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Dark matter and cosmic-ray anomalies

Institute for the Physics and Mathematics of the Universe, University of Tokyo
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After giving a review of recent cosmic-ray observations such as PAMELA, ATIC/PPB-BETS,
Fermi and H.E.S.S, T explain what kind of conditions must be met if the PAMELA /Fermi
excesses are due to dark matter. Finally I will give one dark matter model based on a Wino
LSP with a tiny R-parity violation.

The presence of dark matter (DM) has been firmly established by numerous observational
data, although we have not yet understood what dark matter is made of. Recent cosmic-ray
measurements aiming for indirect DM detection may be providing us with insights into DM.

The PAMELA data [1] showed that the positron fraction starts to deviate from a theoretically
expected value for secondary positrons around 10 GeV, and continues to increase up to about
100 GeV. The ATIC collaboration [2] released the data, showing a clear excess in the total flux
of electrons plus positrons peaked around 600 — 700 GeV, in agreement with the PPB-BETS
observation [3]. The excess in the positron fraction may be explained by astrophysical sources
like pulsars [4, 5] or microquasars [6], although it was not easy to account for the electron flux
with a sharp drop-off observed by ATIC.! An alternative explanation is the annihilation and/or
decay of DM. Indeed, the exciting PAMELA and ATIC/PPB-BETS data has stimulated new
directions in dark-matter model building [8].

Recently, the Fermi collaboration has released data on the electron/positron fluxes from
20 GeV up to 1TeV [9]; the spectrum falls as E—39 without prominent spectral features, and
it is in agreement with the H.E.S.S. data at E ~ 1TeV [10, 11]. The index of the observed
electron/positron spectrum is close to the high end of theoretically expected value. Moreover,
if we combine the Fermi data for £ < 1TeV and the H.E.S.S. data for £ > 1TeV, it looks
that the spectrum becomes softer at energies above 1 TeV. Importantly, the Fermi result did not
confirm the excess around E ~ 600 GeV reported by ATIC. From this observation, we regard
the relatively hard (and almost featureless) electron/positron spectrum below 1 TeV reported by
Fermi as an excess with respect to the background. If the electron/positron spectrum observed
by Fermi (as well as the positron fraction observed by PAMELA) is to be explained by the DM
annihilation/decay, the mass of DM must be O(1) TeV.

One important constraint on the DM models comes from the absence of excess in the anti-
proton flux [12, 13]. Also, the anomalies in the electrons and positrons require that the initial
energy spectrum of the electrons and positrons should be relatively hard. Those observational
evidences suggest that DM annihilation/decay mainly produces leptons, while hadronic activities

'See however Ref. [7] which pointed out that astrophysical sources may lead to a sharp drop in the spectrum.



of DM are suppressed. The models proposed so far are broadly divided into two categories
concerning how to suppress the antiproton production. One category is such that the dark
matter particle mainly annihilates or decays into leptons. For instance, the dark matter may
be a hidden U(1)y gauge boson decaying into the standard model particles through a kinetic
mixing with a U(1)p_1 gauge boson; the smallness of quark’s quantum number under the
U(1)p—r, naturally suppresses the anti-proton production [14]. Perhaps the dark matter particle
has a lepton number [15, 16], or the lepton number as well as a discrete symmetry, which is
responsible for the longevity of dark matter, may be slightly broken altogether [17, 18, 19].
The other category introduces a light particle in the dark sector so that the dark matter particle
annihilates or decays into the light particles, which then decay into the standard model particles.
If the mass of the light particle is lighter than 1 GeV, the hadronic branch will be suppressed [20].
In addition, the presence of such light particle may enhance the annihilation rate to account for
the relatively large positron production rate suggested by the PAMELA /Fermi data.

While the above recently proposed DM models certainly have new interesting features, a
model would become more attractive if it relies on a conventional weakly interacting massive
particle (WIMP) scenario. This is because the observed DM abundance can be naturally ex-
plained by its thermal relic abundance, and such a coincidence is known as “ the WIMP miracle.”
One of the WIMPs that have been discussed extensively in many different context is the lightest
supersymmetry (SUSY) particle called as LSP in the SUSY standard model (SSM). The stability
of the LSP can be guaranteed by assuming an exact R parity. However, the R-parity may not
necessarily be an exact symmetry. In fact, the LSP can still account for DM as long as R-parity
breaking terms are sufficiently small and the lifetime of the LSP is much longer than the present
age of the Universe. If this is the case, the decay of DM may give rise to some excesses in cosmic
rays.

It is known that the superpotential possesses a constant term Cjy to cancel the positive
energy density induced by SUSY breaking. The constant term is equal to the gravitino mass,
Co = mg9, in the Planck unit in which the Planck mass Mp ~ 2.4 x 10'® GeV is set to be unity.
The constant term breaks the continuous U(1)g symmetry down to a discrete Zy symmetry,
which is nothing but the R-parity. A crucial observation is that, if the R symmetry at high-
energies is not the continuous U(1)g but a discrete Zoi41 (k = integer), the constant term Cj
results in the R-parity breaking [21]. In this article we take k = 2, since, as we will see later, it
leads to the required magnitude of the R-parity breaking operators to account for the anomalous
excess in the cosmic-ray electrons and positrons.

Let us take the R charges for the quark and lepton chiral multiplets to be 1 and those for the
Higgs chiral multiplets H, and Hy to be 0. (See Table 1.) Then, the following lepton-number
violating trilinear term is allowed by the Zsp symmetry:

W = Hijk(Co)QéiLij, (1)
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Table 1: The assignment of R-charge.

where r;j;, is a numerical coefficient, 4, j,k = 1,2,3 denote the generation, and the summation
over the SU(2) gauge indices is understood. The coupling r;;, must be antisymmetric under
exchange of the last two indices (j < k) due to the SU(2) gauge invariance. Note that the R
charge of Cy(= m3/y) is 2. We may presume that the coefficient r;j; takes a larger value for
the third (and second) generation. Therefore, in the following we focus on ki3 with i = 1,2, 3,
which is assumed to be unsuppressed with the other terms of different combination of flavors
being suppressed.

We assume that a Wino LSP accounts for the DM in the Universe. In order to explain the
observed DM abundance, the Wino mass must be in the range between 2.7 TeV and 3 TeV [22].
The Wino LSP is naturally realized in the anomaly-mediated SUSY breaking [23]. Then, using
the relation between the Wino mass and the gravitino mass in the anomaly mediation, we find
that the gravitino mass should be about 103 TeV. In the presence of the R-parity breaking (1),
the Wino LSP is no longer stable, and decays into neutrinos and charged leptons through the
exchange of a virtual slepton. One of the decay diagrams is shown in Fig. 1. The decay rate of
the Wino LSP through the interaction (1) with (j, k) = (2,3) is given by [24]

. -1 m Lrmso \° [ my; \?
0 +, F + 7\ (1027« 2 3/2 wo ‘
POV — el vepel) ~ (107sec) | <103 Tev> (3 TeV) <5TeV> @

where Mo denotes the Wino mass, and we have assumed the common slepton mass, my, for
simplicity. As we will see in the next section, the lifetime (2) is close to what is needed to explain
the cosmic-ray observation.

Several comments are in order. First, the bilinear term is also allowed by the Zsr symmetry
and takes the following form:

W = (Co)*LH,. (3)

Since the bilinear term is suppressed by an additional factor Cy compared to the trilinear term,
the latter becomes much more effective than what is naively expected based on the dimensional
grounds. It is not trivial, though, if the trilinear term dominates over the bilinear term as the
decay processes of the LSP. Indeed, the bilinear term (3) can give a comparable contribution to
the decay amplitude, unless it is further suppressed by imposing some symmetry.

Second, there may be R-parity breaking terms at tree level in the Kahler potential such as

K = CPL'Hy +h.c., (4)
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Figure 1: One of the diagrams representing the Wino decay through the trilinear R-parity
breaking (1).

which induces the kinetic mixings between slepton and Higgs boson and between lepton and
Higgsino. Thus the decay amplitudes through this operator (4) is suppressed by either Higgs
boson mass or lepton mass. Therefore we can neglect their effect on the decay. Note that the
above terms also arise at one-loop level due to the renormalization group evolution through
the R-parity breaking trilinear terms eLL (or QdL) and the Yukawa coupling. In this case
the operator is suppressed by a loop factor and the Yukawa couplings. Also, if there is an
operator like K = C}2|Z|?LTHy + h.c. with Z being a SUSY breaking field, it give a comparable
contribution to the decay amplitude as (3).

Third, there could be the other trilinear terms including quark multiplets, @dd and QdL. As
to the @dd operator, it may have only negligible effects on the decay processes if the DM is a
pure Wino. On the other hand, the Zsr symmetry alone cannot suppress the decay into quarks
through the QdL term. Such trilinear operators as well as the above mentioned bilinear term
can be suppressed by invoking an additional flavor symmetry [25].

Let us now discuss the cosmic ray signals from the LSP decay. Its decay pattern depends on
the R-breaking structure and the SSM mass spectrum. For a demonstration, we consider the
case that the €;LoL3 (i = 1,2,3) term dominates the R-breaking and assume that BF(DM —
*y,ef) = BF(DM — vyutef) = 0.5. We have used the constant matrix element in the three-
body phase space, for simplicity. The electron and positron energy spectrum is estimated with
the program PYTHIA [26]. For the propagation of the cosmic ray in the Galaxy, we adopt the
same set-up in Ref. [27], based on Refs. [28, 19]. As for the electron and positron background,
we have used the estimation given in Refs. [29, 30], with a normalization factor kp, = 0.68.
In Fig. 2, we show the positron fraction and the electron and positron total flux. We set that
mpum = 3 TeV and the lifetime is 9 x 10 sec. As can be seen from Fig. 2, the cosmic-ray signal
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Figure 2: Cosmic ray signals in the present model. (a): positron fraction with experimental
data [1, 31, 32]. (b): positron and electron fluxes with experimental data [9, 10, 11, 2, 3]. The
yellow zone shows a systematic error and the dashed line shows the background flux. I, II and
IIT represent the cases that e;LoL3, éaLoLs and eé3ls L3 dominate the R-breaking, respectively.

in the present model can nicely fit the PAMELA data for ¢« = 1,2,3. On the other hand, the
prediction in case of i = 1 fails to explain the Fermi data due to the presence of hard electrons
produced by the LSP decay, leading to the bump at 1 TeV. The prediction in case of i = 2 gives
a very good fit to the Fermi data. Considering uncertainties in the background estimation as
well as the SSM mass spectrum, however, the case of i = 3 may be able to give an equally good
fit.

In this article we have presented the R-parity breaking model in which the trilinear term
becomes important and appears with a coefficient proportional to powers of the gravitino mass.
We have also shown that the Wino LSP decaying through the lepton-number violating trilinear
term (1) can account for the PAMELA and Fermi data.

There are several non-trivial coincidence in our scenario. First of all, the change in the
power index of the electron/positron spectrum suggests the DM of mass a few TeV. This is
intriguingly close to the mass of the thermal relic Wino DM. Assuming the anomaly mediation,
the gravitino mass is determined to be about 102 TeV. In our model on the R-parity violation, the
lifetime of the Wino LSP is determined by some combination of the Wino mass and the gravitino
mass. Substituting the above values for the Wino and gravitino masses, we have obtained the
lifetime which is surprisingly close to what is needed to account for the cosmic-ray anomalies.
We also note that there is another interesting coincidence arising from an inflation model: the
WMAP normalization leads to the gravitino mass of 103 TeV in a new inflation model which is
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Figure 3: Predicted signals of diffuse gamma-ray flux shown together with the EGRET data [35,
36]. We have included the prompt and final-state radiation from the dark matter decay. We set
the gamma ray background flux as 5.18 x 1077 (E/1GeV)~24% GeV~lem =25 lsr L.

consistent with the Z5r symmetry [33]. Further study of the prediction of other cosmic rays such
as gamma-rays, antiprotons and neutrinos?, as well as future observational data, will enable us
to tell whether those are just coincidence or may reflect from the characteristics of DM and the
underlying physics beyond the SM.

We can see from Fig. 2 that the fit to the Fermi data becomes better if the decay products
include the charged leptons in the second and third generations, namely, muons and taus. In
particular, if the decay product is dominated by the muon (as in the case IT of Fig. 2), the
fit looks pretty good. It is actually possible to give a equally nice fit to the Fermi data, if we
properly combine the contributions from the first and third generations. This is indeed the case
if we consider unsuppressed k313. Such flavor dependence may be probed by studying the diffuse
gamma-ray in detail. For reference we show in Fig. 3 the predicted diffuse gamma-ray signals
for the cases I, IT and III. Including more taus in the final states generically lead to larger signal
in the diffuse gamma-ray. We may be able to untangle the flavor dependence by making use of
the different predictions.
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It is known that there exist 30 D = 6 hypermultiplets of zero modes on a symmetric five brane
in heterotic string theory. They are understood as Nambu-Goldstone modes associated with the
spontaneous breakdown of the translational invariance, and also with the breakdown of the scale and
global gauge rotation invariances due to the instanton in the transverse dimensions.

The 30 hypermultiplets include 120 bosonic components which consist of four position moduli, one
scale modulus and 115 gauge rotation moduli. The last number 115 can be understood in the Eg x Eg
case as follows (the SO(32) case is similar): Since the brane preserves half of the supersymmetry, the
holonomy (or more precisely the generalized connection w + H) belongs to SU(2). This is embedded
in one of the Fg gauge connection (the standard embedding) so that the Bianchi identity be satisfied.
Then the decomposition of Fg : 248 = (133,1) @ (56,2) @ (1,3) into E7 x SU(2) shows that the
centralizer F; ((133,1)) of the embedded SU(2) ((1,3)) remains as the unbroken gauge group, while
the rest 56 x 2 + 1 x 3 = 115 become moduli. Fermionic moduli are their superpartners. Thus there
exist one set of symplectic Majorana fermion zero modes in the 56 representation of E7. This is also
consistent with the index theorem.

In this contribution we consider a system of two intersecting symmetric five branes in the Fg X
Eg heterotic string theory. We show that there exist (among others) three D = 4 N = 1 chiral
supermultiplets of zero modes, of which two are in the 27 of Eg and one in the 27. In other words,
there is net one chiral matter generation in the 27 of Fg at the intersection !.

We start with the (smeared) intersecting solution without the Eg x Eg gauge field. The generalized
connection w4+ H is in SU(3), and we set a part of the gauge field A to be equal to it. This is consistent
with the Bianchi identity and satisfies the equations of motion to the leading order in . Similarly to
the single five-brane case, we can deduce from the decomposition 248 = (78,1) & (27,3) & (27,3) &
(1,8) of Eg into Eg x SU(3) that there must be three fermionic moduli (Weyl spinors) in the 27 of
FEs. The question is their chiralities.

The relevant Dirac equation is I'*D,, (w — %, A)x = 0, where p runs over six-dimensional transverse
indices. Since the smeared solution depends only on one coordinate, we can solve this equation
explicitly to find, for the metric harmonic function h(x) = 1 4+ n|z| with n < 0, two normalizable zero
modes in the (27,3) representation, and one normalizable mode in the (27, 3) representation.

This work is in collaboration with Tetsuji Kimura and a manuscript describing these results in
detail is in preparation.

1This corrects the earlier version of this work, in which it was (erroneously) expected that they all three should be in
the same chirality.
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Gauge-Higgs Unification scenario is attractive for its finiteness of Higgs mass correction al-
though the theory is nonrenormalizable. In this scenario, Higgs is regarded as extra dimensional
component of gauge fields. From this, the local operator A2 is forbidden by gauge symmetry. We
are looking for another calculable finite observations similar to Higgs mass. Also the mechanism
of CP violation in this scenario is not trivial since the yukawa coupling in here is equal to gauge
coupling.

In this study, we found that anomalous magnetic moment (AMM) operator (H)tro 11 F,,
is forbidden by higher dimensional gauge symmetry and fermion on-shell condition in the gauge-
Higgs unification scenario ! . Thus, it is expected that fermion AMM is finite observation like
Higgs mass. On the other hand, muon (electron) AMM is investigated in detail. The difference
between standard model expectation and experimental result is ~ 10719, Therefore AMM
constrain beyond the standard model.

To investigate the UV properties of fermion AMM, we calculated it in SU(3) gauge theory on
MP x S1/Zy. In the naive power counting, AMM diverge in 6D,7D - - - since (H)pro"“ 1 F,
is dimension six operator. The UV divergences concerning about AMM are almost cancelled,
however, it remains in the zero mode sector. Thus we conclude that the UV divergence of fermion
AMM is weaken, i.e., AMM is finite even in the six dimension in the gauge-Higgs Unification.
In the most realistic case in this model (D = 4), we found lower bound of compactification scale.

Also the mechanism of CP violation is studied. In the 5-dimensional case, extra component
of gauge field A5 behave as CP-odd scalar. It is expected that the CP symmetry is broken
spontaneously when As takes vacuum expectation value. To check this, we calculate the electric
dipole moment(EDM) in this model, and nonzero EDM appear at 1 loop order. Thus we conclude
that CP violation occurs in the 5-dimensional gauge-Higgs Unification.

In summary, we have calculated AMM and we show that the UV divergences concerning
about it in this scenario is weaken by higher dimensional gauge symmetry and fermion on-shell
condition. In the most realistic case D = 4, we obtain the constraint on the compactification
scale 1/R > 4.9 ~ 6.7 TeV. Also the CP violation occurs in the 5-dimensional gauge-Higgs
Unification scenario and we check it by calculating neutron EDM. Comparing experimental
result, the constraint on compactification scale is obtained 1/R > 2.6 TeV.

!Electric dipole moment (EDM) operator is (H)l/_JRa“”’y5wLFW and it is forbidden in similar argument. We
expect that EDM is also finite in any dimensions.
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Theories with the maximal supersymmetry play important roles in the present day string/M
theory. It is believed that the maximal supersymmetry implies powerful non-renormalisation
theorems. However, the consequence of the maximal supersymmetry is difficult to explore.
This is in marked contrast to theories with a smaller supersymmetry such as the D =4, N’ =1
supersymmetry, where one can use superfield techniques to prove non-renormalisation theorems.

This difference between the maximally supersymmetric theories and theories with a smaller
supersymmetry can be traced back to the following basic property of supersymmetric theories:
when one computes the (anti-)commutator of the action of the supersymmetry on (physical)
fields, one obtains terms which are proportional to the equation of motion. This is called as
the on-shell closure of supersymmetry. For systems with a smaller supersymmetry, one can
introduce auxiliary fields, such that the (anti-)commutator closes without using the equation
of motion, thereby achieving the “off-shell closure”. These auxiliary fields are essential to for-
mulate the theories in terms of the (off-shell) superfield, which in turn enables one to prove
non-renormalisation theorems. However, as number of supersymmetries increases, it becomes
more difficult to find auxiliary fields achieving the off-shell closure, and in particular for the
maximal supersymmetry, it has not been possible to find them.

It therefore seems worthwhile to seek for an alternative approach to deal with non-renormalisation
of supersymmetric theories which does not rely on the use of the auxiliary fields. In the talk, I
described an ongoing work with Y. Kazama (University of Tokyo) in this direction. Our idea is
to look for a direct connection between the on-shell closure and non-renormalisation theorems:
instead of viewing the on-shell closure as an undesirable property preventing the introduction
of superfields, we try to use the on-shell closure to prove non-renormalisation theorems.

To achieve this, it is necessary to have the explicit form of the term in the (anti-)commutator
which is proportional to the equation of motion. Surprisingly, this has not been appeared in
the literature, for the important case of maximal superconformal symmetry of D = 4, N' = 4
Super Yang-Mills. In the talk, I outlined our calculation of the anti-commutator. The next
step is to invent a method to exploit the information obtained from this calculation (namely,
the tensor coefficients multiplying the equation of motion appearing in the anti-commutator).
We believe that there is a new class of Ward identities corresponding to symmetries with the
on-shell closure. In the talk, I showed this new Ward identities for a simplified case. Although
the power of these Ward identities still remains to be uncovered, we hope that our work will
lead to a new approach for studying properties of supersymmetric theories.
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1 Introduction and summary

Recently, the authors of [1] proposed a way to associate a dual chiral CF Ty with an extremal Kerr
black hole, and they named it the Kerr/CFT correspondence. They showed that their method
can reproduce the Bekenstein-Hawking entropy. Subsequently it has been applied to a rather
broad class of extremal black holes in Einstein gravity (with matter fields). In our present work
[2], we generalized it to extremal black holes in fairly general 4-dimensional higher-derivative
gravity theories, and showed that it perfectly reproduces the Iyer-Wald entropy formula.

2 Procedure of entropy derivation in Kerr/CFT

The outline of the calculation of the entropy in Kerr/CFT is as follows:
1. We require an appropriate boundary condition on the near-horizon geometry of the black
hole, and identify the generators of the asymptotic symmetry (Virasoro algebra).
2. We calculate the central extension term and obtain the central charge c.
3. We compute the Frolov-Thorne temperature Trr from the black hole thermodynamics.
4. Finally we use the thermal Cardy formula for entropy in 2d CFT, S = 7;)—2CTFT.

3 Generalization to higher-derivative gravities

Out of the sequence above, we can apply most operations in it to higher-derivative cases almost
straightforwardly, except those in the step 2. In this stage, we have to define the asymptotic
Noether charges for the asymptotic symmetry and their Poisson brackets appropriately. In fact,
there is some ambiguity for this definition, whose differences do not contribute in Einstein gravity
but do in general. The answer is to adopt the Barnich-Brandt-Compére formalism, based on the
principle that those quantities do not depend on total derivative terms in the Lagrangian. It
proves to reproduce the Iyer-Wald entropy for arbitrary £(gay, Rapeds Ve Rabeds VeV ) Rabed; - - ).
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Two constructions recently introduced for the purpose of describing spaces — some of which
constitute the compactified part of a consistent string background — in a unified manner, namely
generalised geometry [1] and doubled geometry [2], have several properties in common. In
particular, the structure group O(d, d; Z) arising from T-duality on the internal (compact) space
is naturally encoded in both geometries, and they both support the same kind of almost product
structures. On the other hand, the bases on which each construct is built are widely disparate,
begging the question of whether the similarities originate in any deeper connection. As a step
towards finding the answer, we investigated the structures on doubled geometry, uncovering a
neutral almost hypercomplex structure which, at least when integrable, restricts the type of dual
string backgrounds that can be described in this framework.

Doubled geometry is constructed for a given nonlinear sigma model by incorporating in the
formalism the fields dual to the usual, physical fields (including target space coordinates) in
the model, thus doubling the number of degrees of freedom. The result is a coset space, and
the duality structure is retained by introducing an O(d,d) invariant metric L. A “doubled”
sigma model may be defined on the new geometry, from which the ordinary sigma model can
be recovered by a local projection, imposing a self-duality constraint of the form P = L™ M %
P. Here P are Maurer-Cartan one-forms and M is a positive definite metric on the doubled
geometry. In any neighbourhood there exist three structures: two almost product structures
(APS) and one almost complex structure (ACS). They are defined as

S=T-1II APS of projection II
T=L"1'M APS from self-duality constraint
=TS ACS

They satisfy a para-quaternionic algebra —Z2 = S?2 = T2 = 1, T = TS = —ST as well as
compatibility conditions with respect to the metrics L and M. This set of structures precisely
constitute a neutral almost hypercomplex structure.
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Vacuum structure around identity based solutions!
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Vortex-type BPS solitons in Mass-deformed ABJM model
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Toward M5 branes from ABJM action!
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Domain walls in massive nonlinear sigma model
on quadric surface
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Towards boundary open-closed string field theory
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Particle Propagation on a Circle with a Point Interaction
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Quantum system restricted on a bounded domain has become more relevant for theoretical
physics. There, the role of boundary conditions is very important not only for the long distance
regime but also for the short distance regime. Mathematically, the correct framework to treat
the boundary conditions in quantum theory is by means of the analysis of von Neumann’s self-
adjoint extension of the Hamiltonian operator. Physically speaking, the variety of boundary
conditions provided by the self-adjoint extension of the Hamiltonian implies that the very rich
structure of point interactions available in quantum theory. Indeed, quantum mechanical system
in one spatial dimension is known to admit a U(2) family of point interactions [1], which include
all known point interactions such as the Dirichlet/Neumann wall or the d-function potential.

We studied the path integral description of U(2) family of point interactions and showed
that the path integral representation of the Feynman kernel K (z,T;y,0) = (z|e”*#T|y) for a
particle on a circle in the presence of a single point interaction can be written into the following
generic form [2]:

K(z,T;y,0) = Z /e_ip2T(weight factor) explip(length of the path)]. (1)
path VP

This expression will require more detailed explanations. When a particle reaches to the position
of point interaction, there must be in general two possibilities: reflection or transmission. Thus
the paths for a particle interacting n-times to the point interaction must consist of 2™ distinct
paths. This is the summation } .., in (1). Now it is intuitively clear that reflected (transmitted)
trajectory should be weighted with a reflection (transmission) coefficient for every time when a
particle is reflected (transmitted) by the point interaction. This is the wight factor in (1).

We also found the trace formulae on a circle with a single point interaction, which are some
kind of duality and provide a direct connection between quantum energy spectrum and classical
length spectrum. We believe that our findings will be useful for computations of the Casimir
energy or the perturbative loop calculations of Feynman diagrams in quantum field theory with
nontrivial extended defects (branes or boundaries).
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Holomorphic maps and the complete 1/N expansion of 2D
SU(N) Yang-Mills
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Instanton Calculus in Deformed N = 4 Super Yang-Mills Theory
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We proposed following reduced model action with Filippov 3-algebraic structure:
1 1 -
S = 6<[XI’XJ7XK][X17XJ7XK]> + §<\IIFIJ[XI>XJ’\II]> (1)

where I,J,K = 1,2,3,4 and I''’ is the Gamma matrix flat four dimensional spacetime with
0!’ = diag(—, —, +,+). In such 242 dimensional spacetime ¥ is the (pseudo-) Majorana- Weyl
ferion. The reduced model action (1) has a fermionic symmetry

5XT = 1el1W, 60 = %[XI,XJ,XK]FUKe.

A combination of this symmetry and other gauge and translatonal symmetries forms a symmetry
which is regarded as the target space supersymmetry, as similar as in IIB matrix model.
If we identify the 3-bracket as the Nambu-Poisson bracket

(X1 X7, X5 — et P, X10,X70,X 5,

the reduced model action (1) is classically equivalent to covariant Green-Schwarz type superme-
mbrane action in flat 242 dimensional spacetime. So we expect there is a closer relation between
our reduced model and supermembrane. Action (1) could be understood as a regularization of
continuum membrane by 3-algebra.

We also found other deduced models with 3- and 4-bracket structure. They are classically
related to the supermembrane in 243 dimension and super 3-brane in 343 dimension.

Finally we would like to emphasize that this reduced model keeps full covariance of SO(2,2).
It is not the case, for example, in the reduced model from Bagger-Lambert theory, which does
not keep full SO(1,10) covariance rather has covariances of SO(1,2) and SO(8).

This presentation is based on the collaboration with Kazuyuki Furuuchi of Taiwan National
Center for Theoretical Sciences.

Original paper:
”Supersymmetric reduced models with a symmetry based on Filippov algebra” , Kazuyuki Fu-
ruuchi and Dan Tomino, JHEP 0905:070,2009. arXiv:0902.2041.
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The extended supersymmetric -model has been proposed based on the SO(2N+1) Lie algebra spanned
by fermion annihilation-creation operators and pair operators. The canonical transformation, exten-
sion of an SO(2N) Bogoliubov transformation to an SO(2N+1) group, is introduced. Embedding the

SO(2N+1) group into an SO(2N+2) group and using %

persymmetric o-model on the Kéhler manifold of symmetric space

coset variables, we have studied the su-
SO(2N+2)
U(NH)
SO(2N)
U(N)

coset space. It is equivalent with the generalized density matrix whose diagonal-block part

. We have constructed the

extended Killing potential, extension of the Killing potential in the

SO(2N42)
(N
is related to a reduced scalar potential with the Fayet-Ilipoulos term. The f-deformed reduced scalar

potential is optimized with respect to the vacuum expectation value (VEV) of the o-model fields and a
proper solution for one of the SO(2N+1) group parameters has been obtained [1]. The proper solution,
however, is only a little part of whole solutions which should be obtained from anomaly-free super-

coset space to that in the

symmetric coset models. As already shown by van Holten et al. [2], if we construct some quantum field
theories based on pure coset models, we meet with serious problems of anomalies in a holonomy
group which particularly occur in pure supersymmetric coset models due to their chiral fermions [3,4].
This is also the cases for our orthogonal cosets, Sg((?v];[) and its extended %, though each spinor
representation of SO(2N) group and its extended SO(2N+2) group is anomaly free. A compact form
of the anomaly cancellation condition was first given by Georgi and Glashow [5]. To construct

consistent anomaly-free supersymmetric coset models, we must embed a coset coordinate in

an anomaly-free spinor representation of SORN+2) group and give a corresponding Kéahler potential

SO(2N+2)
U(NH1)

representation. To achieve such a subject on the case of the SO(2N) group/algebra, van Holten et

al. have proposed a method of constructing the Kéhler and Killing potentials [2]. This method is
considered to be very suggestive and useful for our present purpose of constructing the Kéhler poten-
tial and the Killing potential for the case of the SO(2N+2) group/algebra. Using such mathematical
manipulation we reach a f-deformed reduced scalar potential. It is minimized with respect to the

and then a Killing potential for an anomaly-free model based on each positive chiral spinor

VEV of anomaly-free supersymmetric o-model fields. Thus we find a f-deformed proper solution for

an anomaly-free % supersymmetric o-model very different from the previous solution [1].

S.N. would like to thank to Prof. Alex H. Blin for hospitality extended to him at Centro de Fisica
Tedrica, Universidade de Coimbra. This work is supported by Portuguese Project POCTI/FIS/451/94.
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Gauge-higgs unification scenario is very attractive because we can calculate higgs potential
with independence of cutoff A despite a lack of renormalizability. In this scenario, we consider
higgs is extra dimensional components of gauge fields. Higher dimensional gauge symmetry
forbids local higgs mass term which is a part of local gauge mass term and there is no ultraviolet
divergence about higgs mass.

But, we encounter the difficulty in generating CP-violation in this model. The reason is
Yukawa coupling is derived from gauge coupling in this type of model and gauge coupling is
real value. To circumvent this point, we consider the way of generating CP-violation from the
complex structure of extra dimensions without any complex scalar field. Concretely speaking,
mode functions can have relative complex phases on this geometry.

This time, we consider 6D QED on T2 /Z, orbifold. Z, is a discrete symmetry and we identify
points which are rotated by an angle 5. This Z; condition is described as w ~ iw'. This is the
simplest complex condition which we can consider. And the reason why we choose U(1) gauge
group is that structure of extra dimensions is independent of gauge group choice in general.
Therefore, we start with the “simplest” setup — 6D QED on T2/Zs—. We can see complex

phases in mode functions with (¢ : Z-parity) = +i — @ggﬁ)(y, 2)—2.

m,n . my + nz L. ny — mz
@Ezii) (y,2) x {sm (R) Fisin (Rﬂ

Our result is as follows. After mass matrices diagonalization, we show that complex phases
remain in KK modes vertices of @V“Auw and Y1) A, even allowing for the fermionic re-phaseing
d.o.f.[1]. This means CP-violation occurs in this sector. P symmetry is also violated in KK
modes interaction sector because of Z; symmetry. And zero mode sector is ordinary 4D QED
and do not violate P and CP symmetries. In addition, we consider some re-phasing invariant
operators and calculate EDM of e~ (fermion zero mode) at 1-loop level®.

References
[1] M.Kobayashi and T.Maskawa , Progr. Theor. Phys. 49(1973) 652.

lw= %(y +1iz), y and z are components of 2D extra dimensions.

*Each bulk field is classified by Zs-parity (fourth roots of 1).
3At 1-loop level, EDM of e~ is zero.
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In this work, we introduce a supersymmetric extension of quantum antiferromagnetic states,
i.e. supersymmetric valence bond solid (SVBS) states [1]. The SVBS states interpolate valence
bond solid (VBS) states and (nearest neighbor) resonating valence bond (RVB) states. In
particular, in 1D chain, the SVBS state interpolates AKLT state and Majumdar-Ghosh dimer
state. Based on the UOSp(1|2) graded symmetry, the truncated Hamiltonian whose ground
state is the SVBS can also be derived explicitly.

In [2], the supersymmetric quantum Hall effect was developed, and Laughlin-Haldane wave-
function was derived as ¥ = [],_;(ujvj — viuj — rnn;)™, where u and v are Grassmann even
and n Grassmann odd. (In [2], » = 1.) The supersymmetric Laughlin-Haldane wavefunc-

a
tion is invariant under the UOSp(1|2) transformations generated by l, = 3 <UO 8) , o =

1
% <—x(27)t xga>’ with r = 22, 71 = (1,0)?, and 7 = (0,1)!. There are remarkable analogies
(0%

between VBS states and the Laughlin-Haldane wavefunction [3]. Based on the analogies, we
construct SVBS states as

SVBS) = [T (alb) —blal —rrf rHM0),
<ij>
where a and b denote the Schwinger boson operators while f the fermion (hole) operator. With
use of the spin-hole coherent state, 1D SVBS state (M = 1) is represented and expanded as

Usyps = [ [(wivigr — vitip1 — rmimis)
i
2
NNy r NN
=0-r———2L o+ (———L P+ + (1) [ [ i (Pucioda — Pricieven),
UiVit1 — Villit1 2 UV — Villig Pl
where ¢ = Hz (uivi+1 _Uz‘ui—f—l) is the AKLT state and (I)MG:even,odd = Hi:even,odd(uivi"rl —viui+1)
are two degenerate Majumdar-Ghosh dimer states. Thus, two different valence bond states are
realized in the two extremal limits of the SVBS state, i.e. r — 0, co. With finite r, the SVBS
state shows the superconducting property: the expectation value of the two fermion operators
does not vanish representing the superconducting order. With more fermion coordinates, the
SVBS states interpolate various kinds of RVB states, in general.

[References| [1] Arovas, Hasebe, Qi, Zhang, PRB 79 (2009) 224404. [2] Hasebe, PRL 94
(2005) 206802. [3] Arovas, Auerbach, Haldane, PRL 60 (1988) 531.
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Duality has become one of the most important ideas in supersymmetric gauge theory. Seiberg
duality plays a significant role for understanding phase structures of N = 1 supersymmetric
gauge theories in four dimensions. Also, some N = 2 superconformal gauge theories are known
to have an exact S-duality, which means that a strong gauge coupling region of a theory is
equivalent to a weak coupling of another theory in all energy region. Interestingly, it was
proposed in [1] that the Seiberg duality in N = 1 supersymmetric gauge theory is associated
with the S-duality in N = 2 gauge theory: by the mass deformation for the adjoint chiral
multiplet, the S-dual pair of N = 2 superconformal gauge theories flows to the different N =1
theories which are precisely a Seiberg dual pair.

Recently, Gaiotto proposed that the N = 2 superconformal quiver theories associated with
the generalized quiver diagrams are S-dual to each other, if they have same “genus” g of the
quiver diagram and the global symmetry [2]. We focus on the SU(2) quiver theories where the
flavor symmetry is generically SU(2)".

We consider the adjoint mass deformation of N = 2 superconformal quiver gauge theories to
N =1, as in [1]. From the Gaiotto’s S-dualities, we propose a number of new Seiberg dualities
of N = 1 quiver gauge theories which flow to non-trivial infrared fixed points [3]. In general, this
deformation produces several quartic terms in the superpotential, whose combinations develop
to exactly marginal operators spanning a manifold of fixed points. We count the number of
the exactly marginal operators keeping the flavor symmetry SU(2)". It reveals that it is 2n
and universal for the quiver gauge theories with fixed g and n. This could be strong evidence
of the new Seiberg dualities. Also, we show that 't Hooft anomaly matching holds for all the
theories for fixed g and n. Finally, we analyze the matching of the moduli space. As an example,
we demonstrate that chiral operators match between the (generalized) Klebanov-Witten theory
and its dual. We also consider the matching of non-linear relations for chiral operators, i.e., the
matching of the chiral ring, which indicates that the matching of classical moduli space.
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On String Theory Duals of Lifshitz-like Fixed Points
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This contribution is based on a collaboration with Peggy Kao, Shoichi Kawamoto and Feng-
Li Lin in National Taiwan Normal University, Taiwan [1].

We study the Unruh effect using AdS/CFT correspondence. A uniformly accelerated ob-
server in Minkowski space sees a thermal radiation whose temperature is proportional to the
value of acceleration. If this temperature is above a critical value, the quark condensation be-
comes zero and the chiral symmetry is restored in QCD. We would like to discuss this transition
from gravity side through AdS/CFT correspondence. Since the interaction is still strong around
the critical temperature, it is useful to analyze this from the gravity side. Here we study a
toy model, i.e. N=4 SYM, instead of real QCD. We first introduce a uniformly accelerated
string (ac-string) in AdSs space which is given 22 — 2 = (1/a®) — 1/u? in the Poincare co-
ordinates [2]. Next we define a comoving flame by defining new coordinates (7,§,r) in which
ac-string becomes static. The coordinate transformation is given ¢t = /1/a% — r2¢% sinh ar,
x = +/1/a% — r2e% coshar, and 1/u = re®. Since ac-string is static and straight in the comov-
ing flame £ = 0, it is natural to identify r as the energy scale in CFT side. We can justify this
identification by computing the energy stress tensor for the boundary theory and showing it is
the one with temperature a/27.

Next we introduce a probe D7 brane which provides a quark field from a D3-D7 open string.
A scalar field on D7 brane corresponds to the operator O = gq, and we can discuss the quark
condensate (O) through GKP-Witten relation in AdS/CFT. The point is how to introduce D7
brane. We propose to introduce a static D7 brane in the comoving flame, i.e. the scalar only
depends on r, since ac-string ends on D7 brane. We compute DBI action for D7 brane, and
solve the equation of motion for the scalar field. We then follow the standard holographic
renormalization and GKP-Witten relation, we obtained (O). We compared our result with that
for AdS Black hole case and found the qualitative behavior is same. Thus we properly recovered
the behavior of (O) in a finite temperature and recovered the expected behavior by the Unruh
effect. It is interesting to study the thermodynamics and hydrodynamics of strongly coupled
gauge theory from our approach.
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We have studied three dimensional noncommutative scalar field theory in the Lie algebraic
noncommutative spacetime [#%,#7] = 2ike* &y, (i,j,k = 0,1,2). This noncommutative field
theory is physically interesting because the Euclidean version of the theory is known to appear
as the effective field theory of three dimensional quantum gravity theory (Ponzano-Regge model)
which couples with spinless massive particles [1]. Since massive particles coupled with three
dimensional Einstein gravity are understood as conical singularities in three dimensions, this
noncommutative field theory is expected to describe the dynamics of such conical singularities.

In order to investigate the unitarity of the three dimensional noncommutative field theory, we
have checked the Cutkosky rule of the one-loop self-energy diagrams in the noncommutative ¢3
theory [2]. Although it is well known that nonplanar diagrams in noncommutative field theory
in the Moyal plane violate the Cutkosky rule, our check is nontrivial in the following senses.
Firstly, since the momentum space of the noncommutative field theory is given by SL(2, R)/Z
group space, the planar amplitudes are not the same as the usual commutative ones. Secondly, if
we impose the braiding, the nonplanar amplitudes become the same as the corresponding planar
amplitudes when they exist. Here, the braiding is a kind of nontrivial statistics and is necessary
for the noncommutative field theory to possess the nontrivial momentum conservation [3].

As a result, we have found that the Cutkosky rule of the one-loop self-energy amplitudes is
satisfied when the mass of the scalar field is smaller than 1/v/2k. This result is contrary to the
fact that noncommutative field theories in the Moyal plane violate the unitarity at the one-loop
level when the time-like noncommutativity does not vanish irrespective of the value of the mass.
However, this does not imply that the theory is unitary when the mass is smaller than 1/v/2k
because we can expect that in more complicated amplitudes, the Cutkosky rule will be violated
for a smaller mass than 1/v/2x. Thus, we conclude that three dimensional noncommutative
scalar field theory in the Lie algebraic noncommutative spacetime [2%, #7] = 2ike”*2;, does not
become a unitary theory even when we introduce the braiding.
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Despite various approaches, no formulation on the exact lattice supersymmetry which could
preserve as many supercharges as those in the continuum has been completely established.
Recent studies on the subject imply that only a BRST-like or scalar supercharge, which could
be obtained using topological twisting, would at best be realized exactly on a lattice. It is
true that supersymmetry associated with the scalar supercharge on the lattice would be enough
to define a continuum limit without fine-tuning in low dimensions. One can easily imagine,
however, that this wouldn’t be the case in four dimensions.

Our approach,’ which we call the link approach, is to realize the whole of the supercharges
for a given superalgebra even on the lattice. Such an algebra must be lattice-specific, since, due
to the notorious difficulty of Leibniz rule failure, the continuum superalgebra itself cannot be
realized on the lattice in the same form. In the talk, it was shown that we could introduce this
lattice superalgebra as a Hopf algebra, with explicit demonstration that it obeys exactly the
axioms of Hopf algebra. Though this is at the moment nothing but rephrasing the main idea
of the link approach, it should be noticed that the Hopf algebra axioms ensure the algebraic
consistency of our superalgebra.

A natural question which follows immediately would be whether or not such an unusual
superalgebra, which is no longer a normal Lie superalgebra, can serve as a symmetry for a
quantum field theory. We presented in the talk an affirmative answer with an application of the
general formalism called braided quantum field theory (BQFT) to the link formulation. To see
this, let us first note that, though Hopf algebra in general would be represented on a noncom-
mutative field space, we can introduce fields in our case to be commutative up to a generalized
statistics which reads fields commute with each other up to some amounts of translational shifts
of their arguments determined by the consistency with the coproduct structures of the Hopf
algebra. This unusual statistics can be seen as a simple example of braiding, and it allows us to
apply BQFT to our current formulation to propose a quantum field theory with a formal defi-
nition of path integral from which we can derive perturbative Wick’s theorem and also various
Ward—-Takahashi identities corresponding to our Hopf algebraic supersymmetry.

We are still on the halfway to the complete formulation. First, our path integral is only
formal and perturbative, not adequate to lattice formulations. Second, it is seen that lattice
difference operators must also obey generalized statistics, for which we do not know how to give
explicit representations at the moment. These are the issues for our future works.

1For the details the reader is referred to: A. D’Adda, N. Kawamoto and J. Saito, “Formulation of Supersym-
metry on a Lattice as a Representation of a Deformed Superalgebra,” arXiv:0907.4137 [hep-th].
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A new type of large N reduction for Chern-Simons theory on 5
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Matrix model is an promising candidate for a non-perturbative forumulation of superstring
or M-theory. In matrix models, space-time is considered to be emergent. While it is verified
that these models reproduce gravity around flat space-time, it is necessary to elucidate how
curved space-time is included in these models. Meanwhile, the large N reduction [1] is the first
example that realizes the emergence of space-time in matrix model. It states that gauge theory
on flat space-time is equivalent in the planar limit to a matrix model (a reduced model) that
is obtained by its dimensional reduction to lower dimensions. Thus it should be worthwhile to
investigate whether the large N reduction can be extended to curved space-time.

In [2], we proposed the non-perturbative formulation of A" = 4 super Yang-Mills on R x S3
in terms of its large N reduced matrix model. However, while the proposal has already passed
some non-trivial tests at weak coupling, it has not been completely proven yet.

In this talk, we discuss the same type of the large N reduction for Chern-Simons (CS) theory
on S3, which has been exactly solved. We prove that the large N reduction does work for CS
theory on S2, namely the equivalence between the reduced matrix model and the original theory
in the large N limit in all orders in perturbation theory [3]. We find that the reduced model of
CS theory on S3 reproduces the original theory in the planar limit, expanded around a particular
background consisting of multiple fuzzy spheres, where the S is constructed as a nontrivial U (1)
fiber bundle over S? from matrices. We calculate the free energy and the vacuum expectation
value of unknot Wilson loop operator in the reduced matrix model and show that, in the large
N limit, the results agree with the known results for the CS theory. Thus, our study provides
an extension of the large N reduction to the case of a curved space, S2, and the first explicitly
proved example of the new type of the large N reduction.
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IIB matrix model [1] is obtained by the dimensional reduction of ten-dimensional N = 1
supersymmetric Yang-Mills theory to a point. In this model, the diagonal elements of each
bosonic matrix are regarded as the spacetime points. We consider the effects of orientifolding
that preserves supersymmetries [2] in the IIB matrix model with regard to its effective dynamics
generated for diagonal elements.

The orientifolding at the level of matrices is achieved by using the branching of u(2k) Lie
algebra into usp(2k) Lie algebra and the antisymmetric representation of usp(2k). When we
demand that the model preserves the supersymmetries after the matrix orientifolding, the model
is decided almost uniquely. After all, taking the case of maximal supersymmetries, six of the
bosonic matrices belong to the defining representation of the usp(2k) Lie algebra and four of
those belong to the antisymmetric representation. That is, the splitting of ten dimensions
into six and four takes place. This fact is the attractive feature for obtaining four-dimensional
spacetime.

We consider the long distance expansion of the one-loop effective action for the diagonal
elements of the bosonic matrices [3] under the setup above. The half of the diagonal elements
represents spacetime points and the remaining diagonal elements represents their mirror images
with respect to the four-dimensional plate in our orientifolded model. We demonstrate that the
directional asymmetry of spacetime brought upon in fact leads to that of the forces exerting
on the spacetime points. In addition to the two-body attraction between two spacetime points,
there are attractions toward the four-dimensional plate because of the existence of their mirror
images.
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