip-

tion of the same theory, then all the energy is
radiated away into closed strings.

i, Klebavnoo , Ma\d\ACEM, Sey 'u&g_

-
Y 7Y ¥



BeopeE® for large jg) the system also allows a

i i i Y Des, I]'evx'c:b'.. o
bosonic description. Semautin, Wadso

\__Gvesg, kle bamovw /

-

A (1 4+ 1) dimensional bosonic field obtained
by bosonizing the second quantized fermi field

W(q, z9).

— a closed striﬁg field

gs — O limit: classical closed string field theory
in (141) dimensions

We can describe the same rolling tachyon con-
figuration as a classical closed string field con-
figuration with the help of the usual bosoniza-
tion rules.

This closed string field configuration agrees
precisely with what one gets by analysing the
Closed string radiation ‘emitted’ by the rolling
tachyon configuration. -

/7 Klebanoa, Maldatra, Sexbng )
{ MCGNM:}) T&E&Lht)\, thA-"—-




Thus we see that the closed string field theory
in (1+1) dimensions and the open string field
theory in _go+12 dimensions provide equivalent
but alternative description of the same system.

If instead we had infered that c_lgge_q string
~emission invalidates the open string results, we
would be saying that the effect of ‘emission of
bosons’ invalidates the fermionic description of
the ¢ = 1 matrix model!

- This will clearly be the wrong viewpoint.

NOTE CLogCE D STRING DeSCR\PTIoN
1< VALID onNLy FoRr x° > & <0

WHEN THE SoURCE TERMS o §(x°)

VANL S H



Does Ehrenfest theorem hold in the ‘open string’

(fermionic) description?

For energies of order 1/gs, we have typical ini-
tial condition:

1 1
y—_— Din ™~
Vs RN

h =1 — can choose Ag ~ 1, Ap ~ 1 initially.

Qin ~

Agq, Ap grow with z© as _

( Aq ~ e“"o, Ap ~ e’ J

Thus Ag < gin, Ap < pin fOr

| z0 < In -
o~ \/&3

Classical description breaks down after a time

1
of order InE (= o0 as gs — 0)

This could be related to the exponential growth
of components of the boundary state involving
time-like oscillators.

e sy

) N2 O kuda, Suglmot
CLOSETD STRING. hep-th/o209 136

INTERACTIONS BECOME (MPoRIANET
o r
FoRr X ~ In A33
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In the context of the ¢ = 1 matrix model, we
can now ask whether the degrees of freedom
living on the D-brane are able to describe all
the states of the system.

V(q)

It is clear that any state which is represented as
n fermions raised from the fermi level to vari-

- ous energy levels By, ... En above the fermi
level can be described by a state of n DO-
branes. |
T ——

This is true even when the E;’'s are small, i.e.

e e

for excitations close to the fermi level.
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However, there is an important class of states
missing from this list.

— the holes created by lifting one or more
fermions from below the fermi level to the
fermi level.

V(Q)

These states do not seem to have a natural
representation in terms of the degrees of free-
dom living on the DO-brane.

Thus it seems that we may need to add ad-
ditional degrees of freedom to the open string
field theory on unstable DO-branes to provide
a complete description of the ¢ = 1 matrix
model.
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How ARE (b, 2) RELATED To
THE USUAL VﬂRIQBLES ¢mT)
DESCRIBING. TACHYON EFFECTIVE

@ahouvsy 5 Emikﬂtﬂ
DyNAM Ic s ? G/Rﬂ Jq.-wt..{' EYM Pa..h;

Gl bbens , Hery, n r-l s. /
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M (TY,T) = JTT 4—@(1‘)) -
V, (ForR ©OB)

NOTE - M(T,T] 20O
5 (M, ™) ™MusT BE RECATED To
.9) BY A CANONICAL TRS. THAT
REMoVES THE RE&won B&ELoWw THE

Fermi SuRFACE  (h(b.2) € O)
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MAP FRomMm (b.9)

PLANE FoRrR

PLANE To (CT1,7)

EVEN VIT)

(.9 vi(T) =§Sec;\g:)

THE EXCLUDER REGONS ARE

MAPPED To o0 N (T,7) PLANFE

hEb.9) = __!;:z__ _g‘+_1_ H(ﬂjT)r.Iﬁf}uz

Is .
L lgsetE
P=" $CE.X%) _,  TT:= F (6 X7
9= 9 CE,x%) T~ G E,x°)

~ < EeimNATE 5%
> = F(m, ), 92~ &CT7,T)
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IN THF Fulte QUANTUM TXHEORY
TS SiMPLY MEANS THAT THE
ENERGY Ef&E—'NSTﬂTss oF A

Do-BRANE ARE 'DENTICAL TO

Tx+HoSE OF
H(b2)= L p°-L 2% +3

EXCEPT THAT ALL THE
NAGATIVE ENERGY STATES

ARE Re MoVED BY MAND,



Question: Is there another class of (time de-
pendent) boundary conformal field theories which
describe the hole states in ¢ = 1 matrix theory?

If so, the open string degrees of freedom asso-
Ciated with these boundary CFTs .can be com-
bined with those living on unstable D-branes

in order to give a complete descnptlon of the
c = 1 matrix model.

Identifying such open string degrees of free-
dom .might also play a crucial role in reformu-
lating critical string theories in terms of open
string degrees of freedom on unstable D-branes.
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A SEmMi-CLAsSSI1CAL VIEW OF DIFEFERes

:STF}TES' I~ PHASE SPACE :
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HoLES: '
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What can be the use of such a reformulation?

Any new formulation of string theory is likely
to throw light on new agpects_ of string theory
(as in the case of various dualities).

Example: The formulation in terms of open
string degrees of freedom provides us with a
field (the rolling tachyon) that monotonically
increases with time at late time even when the
system is in its ground state. (2 ~ Q*")
Ta %°

Thus it could provide a natural choice of the
‘intrinsic time’ in quantum cosmology.

n (3]
Cosmic time associated with a space-time point

<> value of the tachyon field T (or some func-
tion of T) at that space-time point.

_oN" A
SPACE- FlLCiING
BRANE

"f—:.n..-s. hep-th azoalz,i\"
(s het/oz00122



Cconclusion
T i ———————Nt:e

Dynamics of open strings on unstable D-branes
IS quite rich.

Study of this dynamics could provide a refor-
Tulatior}_ of string theory, and hence throw
light on new aspects of the theory.






