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1. Introduction

Although classical general relativity entails Lorentzariance locally, and the latter symmetry
survived many stringent experimental tests, especiafiyoties making use of high energy particle
probes [1], this symmetry may not be a true feature of Quar@uavity. In this talk | will discuss
some instances in string theory where Lonretz symmetrydcbalbroken. As | will argue, such
situations are consistent with world-sheet conformal riawvece, and hence, at least from a first-
guantization point of view, are acceptable string theorgkigeounds. The discussion will include
strings in external electric fields, which are known to inelspace-time non commutativity. | will
also discuss some instances where second quantized operfisid theory entails Lorentz Invari-
ance Violations (LIV) [2]. Moreover, | will describe how sud. 1V may arise in non-equilibrium
situations in string theory, described in a first quantizeaniework by a version of the so-called
non-critical (Liouville) string theory, in which the targéme is identified with the (irreversible)
Liouville mode [3, 4].

Among the topics to be discussed, are induced modified digperelations, which may also
characterize other approaches to quantum gravity, suchfased special relativities (DSR) [5],
which have been covered extensively in this meeting by atheakers. | will attempt to make a
comparison with such an approach, from the point of view efitiduced coordinate and momen-
tum dependent Finsler geometries [6, 7].

| will not be detailed in the phenomenology of the variousrapphes, as the subject is vast
and has been covered at various sessions of this conferd@imege are excellent reviews on the
subject, see for instance ref. [8], where | refer the readerdétails. | will however mention
very briefly some phenomenological issues, in particulas¢hassociated with consequences on
Lorentz symmetry on CPT violation [9], which could help ditgngle experimentally the various
LIV models, in the sense that, as we shall see, LIV does nagsecily imply CPT Violation [10],
and that there are certain forms of CPT Violation which cootdur only in specific ways of
LIV [9].

It should be stressed that the review is from a personal petigp and is by no means com-
plete. 1 do hope, however, that it captures some essersitalrfes of this rapidly expanding research
field and communicates relevant and accurate informatiarngrthe relevant communities.

The structure of the talk is as follows: in section 2 | discBg from an open bosonic string
field theory point of view. In section 3 | describe LIV in thentext of a generic first quantized non-
critical (Liouville) string, while in section 4 | discuss @xample of the latter, that of a recoiling
D-particle and the associated space time foam model. | peicglar emphasis on explaining
how modified dispersion relations of particle probes emargeich models, as a result of induced
geometry deformations, described by space-time metratsdpend on both the coordinates and
the momenta of the probe (Finsler type). In section 5 | comtae results with cases of strings in
non commutative space times. In section 6 | make a brief casgaof the predictions of the D-
particle model, as far as modified dispersion relations andlér geometries are concerned, with
deformed special relativities, as well as a (deformed wergi1] of the) very special relativity with
reduced symmetry advocated by Cohen and Glashow [12].I¥sedtion 7 states our conclusions
and outlook.
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2. Spontaneous Lorentz Violation in Bosonic Open String Filel Theory

A fundamental way for breaking Lorentz symmetry in theogéguantum gravity is thepon-
taneous breaking of Lorentz symmetry (SRI0), according to which the ground state of a physical
guantum system is characterized by non trivial vacuum dagien values of certain tensorial quan-
tities, (7,) # 0, or (Bu,u,...) # 0 . A concrete example of SBL may be provided by string field
theory models of open bosonic strings [2]. A generic statenodpen string field can be expanded
in terms of (an infinite series of) string modes as:

W) = {T(x0) +Au(x0)a; + %iBu(XO)aﬁz + \/LQBHV(XO)aﬁlazl +
B]_(Xo)b,]_C,]_ +...+ %iDu(xo)a‘_14 +... 53(X0)b,1073 +.. }|O> (2.1)

wherexg denotes a generic space time point aljdare the appropriate creation operators, which
upon acting on the (first quantized) open string vacuum g@tecreate the various excitation
modes: scalars (tachyons) with amplitufies), which are characteristic of the open bosonic (in
general broken supersymmetric) string, vectors, with &ogesA,,,..., tensors with amplitudes
Buv, ... etc. Ghost fields, with creation operatdss, ¢, are also included, which arise from fixing
the gauge invariances of the string state.

The open string field theory action is cubic in the fifld Upon expanding about a squeezed
state backgroundg, W = Wg + A, as appropriate for our discussion on Lorentz violatinguzain
strings [2], one obtains for the string field theory actioW):

[(W) = ot [WexQWg + [ JWex WpxWg + 5 [AxQpA+ [JAXAXA. (2.2)

In the above equation, denotes the appropriate gauge invariant inner product e sfring field
theory,a’ is the Regge slope, and the sufxdenotes background, whilgtis the ghost number.
The quantityQ is the nilpotent Q? = 0) BRST operator, anQg is defined by its action on a generic
string stated in the backgroundVs: Qe® = Qb + ga’[Wgx ® — (—1)9®) b« Wg].

As becomes evident from (2.2), in such models, there arecdegbins in an effective low-
energy (target-space) Lagrangian involving the tachyaaiglar fieldT, that characterizes the
bosonic string vacuum, and invariant products of highasote fields#,, ., that appear in the
mode expansion of a string field:

TABy,.. B M (2.3)

The negative mass squared tachyon field, then, acts as afitilghim such theories, acquiring
a vacuum expectation value, which, in turn, implies noreaercuum expectation values for the
tensor fields#, leading in this way to energetically preferable configiors that are Lorentz
Invariance Violating (LIV). From the point of view of strindpeory landscape these are perfectly
acceptable vacua [2], given that they respect world-sh@dbemal invariance of the first quantized
string theory.

An effective target-space field theory framework to disdiresphenomenology of such LIV
theories is the so-called Standard Model Extension (SM&). [Eor our purposes in this section,
it suffices to simply give an example of SME effects on phenwotegy of particle physics, by
considering the SMBodified Dirac Equatiorfor spinor fieldsy, representing leptons and quarks
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with chargeq:
(iy"DH — M —ayy* — by ysy* — FHuw oMY +icuy YWDV +id,y ysyHDY) Y =0, (2.4)

whereD, = 9, — A‘zTa— gA, is an appropriate gauge-covariant derivative. The nowaational
terms proportional to the coefficienss,, by, cuv, duv, Huv,..., stem from the corresponding
local operators of the effective Lagrangian which are phegrmological at this stage. The set
of terms pertaining t@y ,by entail CPT and Lorentz Violation, while the terms proparntibto
Cuv ,duv ,Hyy exhibit Lorentz Violation only. It should be stressed thaithin the SME frame-
work, as is also the case with the decoherence approach mw@u&ravity (QG) [9], CPT viola-
tion doesnot necessarilymply mass differences between particles and antipasticle

Some remarks are now in order, regarding the form and orfderagnitude estimates of the
Lorentz and/or CPT violating effects. In the approach of fhe SME coefficients have been taken
to be constants. Unfortunately there is not yet a detaileniaacopic model available, which would
allow for concrete predictions of their order of magnitudéeoretically, the (dimensionful, with
dimensions of energy) SME parameters can be bounded byiagplsnormalization group and
naturalness assumptions to the effective local SME Hamidtg which leads to bounds dm, of
order 1017 GeV. At present all SME parameters should be considered exsopienological and
to be constrained by experiment. In general, however, thetaocy of the SME coefficients may
not be true. In fact, in certain string-inspired or stocltastodels of space-time foam that violate
Lorentz symmetry [9, 13], the coefficiendsg,by,... are probe-energyH) dependent, as a result of
back-reaction effects of matter onto the fluctuating spame: Specifically, in stochastic models
of space-time foam, one may find [13] that on average there isonentz and/or CPT violation,
i.e., the respective statistical v.e.v.s (over stochagtare-time fluctuationsp, ,b,) =0, but this
is not true for higher order correlators of these quantiiiestuations), i.e.(a,a,) # 0, (byay) #
0, (byby) #0,.... In such a case the SME effects will be much more suppresseck by
dimensional arguments such fluctuations are expected td tm@st of orderE4/M3, and hence
much harder to detect.

3. Non-Critical String theory as an alternative to Landscape and LIV

Critical strings, in a first quantized form [14], endow wedbeet conformal invariance. As a
result, from a target space time view point the strings pgapain classical space time backgrounds
that obey equations of motion, derived from an effectivéoactand thus they describe by construc-
tion equilibrium situations in field theory. On the other hand, non-critid¢abyville) strings [15]
correspond tao-models deformed by world-sheet vertex operators that aneconformal. As a
result, the corresponding target-space backgrounds,hvth& string propagates on, asé-shell
that is they do not obey equations of motion, although theesponding world-sheet beta func-
tions are proportional to off-shell variations of the giyieffective action. This latter result stems
from a generic property of stringg-models, according to which the world-sheet renormalirati
group beta functionf'(g), expressing the running of the “renormalized” backgrogrg) with
the world-sheet renormalization scaleis always proportional to the variations with respecgfto
of an off-shell scalar function” in the space of backgrounds'}, which thus plays the réle of a
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Figure 1: A schematic view of string theory space, which is an infiditeensional manifold endowed with
a (Zamolodchikov) metric. The dots denote conformal sto@ckgrounds. A non-conformal string flows (in
a two-dimensional renormalization-group sense) from axedfpoint to another, either of which could be a
hypersurface in theory space. The direction of the flow &viersible, and is directed towards the fixed point
with a lesser value of the central charge, for unitary thesrior, for general theories, towards minimization
of the degrees of freedom of the system.

target space action [16]:

B9 =9"5% (3.1)

where#'l is the inverse of Zamolodchikov metric [17] in the theory apaf strings{d'}, which
is related [17, 16] to world-sheet short distance divergenof the two point function of the vertex
operators for the backgrounds %; = Lim,_oZ22>(Vi(z,2)V;(0,0)).

In this sense, non-critical strings represanh equilibriumsituations in string theory, and in
fact have been used [18, 19] to discuss an approach to aquitiin cosmology, in an attempt
to explain the smallness of the observed current-epoch @osjical constant (or, more accurately,
dark energy), by viewing it as a relaxation phenomenon (geé¥i The framework may be viewed
as providing alternatives to landscape scenarios in sthiagry [3, 19]. Crucial to the above in-
terpretation was the identification [3] of time with the Lidlle mode of non-critical strings [15],
which is allowed in certairsupercritical string models [20], described ly-models whose central
charge exceeds the critical value. We note that recentpgrsutical strings, especially from the
cosmological point of view, attracted some attention,ezifihom a theoretical point of view, in an
attempt to discuss the initial value problem of our Univeasd the associated cosmological in-
stabilities [21], or from a purely phenomenological viewirgpas modifying astroparticle physics
constraints on interesting particle physics models, sscupersymmetric [22].

In this presentation we shall consider non-critical s&ilig] as providing [23] situations in
which Lorentz symmetry of the string vacuum may be brokerthansense of leading to a non-
trivial vacuum refractive indexi.e. modified dispersion relations, for photons. In faot,our
knowledge, this was the first instance where modified digpesshave been proposed in the context
of concrete Lorentz violating approaches to quantum gragitbsequently, many other proposals
have been made, which entailed non-standard dispersiatiored for a variety of reasons that |
will not discuss here. For the purposes of this talk, | witigde out the so-called Deformed Special
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Relativity (DSR) class of models, in which such modified dision relations are a consequence of
the deformed Lorentz symmetries that leave invariant tlaeathieristic energy scale (“Planck”) of
the theory [5]. We shall compare the Liouville string resuitith DSR later on in our presentation.

At present, we consider it as instructive to review first tlasibs of the non-critical-string
formalism that lead to such results. To this end, let oneidenso-model action deformed by
a family of vertex operator¥;, corresponding to ‘couplingsy', which represenhon-conformal
background space-time fields from the massless string pietltisuch as graviton§,,,, antisym-
metric tensorsBy,,, dilatons®, their supersymmetric partneesc:

S=SX)+yd [d2v(X). (3.2)

whereS, represents a conformalmodel describing an equilibrium situation. The non-confality

of the background means that the pertinghfunction 8' = dd /dinu # 0, whereu is a world-
sheet renormalization scale. Conformal invariance waulaly restrictions on the background and
couplingsg', corresponding to the constrair3é= 0, which are equivalent to equations of motion
derived from a target-space effective action for the cpueding fieldsy'. The entire low-energy
phenomenology and model building of critical string themrpased on such restrictions [14].

In the non-conformal cas@' # 0, the theory is in need of dressing by the Liouville figlih
order to restore conformal symmetry [15]. The figlcdhcquires dynamics through the integration
over world-sheet covariant metrics in the path integratl aray be viewed as a local dynamical
scale on the world sheet [3]. If the central charge of the gssypnmetric) matter theory 5, >
25(9) (i.e., supercritical [20]), the signature of the kinetienteof the Liouville coordinate in the
dressedo-model is opposite to that of the-model fields corresponding to the other target-space
coordinates. As mentioned previously, this opens the wayéoimportant step of interpreting
the Liouville field physically by identifying its world-sle¢ zero modeg, with the target time in
supercritical theories [3]. Such an identification emergsirally from the dynamics of the target-
space low-energy effective theory by minimizing the effecpotential [24].

The action of the Liouville mode reads [15]:

S =S (X)+ & 028 \/V£(09)> — QR ¢ + [ d?E \/yd (@ : (3.3)

wherey is a fiducial world-sheet metric, and the plus (minus) sigframt of the kinetic term of
the Liouville mode pertains to subcritical (supercritjcsirings. The dressed coupling¢) are
obtained by the following procedure:

/ 22 g Vi (X /dzzg ) 9PV (X) (3.4)

whereq; is the “gravitational” anomalous dimension. If the originan-conformal vertex operator
has anomalous scaling dimensian— 2 (for closed strings, to which we restrict ourselves for
definiteness), wher; is the conformal dimension, and the central charge surgdltlseaheory is
Q= fmt ¢ > 0 (for bosonic strings* = 25, for superstrings* = 9), then the condition that the
dressed operator is marginal on the world sheet impliesaiation:

a0+ Q) =24 . (3.5)
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Imposing appropriate boundary conditions in the ligit> « [15], the acceptable solution is:

The gravitational dressing is trivial for marginal cougln; = 2, as it should be. This dressing
applies also to higher orders in the perturbativexpansion. For instance, at the next order, where
the deviation from marginality in the deformations of theltessedomodel is due to the operator
product expansion coefﬁciendi:K in the B function, the Liouville-dressing procedure implies the
replacement [25]:

in order for the dressed operator to become marglnal to thisr@the+ sign originates in (3.3)).
In terms of the Liouville renormalization-group scale, dwaes the following equation relating
Liouville-dressed couplingg andp functions in the non-critical string case:

¢ +Qgi=F8'(9)) , (3.8)

where the- (+) sign in front of theB-functions on the right-hand-side applies to super (sitiDal
strings, the overdot denotes differentiation with respgedhe Liouville zero mode an@' is the
world-sheet renormalization-groyp function satisfying the gradient flow relation (3.1) (buthwvi
the renormalized couplings replaced by the Liouville-degsones as defined by the procedure in
(3.4), (3.7)). Formally, the8' of the r.h.s. of (3.8) may be viewed as power series in the Kyvea
couplingsg'. The covariant (in theory space); B function may be expanded as:

AP = Z MM Mo 0 (3.9)

whereV" indicates Liouville dressing a la (3.4),..), = / dedr exp(—S(¢,7,g!)) denotes a func-
tional average including Liouville integration, aSp,t,d') is the Liouville-dressedr-model ac-
tion, including the Liouville action [15].

In the case of stringy models, the diffeomorphism invariance of the target spasailts in
the replacement of (3.8) by:

g +Q)y = +B', (3.10)
where the[§i are the Weyl anomaly coefficients of the stringymodel in the backgroundg'},
which differ from the ordinary world-sheet renormalizatigroup 8' functions by terms of the
form:

B'=pB'+ g (3.11)
wheredg' denote transformations of the background figlldnder infinitesimal general coordinate
transformations, e.g., for gravitons [1@,& = BS + O(uW,), with W, = 0, ®, andB, = Ry to
ordera’ (oneag-model loop).

The set of equations (3.8),(3.10) definesgle@eralized conformal invariance conditiorex-
pressing the restoration of conformal invariance by theuldile mode. The solution of these
equations, upon the identification of the Liouville zero raaslith the original target time, leads
to constraints in the space-time backgrounds [3, 24], intmtbe same way as the conformal in-
variance conditiong8' = 0 define consistent space-time backgrounds for criticalggr[14]. It
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is important to remark [18, 3, 26] that the equations (3.1) be derived from an action. This
follows from general properties of the Liouville renornzaliion group, which guarantee that the
appropriate Helmholtz conditions in the string-theorycepfg'} for the Liouville-flow dynamics
to be derivable from an action principle are satisfied. Itgaaions of the form (3.8),(3.10) that
characterize the non-equilibrium Liouville string cosimgies [19], mentioned previously, which
replace the standard Einstein-Friedmann equations.

Now we come to our main point, namely the emergence of modifigokersion relations for
particle probes in the non-critical string framework. Theusture of eq. (3.7) suggests that the
effects of the non-criticality are quite complicated in geal. However, the form of the Liouville
time dependence implies that one of the physical effectaehbn-criticality is a modification of
the time-dependence of the Liouville dresgigdp = —t), which may be described to ordéxg?)
by the following approximation to (3.7):

g (t) ~ gélaraar (3.12)

where theAa; depend on theijk, which encode the interactions with quantum-gravity flatitons
in the space-time background. We are now ready to discusisghe of wave dispersion. From
a target-space point of view, tilgt may be viewed as the Fourier transforms,, the polarization
tensors, of target-space background fields, and the veperators are wave operatots For
instance, for a deformation corresponding to a scalar mdg®g, one can write

/ &z, /ygVi = / a2,y / dCkdX" (2D F (k) (3.13)

where the summation oveincludes target-space integration okgon aD-dimensional Euclidean
space. For massless string modes, as opposed to higher,mipded = kMky = ]R\Z. For our
purposes, it suffices to consider the case of an almost flaedpae with small quantum-gravity
corrections coming from the interactions of massless loergy modes with the environment of
Planckian string states, implying that the string is clasa fixed point for whichQ? = c[g*] — 25=

0. This is the case in the backgrounds of interest to us, wihereeviations from the conformal
point are small. In such a case, we see from (3.6)dhat |R|.

Our basic working hypothesis, which has been confirmed eHplin the two-dimensional
string black hole example [3], is that the matter defornraim such a black-hole background are
not exactly marginal unless the couplings to non-propaga®lanckian global modes are included
in the analysis. This implies that the set of the operatodpcbexpansion coefficient#k in (3.7)
includes non-zero couplings between massless and Plantiades in the presence of non-trivial
metric fluctuations, say of black-hole type, and more gdlyerathe presence of structures with a
space-time boundary. These couplings arise in string yhieom the infinite set of stringy gauge
W, symmetries. They imply that the massless modes constitud@en systemrand that they lose
information to these non-propagating higher-level modeigkvare not detected in local scattering
experiments, inducing apparent decoherence [3].

IHere the concepts of Fourier transforms and plane wavesdshewnderstood as being appropriately generalized
to curved target spaces, with the appropriate geodesindiss taken into account. For our purposes below, the gletail
of this will not be relevant. We shall work with macroscopigdlat space-times, where the quantum-gravity structure
appears through quantum fluctuations of the vacuum, leaglingly to non-criticality of the string, in the sense of
non-vanishingB' functions.
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The order of magnitude of such couplings is not known at pitessend precise calculations
would require a full second-quantized string theory. As Wallsdiscuss in the next section, one
may have situations in non-critical string models, in whibkre isminimal suppression of the
guantum gravity effects by a single power of the quantumityracale (say, Planck mass although
in string theory this may be different from the string sdsllg. In such a case one may assume that

Aaj ~n & (3.14)
Mp

with n a dimensionless quantity, which parametrizes our preggiarance of the quantum struc-
ture of space time. For the purposes of the present work, stéatsourselves to non-critical strings
on fixed-genus world sheets, in which capén (3.14) is real. This should be viewed as describ-
ing only part of the quantum-gravity entanglement, nambbt fissociated with the presence of
global string modes [3]. The full string problem involveswaranation over genera, which in turn
impliescomplexn’s, arising from the appearance of imaginary parts in Lidenstring correlation
functions on re-summed world sheets, as a result of ingtabipertaining to microscopic black-
hole decay in the quantum-gravity space-time foam [3]. Sowginary parts im will produce
frequency-dependent attenuation effects in the ampltwdguantum-mechanical waves for low-
energy string modes. This type of attenuation effect leadtetoherence of the type appearing in
the density-matrix approach to measurement theory [3]obBopurpose of deriving bounds on the
possible accuracy of distance measurements, howeverasigctuation effects need not be taken
into account, and the simple entanglement formula (3.1l real n, will be sufficient.

The value of depends in general on the type of massless field considemguhrticular, in
the case of photong is further constrained by target-space gauge invarianb@&harestricts the
structure of the relevar-modelf function. With this caveat in mind, (3.14) represents a mmei
estimate of\a;, compatible with the generic structure of perturbationthefo-model 3 functions
for closed strings.

The equations (3.7), (3.13) and (3.14) indicate that thesti@o-model deformation (3.4)
corresponds to waves of the fofm

N
e|||<|t+|k.x+|n‘“§—‘pt (3.15)

The corresponding modified dispersion relation
E ~ K|+ n[k[?/Me, (3.16)

which was dictated by the overall conformal invariance efdnessed theory, implies that massless
particles propagate in the quantum-gravity ‘medium’ wiitgeoup) velocity (in units o€ = 1) that
is effectively energy-dependent:

v~14+nE/Mp. (3.17)

In the next section we shall discuss concrete models [2¥}hich the induced non-criticality
will arise as a result of microscopic interactions of the stess string excitation, say photon, with
a target-space point-like defect, a so-called D-partitlethe modern approach to string theory

2Note that eq. (3.15) is consistent with target-space gamgeiance, since it may describe one of the polarization
states of the photon, and the transversality condition erptioton polarization tensde'A;, = 0, can be maintained.
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involving Dirichlet brane defects [28]. In such models, thedified dispersion arises as a result of
a non-Minkowskianmomentundependent, local deformation of the space-time metric tdtiee
“recoil” of the defect during its scattering with the massistring mode. One then obtaiffective
refractive indicesn vacuoof the form (3.17) with—1 < n < 0 and thus there is onlgubluminal
propagation of photons in the D-particle medium.

4. Gravity-Induced Modified Dispersion Relations in Non-Ciitical Strings and
Finsler Geometry

Bulk

— Consistent supersymmetric
° j D-particle foam models

Stage (1) i Stage (Il) i Stage (1ll)

Open strings
P 9 . can be constructed
.D—pamcles

No recoil, no brane motion=

i 3 o |

0 1 1

PY : : ° Zero vacuum energy,
! ! ° unbroken SUSY

| | o\ . o

V =V -V recoil contributions to
i ; rec 0 vacuum energy
time <0 ! time = 0 (impact) ! time >0 Broken SUSY

Logarithmic conformal field theory describes the impulse at stage (I1) Brane world

Figure 2: Schematic representation of the capture/recoil processsifing state by a D-particle defect

for closed (left) and open (right) string states, in the pneg of D-brane world. The presence of a D-
brane is essential due to gauge flux conservation, sincektdd D-particle cannot exist. The intermediate
composite state at= 0, which has a life time within the stringy uncertainty tinmédrvalét, of the order

of the string length, and is described by world-sheet lagaric conformal field theory, is responsible for

the distortion of the surrounding space time during thetsdag, and subsequently leads to Finsler-type
induced metrics (depending on both coordinates and monoénie string state) and modified dispersion
relations for the string propagation.

We consider the situation depicted in fig. 2, which represent world as a three brane, prop-
agating in a bulk higher-dimensional space time, “punctutgy D-particle (point-like Dirichlet
brane) defects. Such configurations are acceptable (super)string baskgs) given that when
the D-brane and D-patrticle configurations are static, omecocastruct a consistent supersymmet-
ric ground state for the string with vanishing energy [30]athdr stringy excitations on the brane
world, represented by open strings with their ends attacineithe brane, as well as closed strings
propagating orboththe bulk and the brane, and representing excitations frastting gravita-
tional multiplet (i.e. gravitons, dilatons, antisymmetKalb-Ramond tensors and their supersym-
metric partners) can interact non trivially with the D-pelds in the sense of the “capture” process
indicated on the figure. According to this picture, therensirtermediate composite string-D-
particle state [31], which lives within a stringy time unznty intervaldt, whose recaoil (in order
to maintain energy-momentum conservation) distorts theognding space time [4, 27], deforms
it from the initially assumed Minkowski, and thus the stritngvels on a curved background. The

3The reader’s attention is called here upon the necessasgmre of a D-brane world when D-particles are em-
bedded in the bulk space, given that isolated D-particleaaiexist [29] due to the requirement of conservation of the
U(1) gauge fluxes that characterize D-branes [28]. In géniaratring/brane theory higher-rarixp-branes (i.e. with p
longitudinal directions) provide endpoints for lowpibranes, and the latter govern the dynamics of the former.
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deformation idocal in the sense that it pertains only to the neighborhood of tipaiicle defect
and decays far away from it.

Logarithmic conformal field theory methods on the world $lvééhe string have been used [31,
26] in order to study the deformations of tiemodel produced as a result of the formation of the
intermediate string-D-particle state and the subsequeiirprocess, depicted in fig. 2. We shall
omit the details here, since the reader may find them on theanel works in the literature, and out-
line instead only the main results. The pertinent deforomatin the open-string-model boundary
0%, describing open string excitations of the D-particle agsult of its recail, is given by the
impulse operator in a non-relativistic approximation,iddbr the case of heavy D-particles we
consider here [31, 4]:

0

- (4.1)

w—IEg

Viec = /a _UXP0: (X000, @p(X0) =Lim, v} [ dw
whered" denotes normal derivative on the world sheet. The figflebey Neumann (free) bound-
ary conditions, whilst the field%' (i a spatial target-space indéx= 1,...D — 1 for D-dimensional
embedding space times) satisfy Dirichlet (fixed) boundamyditions on the world sheet [28], as
appropriate for a description of open string excitationacited to a D-brane (in this case a point-
like one, the D-particle).

Logarithmic world-sheet algebra considerations [31, 26iire the presence of a companion
operator to close the algebra,

Voomp = /ﬁ (X909, 4.2)

wherey; is a collective spatial coordinate of the D-particle. Pbghy cy; indicates the uncertainty

in the spatial coordinate of the D-particle. This, then i@plthat the time uncertainty (in this
approximation) is [31AX? = At ~ % which describes the duration of the scattering, not to be
confused with the life time of the intermediate compositingtstate of fig. 2, which is much
smaller, of the order of the string lengtl [32] #. It turns out that, for reasons pertaining to the
closure of the logarithmic algebra [31] the lingit— O cannot be taken independently of the world
sheet renormalization scale\nwhereA is the world-sheet area. In fact, one must have

g2 ~InA (4.3)

Hence, only close to an infrared fixed point situation, wh&re: « one hase — 0", and the
duration of the scattering is much larger than all otherescal the problem. In general/4 must
be kept finite, and this expresses the life time of the induspate time deformation, which we
now proceed to discuss.

To this end, we take into account [31] that the anomalous digioa of the operators (4.1),(4.2)
is —£2/2 and hence these deformations are relevant from a worket-skaormalization group
viewpoint. The corresponding open strimgmodel is therebyon conformalin need of Liouville

4As discussed in [31], the presence of both pairs of logaiittuperators (4.1), (4.2) are responsible for reproducing
the correct stringy uncertainty principle between spaiiardinates and momenta, as well as all the other (stringy) u
certainties. Due to the presence of the D-particle, thé ¢okergy of the composite stateNk/gs, to a first approximation
(for probe energies much smaller thislg/gs), and hence its life timét ~ gs/Ms = gs/ls .
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dressing [15] in order to restore the conformal symmetry lzgnice the consistency of the world-
sheet theory [14]. The dressed operator (4.1), which isghdihg contribution to recoil in the limit
of smallg, reads:

Vi = / e7?uX%0, (X)X | (4.4)
0%

where ¢ is the Liouville mode [15], andx the Liouville anomalous dimension (3.5), which is
such that the dressed operator (4.4) is conformal (i.e. wfocmal dimension (1,1)) on the world-
sheet. Detailed analysis [4] shows that there éemtral charge surplusf ordere?, and hence the
deformedo-model issupercritical[20] and the Liouville modéime like

The Liouville anomalous dimension is, to leading ordes iit.f (3.6)): a ~ £/+/2. By rewrit-
ing the boundary dressed operator (4.4) as a bulk one, usokgsStheorem, and performing the
relevant partial integrations on the world sheet, using #e (world-sheet) string equations of
motion, we may arrive at the following bulk world-sheetleformation [4]:

Voulk ~ — Ui / &9/V2X00, (X%)d¢ax ~ —eu; / (/Y2 X505 5 5% (4.5)
> >

where we approximate@, (X°) ~ e X’ for X° > 0 where our formalism applies. We now observe
that for times of ordeX® ~ At ~ 1/¢, i.e. within the duration of the scattering, the bulk operat
(4.5) implies an off-diagonal deformation of the spaceetimetric [4], with¢ — i components

Gip ~ @V ex0 X0 At~ /e (4.6)

The Liouville dressing procedure increases the targetesgimeension by one, and in this particular
case the string is supercritical, so the D+1 enhanced spaeehias in fact two time-like coordi-
nates X9 (if the original space time had Minkowski signature) andHowever, in the approach to
recoil advocated in refs. [31, 4], for reasons of convergenicthe world-sheet path integral, the
coordinatex? is assumed of Euclidean signature. This implies the folgform for the induced
metric of the Liouville-augmented space-time:

d%iouville dress— _(d¢)2 + (dXO)Z + 29i¢d¢dxi + (dXi)Z (4-7)

In the approach of [3], the “physical time” lies on an appiag hyper-surface obtained by keeping
fixed the quantity:

¢ + (conshX® =0 (4.8)

where the constant in front o€ is positive and its value depends on the details on the underl
ing microscopic model. The opposite flow of time with respedthe Liouville mode is a generic
feature, related to specific renormalization group progerf the Liouville mode, which, in the
approach of [3] is considered as a local world-sheet renlimat@n group scale. As such, it flows
from an Infrared to ultraviolet and back to an infrared fixadnp on the world sheet along spe-
cific closed-path trajectories, dictated by the approgr@iantization procedure of the Liouville
theory [3]. The corresponding target space flow then musppesite, for reasons associated with
the stability properties of the target-space effectivéoactas explained in detail in [3], where we
refer the interested reader for further reading.
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In what follows we shall impose the constraint:
4 +X0=0 (4.9)

The normalization in (4.9) is fixed by the requirement thaerathe identification (up to a posi-
tive proportionality constant) of the Liouville mode withimas the target time, the resulting D-
dimensional space time must have a time coordinate noretbis in Robertson-Walker space
times, which defines the physical time Interestingly enough, the combination on the left-hand-
side of (4.9) appears [24] in the mass squared terms of teete# potential of the low-energy
theory in the four-dimensional space time obtained aftenmactifying the superstring model on
magnetized torii, with a transient “fictitious ” magneticlfién the extra dimensions, which asymp-
totes to an intensitid. Such transient fields might characterize collision of brawrlds in the way
explained in [24]. It runs out that, if we parametrize thensiant field strength biA eX°, for times

X0 < 1/¢, € — 0 (similar to our recoil case above) and constant afterwands,arrives again at
supercritical strings. After Liouville dressing, to restacconformal invariance, the mass-squared
splittings dm? between fermionic and bosonic matter degrees of freedorhebrane worlds, as
a result of their coupling with the magnetic fightl (a sort of “Zeeman effect”), are given by (for
the example of toroidal compactification, say, of the 4th &tidspatial directions of a five-brane
world compactified to a three-brane [24]):

¢ 4 %0
S OHE V2 T 54 (4.10)

with 245 denoting spin structures in the plane of the compactifioaiious. Stability of the theory,
i.e. time independent masses, can be guaranteed, indeplgnalethe value ofe, if the constraint
(4.9) is satisfied. In this way, the Liouville dressed thegyarantees the asymptotic stability of
the supersymmetry obstructing mass splittings beyondie1/¢.

We may enforce the above scenario in our D-particle modelgicted in fig. 2, if we con-
sider the three-brane world as being obtained from confpzatton of five (or higher-dimensional)
branes on such magnetized manifolds, and assume that, atyegoch, there was a collision with
another brane. Such models can make consistent string floarids if the branes are still [30].
The collision will also break target space supersymmetryg way determined by the magnitude
of the fictitious magnetic fieltH, independently of the magnitude of the dark energy of thadra
world [24, 19], and hence desirable from a cosmologicalipheenological view point.

The recoil analysis, described above, goes in parallel thghsupersymmetry obstruction
scenario due to the magnetized compactification, and hdmcédéntification of time with the
opposite of the Liouville mode (4.9) is guaranteed in a dyicaimvay, ensuring stability of the
ground state of the system.

5A more complicated situation, leading to different profmrality constants between Liouville mode and target
time has been considered in [32], where a semi-microscopidemto describe D-particle recoil induced by strings
propagating in brane worlds has been considered. The iddiaee-dimensional metric in such a situation is more
complicated than (4.7), as is obtained by averaging apataty over statistical populations of D-particles (c.&nge
discussion below). The results of both analyses, howegefaraas D-particle-recoil-induced modified dispersion re-
lations for matter probes are concerned, are qualitatisehylar and, hence, for our purposes in this article we shall
consider (4.9) from now on.
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Upon this identification, the off-diagonal induced metdds) becomes off-diagonal in a four-
dimensional space-time sense:
goi (X2 U) ~ ueX% 22X (4.12)

For times of order of the duratiofst of the scattering)(O ~ At ~ 1/¢, the order of magnitude of
the metric is:
9 (X% u) ~u,  X°~At~1/e (4.12)

The metric, as expected, decays exponentially with theetanme® for X° > 1/¢, leading to an
asymptotic Minkowski metric for timeX°® > 1/¢.

Taking into account that the intermediate-state(opengg®-particle) recoil velocityy; is re-
lated to a fraction of the incident momentum [31, 4, 26}= gski /Ms, whereMs/gs is the mass of
the D-particle, withgs the string coupling, anis the string mass scale, we then observe that the
induced metric (4.11) (or (4.12) dependshmihtarget space-time coordinates and momenta of the
open string. In fact, immediately after the end of the uraiety time perioddt, where the open
string state is re-emitted, with a momentign, the D-particle recoils with a velocity, = ki ; +ka},

i.e the momentum transfer. Thus, the induced space time gfep@miso changes then. However,
because the momentum transfer is of the order of the incil@emtentum, the induced metric de-
formation retains its order of magnitude. In the originalrks[4], and also in what follows, it is
this geometry, after the re-emission of the string, that ares@er explicitly.

The dependence of the metric (4.12), (4.11) on both coaelrend momenta implies a Finsler
construction [6]. It should be mentioned at this point thattsa situation also characterizes [7]
some Deformed Special Relativities (DSR) [5], where thealted “rainbow metric” [33] emerges
as a momentum dependent metric to reproduce modified dispeneations of a specific DSR
model. We shall discuss further the comparison of our modil such approaches in the next
section.

In general, the distorted space time geometry, as observath lobserver who is initially at
rest with respect to the D-particle, during an uncertaiimyetinterval At ~ 1/¢ describing the
scattering period, will be given by (4.12), whewe~ rgski/Ms, with r < 1, depending on the
microscopic details of the momentum transfer during theéwapprocess of fig. 2.

The presence of a spatial recoil vectpiin the metric distortion (4.12) implielsorentz sym-
metry breaking or, betterreduction. In fact, as discussed in [34] where we couple a fermionic
system to this type of metrics, there iseluced symmetmhat characterizes the situation, namely
a two-parameter subgroup of tB&(2,C) symmetry that leaves the magnitude of the recoil velocity
U invariant.

If we consider the situation [32] where many such D-parsigheincture our brane world, as
the latter sweeps through the bulk space time, then fromdive pf view of a three-dimensional
brane observer, the D-particles will look like “space-tifnamy” defect, flashing on and off with a
frequency that depends on detailed dynamical propertiéseafomplete bulk system. It is for this
reason that we call such models, with a statistical popradif D-particles, “D-particle foam” [4,
19]. In such models, during the propagation of matter protiese will be multiple scatterings of

8n the original works [4] we have considered times of ordés $o we ignored the decay, and concentrated only
on the metric (4.12). Here we keep tk8-dependence explicit, in order to make manifest the relematature of the
induced deformation, implying an asymptotic Minkowski net
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the probe with the D-particle defects. In each scatteriegetiwvill be inducedlocally in space-time,
a coordinate- and momentum-dependent metric distortidgheoform (4.12).

As discussed in [26], the dynamics of the recoil degreesegfdom are described by an appro-
priate Abelian gauge field, which obeysabluminalBorn-Infeld type action. This latter feature
implies that the recoil/capture process depicted in fig. @issal and there will be a delay in the
probe’s propagation, as compared to its propagation in awaowithout D-particles. The delay
will occur as a result of the induced modified dispersiontieta for a probe of mass), due to the
metric (4.12):

KukygH" (k) = —m? (4.13)

We should mention at this point that, in a statistical endernbD-particles, it is possible that the
effects of the metric distortions due to recoil cancel outwarage [35]{(u;)) = 0, but quantum
fluctuations remain non-trivial{(uiu;)) = 023, 0 # 0. In such a case the observable effects
become much harder to detect.

A modified dispersion relation will lead, through the apprafe group velocity, to a non-
trivial vacuum refractive indefor massless probes propagating in the above D-particla B@ace
time. As discussed above, the refractive index willslb-lumina) due to special dynamics prop-
erties of the stringy recoil problem [26]. From the momentlgpendence of the associated metric
distortion (4.12), we then observe that, unless the effenisel out upon averaging over D-particle
populations’, we are faced with a refractive index of the form (3.17), bithig minimal (linear)
suppression by the string scale:

Vmassless probeD—recoil = 1- Egs% (4-14)

where the parametdr > 0 depends on the details of the D-particle foam, such as tparbcle
density [32]. Such details cannot be estimated by thealetionsiderations at present, as we
are lacking a fundamental microscopic model. However, igsg)towards this direction is made
by constructing explicitly superstring/super-brane warlodels in higher dimensional bulk space
times [19]. The big issue pending of course, towards phenoiogically realistic four dimen-
sional models, is the appropriate compactification proseduhich unfortunately entails all sorts
of complications regarding supersymmetry brealetg

The main conclusion from this section so far, thereforehas in the non-critical stringy mod-
els of space-time foam, involving D-patrticles, there is matuced modification to the space time
metric, (4.12), which dependmearly on the incident momentum, and eventually leadsublu-
minal modified dispersion relations (4.13) on average. This sulvlality feature will distinguish
the approach from others in LIV Quantum Gravity, such asateibop quantum gravity models
and other proposals [36], where both subluminal and sumpénkai propagation may be allowed,
thereby implying experimentally detectable (in princjdbirefringence effects.

7If, of course, the D-particle foam effects cancel on avemsjéar as momentum transfer is concerned during the
multiple scatterings{(u;)) = 0, then the quantum fluctuations may induce much smaller ignitide terms in the
Quantum Gravity modifications to the dispersion relatiapmsessed by quadratic or higher powers of the string scale.
As mentioned above, such terms are much harder to detecebgmiror immediate-future facilities, although one cannot
exclude the possibility of reaching such sensitivitieshie future if one detects and uses as probes very energeticaos
particles, such as ultra-high-energy neutrinos from gamaypdurstsetc.[9].
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It has been observed [37], though, that not all string statey be captured by D-particles. In
particular, electrically charged excitations do not eithifiat behaviour, as a result of conservation
of the electric flux and charge. In this respect, electronghinot exhibit such a behaviour in
the presence of D-particle foam, which might help avoiding $tringent constraints on linearly
suppressed (with the QG scale) dispersion relations, @pfnim studies of synchrotron radiation
from Crab Nebula [38]. The latter, however, cannot place stniyngent constraints on photon
dispersion. In our approach, photons, as electricallyragutan interact with the D-particles in
the topologically non-trivial way depicted in fig. 2, invahg splitting of strings, and, as such, they
constitute one of the most sensitive probes of such modifiggedsion relations. Of particular
use are tests in which one measures arrival times of photahsifferent energies from gamma
ray bursts, assuming simultaneous emission of photonswvaitlous energies at the source [39].
According to the subluminal dispersion relation (4.13& kighly energetic photons will leelayed
more, as compared with the less-energetic ones.

We also remark that the D-particle recoil model can be usedasdel for the implementation
of relativistic modified Newtonian dynamics in a string theoontext [40]. Indeed, if we assume
that there is no uniform distribution of D-particles in thebe universe, but that the latter, as being
massive with masseds/gs, are concentrated more near galaxies, then due to the prociss,
one would obtain an induced modification to the regional imetwhich, to lowest order in the
recoil velocity, would be given by (4.12). In [40] we have extled the analysis to discuss higher
order corrections to the recoil-induced metric, which weragde in a covariant form. We came to
the conclusion that world-sheet conformal invariance aamhintained for metrics of the form:

gt = e *®g,, + (D) (uuty) (4.15)

wheregyy is an Einstein-frame [20] metricy, is the four-vector of the D-particle recoil velocity,
satisfying the constraini,u,g"¥ = —1, and f(®) is an appropriate function of the dilatah,
which can be determined by demanding smooth connectioreahétricg‘rj‘{j‘“erwith the Einstein
metric gy, both, at the moment of impact (fig. 2) and asymptoticallyargét time. In [40] we
discussed explicitly the case of linear dilatofhs;- u, X¥, and flat Minkowski metricg,y = Ny,
but this should be considered only as a toy situation. THefoblem requires complicated, time
dependent dilaton backgrounds, which should satisfy wsinkelet conformal invariance conditions
together with the appropriate Einstein graviton backgdsugy,,. This general problem is still
open.

The important point of (4.15) is that it implies a bi-metrieebry, since, as mentioned previ-
ously, not all string states interact non trivially with tBeparticle foam in the way demonstrated in
fig. 2. The induced metric (4.15) would lead to modified Newdardynamics in the regions where
the concentration of the D-particle foam would be largas{40] we assumed that such regions are
near galaxies, thereby leading to modified newtonian dyosati galactic scales, in a similar spirit
to the ideas advocated in [41], where metric deformationth@fform (4.15) have been proposed,
but with the réle ofu,, played by arbitrary Lorentz violating vector fielésg.

The dynamics of theu, recoil four vectors, though, in string theory is differemorh the
one of theA-field in [41]. Indeed, as already mentioned, the recoil degrof freedom obey a
Born-Infeld non-linear Lagrangian [26]. The model has imi@ot implications for the amount of
dark matter required in the Universe. In fact, by assuminguation in which, on average over
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large (statistically significant) populations of D-paldie in galaxies, there is only a temporal time-
dependent (isotropic) componentwpf, we came to the conclusion [40] that a substantial amount
of neutrino dark matter should be present. This is in cohtashe models in [41], which used
the modified Newtonian dynamics at galactic scales to remm®the relevant rotational curves and
thus argue in favour of the absence of dark matter altogetherxplained above, neutrinos are
among the few neutral particles that interact non trivigdly. fig. 2) with the D-particle foam, and
as such they induce recoil, affecting significantly the gadadynamics. Our analysis is closer in
spirit to that of ref. [42], where, in order to reproduce tlveastic peaks in the CMB spectrum, the
authors have also included neutrino dark matter in the nsoofef41]. For further details on this
scenario we refer the reader to [40], as further discussipsuch issues would take us out of the
main scope of the present article.

A final but important comment we would like to make before irigsthis section concerns
neutrinos or in general electrically neutral “flavouredttpdes. Here, by the word flavour we do
not necessarily mean neutrino flavour, but we use it also $ordee neutral meson CP eigenstates
(different from mass eigenstates), e.g. for kaons theréoageand short-lived CP eigenstatés),
KQ etc. If the scattered string state in fig. 2 represents such a ftedostate (even a composite
one, like a neutral kaon), then the re-emitted open striatg sifter the recoil might be of a dif-
ferent flavour, given that flavour may not be conserved dutimegcapture/recoil process by the
D-particle [35]. Although to prove this rigorously one neesl detailed microscopic description
of such excitations in the context of the relevant string etpdhich is still lacking, nevertheless
it looks a reasonable assumption to make, following othmilai treatments of space-time foamy
situations involving virtual black holes, which also do gonserve flavour [9].

This proves important for inducing possibly unique effeatsentangled states of particles.
Indeed, as discussed in detail in [13], this flavour non-eoration in D-particle foam models
results in a particular violation of CPT symmetry, assaadawith the fact that the generator of CPT
transformations is not well defined, at least in the framéwadreffective theories. This induces
modifications to the pertinent Einstein-Podolsky-RoseRREcorrelations of particles [43, 9]. To
understand briefly what happens, consider the casegofreeson decay in a so-callegfactory.

If normal CPT symmetry is assumed, the decay produces ERRg@atl states dk_Ks on both
sides of the detector. However, in the D-particle foam madi¢l3], characterized by the above-
mentioned specific type of CPT violation, the results ardamimated byKsKs andK K, pairs. In
fact, one can distinguish such genuine quantum gravitgesffieom background effects, due to their
properties [43]. Hence, if observed, such effects wouldstitute, in my opinion, “smoking-gun”
evidence of this type of CPT violation.

5. Comparison with strings in Non-Commutative space times

Lorentz violation may characterize non-commutative sgaues, as is for instance the case
of space times with background electric and/or magnetiddieConsider, for instance, the generic

8Moreover, since neutrinos avoid clustering, they have laésm conjectured in [40] to contribute to the dark energy
of the Universe in a non-trivial way, which | do not have thadior space to explain here.
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non commutativity relation among the coordinax€=of a manifold:
XM, x']=i6"v (5.1)

with 61V real and antisymmetric in its indices.The presenc@ ahply generically violations of
Lorentz symmetry. From the point of view of strings, whictofdanterest to us here, we mention
that non commutative (Lorentz violating) space times deeaim many instances in string theory,
notably in cases with non trivial background electric or metic fields, with fixed direction in
space.

It has been argued [44] that any realistic non commutatile tfieory, endowed with its proper
Moyal x product (f xg(x) = exp(%@“"dxu dxv) f(xX)a(y)|x=y ), can be made physically equivalent
to a subset of a general Lorentz violating extension of thed#rd model (SME), of the type
considered by Kostelecky and collaborators [10] and maatidn section 2 of the present article. It
is interesting to notice [44] that, since many non commuediield theories satisfy CPT invariance,
the resulting SME effective theories involve non renorzatlie Lorentz violating terms, which
however respect CPT symmetry. For example, regarding SMiatgm electrodynamics, which
was the subject of our discussion in section 2, the follonsngset of terms may be physically
equivalent to a CPT conserving non-commutative field théotgading order ir6*V [44]:

& = Py Dy ¢ — mPy — R FHY — 5ia0PFap@yH Dy W+ 3ia0°P Ry @iyH Dp @
+2mop PR, Y — 3069PFa Fa  FHY + 2q0°FF,pFu FHY. (5.2)

with g being the electric charge ay, denoting the gauge covariant derivative as usual. Thereade
should compare (5.2) with the corresponding expressiolSME, leading to (2.4): all the CPT-
violating terms are absent, since the microscopic non cowiie field theory is CPT invariant.

For our purposes in this work, we mention that in general,-cmammutative field theories
appear to have problems with either unitarity and/or catyspd5]. Indeed, the authors of [45]
considered the elastic scattering of two wavepackets imntodutgoing ones, in a generic non-
commutative field theory (5.1), and demonstrated the engstef acausal (“advanced”) out-going
wave packets, with negative delags, i.e. occurring before even the scattering of the incident
waves took place. Also their calculation showed that rigidisrgrow instead of Lorentz contracting
at high energies.

This unphysical situation, which seems to be generic to rmmneutative field theories, is
eliminated if one considers stringy effects. Indeed, thth@ns of [45] repeated the scattering
calculation by considering wavepackets in open (supéngstineory. The result shows no advanced
waves, and more interestingly, the outgoing wave packésspto a series of packets, one located
at the origin,x = 0, and the others at= 16rma’pg (where pg is the energy of the wave packet,
a’ = (2 is the Regge slope, arfdis the string length scale), with increasing spread andedesang
amplitude as the ordar of the packet increases. There is an intermediate stretstnieg state
formed, which oscillates, thereby producing the seriebi@fautgoing packets. The string has total
energypo, and its length begins to grow up to ordex a’pg storing the energy as potential energy.
However, the scattering ausal and the positive time delay, obtained in the calculatinnfeases
linearly with the energypg:

At =a'pg, (5.3)
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which is consistent with the string uncertainty principd&]

ALAt > o . (5.4)

It is the above space-time uncertainty that makes a genaalitative connection of open strings
with non commutative space time theories. This connecsoguiantified when we consider the
strings in background electric fiel¢l§| for instance. In such a case, the above-mentioned scatterin
is also found causal, with the only modification [45] that thme delay (5.3) is multiplied by a
factor 1/(1— |E|?).

Moreover, for high energies, higher-genus (quantum sttorgections) amplitudes should be
considered [47], since these are the dominant ones. If geate the calculation for the four-point
open-string amplitude on a fixed genGsworld-sheet, then, the relevant causal time delays are
reduced [47]:At ~ g/—f‘l’. We mention at this point that Genus re-summation effeatsstill not
fully understood in string theory (due to issues regardagummability of the genus expansion),

and hence truly non perturbative expressions for the abmeedelays are not known at present.

In tests of photon dispersion relations, such as those ih48flying the arrival times of
photons from distant gamma-ray bursts, uncertainties @ugttcal-string interactions, as in (5.3),
should be considered as source effects, describing fariostinteractions among photons - viewed
as open string states- at the source regions. Such untiegaivould result in non simultaneous
emissions of photons, and should be taken in principle intmant in studies like [39], in order to
correct the analyses in searches for quantum-gravity padjun effects. However, even for large
string length scaleds > ¢pianck the number of total photon-photon scatterings at the soare
such that these effects are negligible, when compared toutiently available time resolutions in
these measurements.

The time delays/uncertainties (5.3), that increlasearly with the energy, bear some formal
similarities with our D-particle/open-string-state irgetions. There again, we have had the for-
mation of an intermediate composite state (see fig. 2), lmutitfierence from the flat-space-time
case of open-string scattering, was the induced Findlerrlietric (4.12). Nevertheless, precisely
due to such metrics, there will be time delays for highly geéc photons, as compared to the less
energetic ones, which will grow linearly with the energy,faows from the induced refractive
index effects (4.14). We note that, in the D-particle case,total time delay of a matter probe in
the D-particle foam, depends on the details of the defestsildition. If the latter is non uniform,
as in the model of [40], where the D-particle concentrat®high near massive celestial bodies,
due to the D-particle madds/gs, and very low in the “empty” space outside the body, then the
arrival time delay effects due to (4.14) are suppressed iB BRoton tests [39], compared to the
case of uniform D-particle distribution over the D-branerldo This is a consequence of the fact
that, in such a case, the effects are largest near the massivee, whilst photon propagation be-
tween the source and the detector is virtually free. Howeat/eeems to me that, to obtain such
source-D-foam induced delays that could be measurableebgutirent technology, would require
an unphysically large concentration of D-particles neargburce of the GRB.
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6. Brief Comparison with Deformed Special Relativities andnodels with Reduced
Lorentz Symmetry: Finsler geometry as a common link

Before closing the discussion, | would like to make a brighparison of the above-mentioned
results on momentum-dependent induced metrics in noiealristrings with a similar situation
encountered in Deformed Special Relativities [5]. | will\ery brief, as such theories have been
discussed at length in the conference by other speakerdsmihdhe literature, where | refer the
reader for details.

In ref. [33] it was pointed out that the dispersion relatidrem a specific form of doubly
special relativity with an invariant energy scale can baesented as a dispersion relation on a
“rainbow” metric, that is a metric which depended on bothrdomates and momenta. As we have
seen above, this was precisely the situation charactgriaim recoil-induced metrics [4] (4.12),
(4.15). The finslerian-geometry [6] interpretation giverstich metrics in [7] applies intact to our
case as well. In this respect, our D-patrticle recoil exampdg be considered as a case of Finsler
geometry in string theory, a topic which has been discuss#tki context of heterotic strings in the
past [48], but from a different perspective.

Finsler geometry is a generalization of the Riemannian ggombased on the definition of a
normF (x,u) which is a function of coordinates and also of a tangent vagtand which replaces
the usual structure of the inner product over the tangendlleuin the Riemannian geometry. The
normF (x,u) defines the metric [6, 7]:

o°F2 (6.1)

JuHouv

Nl

Ouv =

which can be equivalently expressed via the relation:
F(x,u) = 4/ guv(X,u)uHu’ (6.2)

A particle, of massn, moving in a Finsler geometry is characterized by an action

I :m/fF(x,X)dr (6.3)

where the overdot denotes derivative with respect to tiraadF is the Finsler norm defined above
(6.1), (6.2). The norm can depend on several physically apb parameters, such as the mass of
the particle, or, as is the case with the D-particle recoirimethe string scale and coupling, and in
general the Planck scale for QG-induced modified dispersiations.
The canonical momenta in this formalism are defined as [7]:
pu=ma = mg“"(,)éJ (6.4)

and the modified dispersion relations are obtained as atrektihhe mass-shell condition with
respect to the canonical momenta

Y (X, p)pu py = —n7? (6.5)

whereh*V (x, p) is the inverse of the velocity-dependent methit! (x, p) = g*¥ (x,X).
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One can define appropriately geodesics in such space timesliscuss the associated sym-
metries. For details | refer the reader to the literature/[6] only mention here that, the reduced
Lorentz symmetry, for instance, of the recoil problem, fleaves the amplitude of the D-particle
recoil-velocity vector|t| invariant [34], finds a natural interpretation in terms of tppropriate
Finsler-metric symmetries, describing the modified disjoer relations of the D-particle recoil
problem.

The above considerations were classical. However, onetroggtsider a semi-classical treat-
ment of the induced Finsler geometries in non-criticahgisi by considering [4, 32] quantum fluc-
tuations of the recoil velocity;. In first-quantized string theory, such fluctuations areaivtsd
by summing up world-sheet topologies of higher genus. It ipaythe case that, on average,
Lorentz symmetry is restored; u; >= 0, but quantum fluctuations do not respect the symme-
try, < uuj ># 0. In this spirit, we also encountered in the previous sadigituation involving a
statistical population of D-particles, in which case adaimentz symmetry could be restored sta-
tistically, with its breaking showing up only in higher-@idcorrelators. Similar issues, regarding
fluctuating geometries and non-trivial modified dispergielations, have also been considered in
a generic context in [49].

I would like now to discuss a final case of Lorentz violatiorhese again Finsler geometry
makes its appearance. The situation concerns the so-Cadledspecial relativity” (VSR) model
of Cohen and Glashow [12]. VSR models are characterized bgleced Lorentz symmetry, which
is determined as follows: defining light-cone coordinates= xX° + x3 andx for i = 1,2 in a four-
dimensional space-time, the local physics symmetry grsumrévided by the following SIM(2)
subsebf Lorentz generatorsz),:

(M, A, A2} (6.6)

i.e omitting.#_;. Upon taking the direct product with the translatiof3.,P_,R}, the resulting
subgroup, called ISIM(2), leaves invariant thal direction

nt=o! (6.7)

in the sense that, under the action#f, _, n* is rescaled ta n#, for A € R.

In this picture there is an “aether” but moving at the speeligbt, without definite velocity.
In this sense it would be hard to detect experimentally.

In [11], the authors looked for appropriate deformation$SdM(2) in order to generalize the
algebra to a curved background, and thus connect the apptoacavity. The proposed deforma-
tions, DISIMy(2), are a subgroup of the Weyl group, involving the Poingamip and Dilations,
and are represented by the action#f__ as follows:

X > A0 xE o AT (6.8)

with b real, the parameter of the deformation.
It was observed [11], then, that the above construction wksed not to gravity but to a
Finslerian geometry of the type proposed in [50], which éewvariant the following element:

ds= (nudxdx’) P2 (n,de)®  nP=8° (6.9)
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The authors of [11], went further to construct a point-liketjele action invariant under DISIM2),
following the generic procedure, described above (6.3)pabktructing actions using Finsler norms
(6.2):

e —b .o\ b
IDISIMb(Z) = —m/dt (—r]uvxuxv)(l )/2 (—r]pxp) (610)

Constructing the canonical momenta, as in (6.4), thendyittle mass-shell condition (6.5) for this
case as:

™ pupy = —P(1—b?) (1% (6.11)

2b/(1+b)
m(1-b) )

implying modified dispersion relations, as genericallyentpd in a Finsler geometry.

Bounds onb can be found by looking for anisotropy limits in mass kinetems 2m;;x'x/
obtained from (6.10) by expanding in powers of (small) The current experimental situation
yields the following bound$m/m < 10~23, which imply very small deformation parameters [11]:
|b| < 10723, thereby calling for microscopic explanations (the prablis similar in spirit to the
need for an explanation of the smallness of the cosmologamadtant).

The reader’s attention is now called to a comparison of tlevaesults for VSR with our
reduced-Lorentz symmetry situation encountered in Diglartecoil [4], described previously. In
the heavy (non-relativistic) D-particle foam case , as weelseen above, we have encountered a
situation with reduced Lorentz symmetry for matter propiage[34], but, there, the symmetry left
invariant the magnitude of the recoil velocity 3-vecibHowever, when one considers statistically
significant populations of D-particles, we have seen theteths the possibility of not having a
definite spatial direction, but on averag@i)) = 0 and((uju;)) O 028 ,0 # 0 (the same might
happen due to quantum fluctuations, which could wash outteabpecomponent average [4, 32]).
In the covariant generalization (4.15) of the recoil-ineld@eometry, advocated in [40], we have
seen that in such situations one could have only a tempatain of the four vectou,,, which
does not destroy the universe’s isotropy and is left invarlay the symmetry transformations.
Alternatively, one might consider adaptations of the madedituations in which one of the light-
come directions (like the forward or#’, as in the VSR case above) is fixed. In such a case, it
would be interesting to investigate the nature of the apjmtp(deformed) symmetry group, along
the lines of the study for the VSR model [11] .

| note that in the D-particle recoil case, as in VSR, one olstaleformations from a flat
Minkowski metric, and in this sense only Finslerian geotestrather than full gravity emerge.
However, | doubt that there is a no go theorem, and | firmlydyelithat the above Finslerian defor-
mations do play an important rble on the local symmetry grfuguantum gravity, which might be
a deformed symmetry like the cases encountered in DSR moé8ielfar as strings are concerned,
our D-particle foam case is only a special exantblén general, as mentioned previously, Finsler
geometry is known to play a réle in heterotic strings [48]d @rwould be interesting to discuss
generalizations of the analysis of [11] in order to congtraudirst-quantized stringy world-sheet
action, extending appropriately the particle-case rggult0). | conjecture that Finsler geometry
plays a fundamental réle in the dynamics of M theory consioos.

91 note here that an attempt to discuss deformed Lorentz syriesef the type appearing in DSR models [5],
leading to modified dispersion relations, in world-sheenodels, was also made in [51].
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7. Conclusions and Outlook

In this talk | discussed some instances in string theory e/h@rentz Invariance Violations
(LIV) may occur. | have discussed several topics which migdtof interest to this conference.
Namely, | first discussed LIV in the context of non-supersyatnio open string field theory, whose
low energy limit is described by an extension of the standapdel. Then | proceeded to a discus-
sion of induced modifications in the dispersion relationsnfiatter probes in the context of non-
critical string theory and, as a specific example, | desdriDeparticle foam models, in which some
string states can be captured by point-like D-brane defe&gace time. This procedure entails the
distortion of space time in the neighborhood of the recqilitefect by a coordinate and momenta
dependent Finsler-type metric, responsible for modifieghelision relations of low-energy string
matter propagating in the foam. In fact the induced metrig beasuch that one obtains non-trivial
subluminal refractive indices, with corrections that degpénearly on the probe’s energy, and are
suppressed by a single power of the string scale.

| compared the situation with strings in non commutativecegames, where causal scattering
of string states also induce time uncertainties that graedily with the energy of the probe, as
in the D-particle recoil case. | also noticed that Finsletriog appear in DSR, and also in some
very special relativities, advocated recently, which pres most of the phenomenology of Lorentz
invariant theories, but are characterized by a reduced strgm

| made the point that, although the phenomenology of LIV impkex, and there is no sin-
gle figure of merit to parametrize such violations, nevdee the key to obtain “smoking-gun
evidence” of specific models might lie on the violation of gtuan discrete symmetries, such as
CPT. I mentioned briefly a specific way of breaking CPT symypetraracterizing D-particle foam
models, in which the CPT generator is not well defined as atgogamechanical operator, and as
such, it leads to unique effects on the entangled statesubfahenesons.

Although it is too early to speculate on the ability of detegtpossible effects of quantum
gravity in the near future, | believe that the current théoad and experimental situation appears
exciting, and surprises may indeed be waiting “around th@ard. Many branches of modern
physics, from astrophysics and particle physics (inclgditnings, general relativity and cosmology
in its theoretical subjects), to delicate atomic physiacigion experiments, are currently partic-
ipating in the quest for this elusive theory. This multididioary aspect has been captured well
by the current conference, which brought together expetiere and theorists from many of the
above disciplines to draft up future strategies for redeartd development in Quantum Gravity.
Let us hope that their efforts will be rewarded by succeshémiot-so-distant future.
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