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1. A small non-vanishing cosmological constant from the Krein-Gupta-Bleuler vacuum

Hamed Pejhan∗,1 Kazuharu Bamba, Mohammad Enayati, and Surena Rahbardehghan

Phys. Lett. B 785 (2018) 567-569 — DOI: 10.1016/j.physletb.2018.09.017 — ISSN: 03702693

Abstract (EN): We point out a potential relevance between the Krein–Gupta–Bleuler (KGB) vacuum
leading to a fully covariant quantum field theory for gravity in de Sitter (dS) spacetime and the observ-
able smallness of the cosmological constant. This may provide a formulation of linear quantum gravity in
a framework amenable to developing a more complete theory determining the value of the cosmological constant.

Abstract (BG):

2. Massless spin-2 field in de Sitter space

Hamed Pejhan∗, Kazuharu Bamba, Surena Rahbardehghan, and Mohammad Enayati

Phys. Rev. D 98 (2018) no.4, 045007 — DOI: 10.1103/PhysRevD.98.045007 — ISSN: 24700010

Abstract (EN): In this paper, admitting a de Sitter (dS)-invariant vacuum in an indefinite inner product
space, we present a Gupta-Bleuler type setting for causal and full dS-covariant quantization of free “massless”
spin-2 field in dS spacetime. The term “massless” stands for the fact that the field displays gauge and conformal
invariance properties. In this construction, the field is defined rigorously as an operator-valued distribution.
It is covariant in the usual strong sense: UgK(X)U−1

g = K(g ·X), for any g in the dS group, where U is
associated with the indecomposable representations of the dS group, SO0(1, 4), on the space of states. The
theory, therefore, does not suffer from infrared divergences. Despite the appearance of negative norm states in
the theory, the energy operator is positive in all physical states and vanishes in the vacuum.
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Abstract (BG):

3. Vacuum states for gravitons field in de Sitter space

Kazuharu Bamba, Surena Rahbardehghan, and Hamed Pejhan∗

Phys. Rev. D 96 (2017) no.10, 106009 — DOI: 10.1103/PhysRevD.96.106009 — ISSN: 24700010

Abstract (EN): In this paper, considering the linearized Einstein equation with a two-parameter family of
linear covariant gauges in de Sitter spacetime, we examine possible vacuum states for the gravitons field with
respect to invariance under the de Sitter group SO0(1, 4). Our calculations explicitly reveal that there exists no
natural de Sitter-invariant vacuum state (the Euclidean or Bunch-Davies state) for the gravitons field. Indeed,
on the foundation of rigorous group-theoretical reasoning, we prove that if one insists on full covariance as well
as causality for the theory, one has to give up the positivity requirement of the inner product. However, one
may still look for states with as much symmetry as possible, more precisely, a restrictive version of covariance by
considering the gravitons field and the associated vacuum state which are, respectively, covariant and invariant
with respect to some maximal subgroup of the full de Sitter group. In this regard, we treat the SO(4) case and
find a family of SO(4)-invariant states. The associated SO(4)-covariant quantum field is given, as well.

Abstract (BG):

4. Covariant and infrared-free graviton two-point function in de Sitter spacetime II

Hamed Pejhan∗ and Surena Rahbardehghan

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.96.106009
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Phys. Rev. D 94 (2016) no.10, 104030 — DOI: 10.1103/PhysRevD.94.104030 — ISSN: 24700010

Abstract (EN): The solution to the linearized Einstein equation in de Sitter (dS) spacetime and the
corresponding two-point function are explicitly written down in a gauge with two parameters “a” and “b”.
The quantization procedure, independent of the choice of the coordinate system, is based on a rigorous group
theoretical approach. Our result takes the form of a universal spin-two (transverse-traceless) sector and a
gauge-dependent spin-zero (pure-trace) sector. Scalar equations are derived for the structure functions of each
part. We show that the spin-two sector can be written as the resulting action of a second-order differential
operator (the spin-two projector) on a massless minimally coupled scalar field (the spin-two structure-function).
The operator plays the role of a symmetric rank-2 polarization tensor and has a spacetime dependence. The
calculated spin-two projector grows logarithmically with distance and also no dS-invariant solution for either
structure function exists. We show that the logarithmically growing part and the dS-breaking contribution to
the spin-zero part can be dropped out, respectively, for suitable choices of parameters “a” and “b”. Considering
the transverse-traceless graviton two-point function, however, shows that dS breaking is universal (cannot be
gauged away). More exactly, if one wants to respect the covariance and positiveness conditions, the quantization
of the dS graviton field (as for any gauge field) cannot be carried out directly in a Hilbert space and involves
unphysical negative norm states. However, a suitable adaptation (Krein spaces) of the Gupta-Bleuler scheme
for massless fields, based on the group theoretical approach, enables us to obtain the corresponding two-point
function satisfying the conditions of locality, covariance, transversality, index symmetrizer, and tracelessness.

Abstract (BG):

5. Casimir energy-momentum tensor for a quantized bulk scalar field in the geometry of two curved branes on
Friedmann-Robertson-Walker background

Hamed Pejhan∗ and Surena Rahbardehghan

Phys. Rev. D 94 (2016) no.6, 064034 — DOI: 10.1103/PhysRevD.94.064034 — ISSN: 24700010

Abstract (EN): In a previous work [S. Rahbardehghan and H. Pejhan, Phys. Lett. B 750, 627 (2015)], we
considered a simple brane-world model: a single four-dimensional brane embedded in a five-dimensional de
Sitter (dS) space-time. Then, by including a conformally coupled scalar field in the bulk, we studied the induced
Casimir energy-momentum tensor. Technically, the Krein-Gupta-Bleuler quantization scheme as a covariant
and renormalizable quantum field theory in dS space was used to perform the calculations. In the present
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paper, we generalize this study to a less idealized, but physically motivated, scenario; namely, we consider
Friedmann-Robertson-Walker (FRW) space-time which behaves asymptotically as a dS space-time. More
precisely, we evaluate a Casimir energy-momentum tensor for a system with two D-dimensional curved branes
on the background of D + 1-dimensional FRW space-time with negative spatial curvature and a conformally
coupled bulk scalar field that satisfied the Dirichlet boundary condition on the branes.

Abstract (BG):

6. Covariant and infrared-free graviton two-point function in de Sitter spacetime

Hamed Pejhan∗ and Surena Rahbardehghan

Phys. Rev. D 93 (2016) no.4, 044016 — DOI: 10.1103/PhysRevD.93.044016 — ISSN: 24700010

Abtract (EN): In this paper, the two-point function of linearized gravitons on de Sitter (dS) space is presented.
Technically, respecting the dS ambient space notation, the field equation is given by the coordinate-independent
Casimir operators of the de Sitter group. Analogous to the quantization of the electromagnetic field in
Minkowski space, the field equation admits gauge solutions. The notation allows us to exhibit the formalism
of Gupta-Bleuler triplets for the present field in exactly the same manner as it occurs for the electromagnetic
field. In this regard, centering on the spin-two part (the traceless part, Kt), the field solution is written as a
product of a generalized polarization tensor and a minimally coupled massless scalar field. Then, admitting
a de Sitter–invariant vacuum through the so-called “Krein space quantization”, the de Sitter fully covariant
two-point function is calculated. This function is interestingly free of pathological large-distance behavior
(infrared divergence). Moreover, the spin-zero part (the pure-trace part; Kpt) of the field is discussed in
this paper. It is shown that the implications of the dS group unitary irreducible representations restrict the
gauge-fixing parameter to the optimal value, which remarkably results in the pure-trace part being written in
terms of a conformally coupled massless scalar field.

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.93.044016
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Abstract (BG):

7. Examining a covariant and renormalizable quantum field theory in de Sitter space by studying “black hole radi-
ation”

Hamed Pejhan∗ and Surena Rahbardehghan

Int. J. Mod. Phys. A 31 (2016) 1650052 — DOI: 10.1142/S0217751X16500524 — ISSN: 0217751X

Abstract (EN): Respecting that any consistent quantum field theory in curved space-time must include
black hole radiation, in this paper, we examine the Krein–Gupta–Bleuler (KGB) formalism as an inevitable
quantization scheme in order to follow the guideline of the covariance of the minimally coupled massless
scalar field and linear gravity on de Sitter (dS) background in the sense of Wightman–Garding approach, by
investigating thermodynamically aspects of black holes. The formalism is interestingly free of pathological
large-distance behavior. In this construction, also, no infinite term appears in the calculation of expectation
values of the energy-momentum tensor (we have an automatic and covariant renormalization) which results
in the vacuum energy of the free field vanishing. However, the existence of an effective potential barrier,
intrinsically created by the black hole gravitational field, gives a Casimir-type contribution to the vacuum
expectation value of the energy-momentum tensor. On this basis, by evaluating the Casimir energy-momentum
tensor for a conformally coupled massless scalar field in the vicinity of a nonrotating black hole event horizon
through the KGB quantization, in this work, we explicitly prove that the hole produces black-body radiation
with its temperature exactly coincides with the result obtained by Hawking for black hole radiation.

https://www.worldscientific.com/doi/abs/10.1142/S0217751X16500524
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Abstract (BG):

8. Krein–Gupta–Bleuler quantization in de Sitter spacetime; Casimir energy–momentum tensor for a curved brane

Surena Rahbardehghan and Hamed Pejhan∗

Phys. Lett. B 750 (2015) 627-632 — DOI: 10.1016/j.physletb.2015.09.066 — ISSN: 03702693

Abstract (EN): In this paper, the vacuum expectation value (VEV) of the energy-momentum tensor for
a conformally coupled scalar field in de Sitter space-time is investigated through the Krein–Gupta–Bleuler
construction. This construction has already been successfully applied to the de Sitter minimally coupled
massless scalar field and massless spin-2 field to obtain a causal and fully covariant quantum field on the
de Sitter background. We also consider the effects of boundary conditions. In this respect, the Casimir
energy-momentum tensor induced by the Dirichlet boundary condition on a curved brane is evaluated.

Abstract (BG):

9. Auxiliary “massless” spin-2 field in de Sitter universe

Hamed Pejhan, Mohammad Reza Tanhayi∗, and Mohammad Vahid Takook

Int. J. Theor. Phys. 49 (2010) 2263-2277 — DOI: 10.1007/s10773-010-0413-3 — ISSN: 15729575

Abstract (EN): For the tensor field of rank-2 there are two unitary irreducible representations (UIR) in de
Sitter (dS) space denoted by Π±

2,2 and Π±
2,1 (Dixmier in Bull Soc. Math. France 89:9, 1961). In the flat limit,

https://www.sciencedirect.com/science/article/pii/S0370269315007418?via%3Dihub
https://link.springer.com/article/10.1007%2Fs10773-010-0413-3
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only the Π±
2,2 coincides with the UIR of the Poincaré group, the second one becomes important in the study

of conformal gravity. In the previous work, Dirac’s six-cone formalism was utilized to obtain a conformally
invariant (CI) field equation for the “massless” spin-2 field in dS space (Dehghani et al. in Phys. Rev. D
77:064028, 2008). This equation results in a field which transformed according to Π±

2,1, we name this field the
auxiliary field. In this paper, this auxiliary field is considered and also related two-point function is calculated
as a product of a polarization tensor and “massless” conformally coupled scalar field. This two-point function
is de Sitter invariant.

Abstract (BG):
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10. A group theoretical approach to graviton two-point function

Surena Rahbardehghan, Hamed Pejhan∗, and Marjan Elmizadeh

Eur. Phys. J. C 75 (2015) no.3, 119 — DOI: 10.1140/epjc/s10052-015-3339-3 — ISSN: 14346044

Abstract (EN): Respecting the group theoretical approach, it is debated that the theory of linear conformal
gravity should be formulated through a tensor field of rank-3 and mixed symmetry (Binegar et al., Phys Rev
D 27: 2249, 1983). Pursuing this path, such a field equation was obtained in de Sitter space (Takook et al.,
JMath Phys 51:032503, 2010). In the present work, considering the de Sitter ambient space notation, a proper
solution to the physical part of this field equation is obtained. We have also calculated the related two-point
function, which is interestingly de Sitter invariant and free of an infrared divergence.

Abstract (BG):
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11. Casimir effect for a scalar field via Krein quantization

Hamed Pejhan∗, Mohammad Reza Tanhayi, and Mohammad Vahid Takook

Annals Phys. 341 (2014) 195-204 — DOI: 10.1016/j.aop.2013.12.007 — ISSN: 1096035X

Abstract (EN): In this work, we present a rather simple method to study the Casimir effect on a spherical
shell for a massless scalar field with Dirichlet boundary condition by applying the indefinite metric field
(Krein) quantization technique. In this technique, the field operators are constructed from both negative and
positive norm states. Having understood that negative norm states are un-physical, they are only used as a
mathematical tool for renormalizing the theory and then one can get rid of them by imposing some proper
physical conditions.

Abstract (BG):

12. Conformal linear gravity in de Sitter space II

Mohammad Vahid Takook, Hamed Pejhan, and Mohammad Reza Tanhayi∗

Eur. Phys. J. C 72 (2012) 2052 — DOI: 10.1140/epjc/s10052-012-2052-8 — ISSN: 14346044

Abstract (EN): From the group-theoretical point of view, it is proved that the theory of linear conformal
gravity should be written in terms of a tensor field of rank-3 and mixed symmetry (Binegar et al. in Phys.
Rev. D 27:2249, 1983). We obtained such a field equation in de Sitter space (Takook et al. in J. Math.
Phys. 51:032503, 2010). In this paper, a proper solution to this equation is obtained as a product of a
generalized polarization tensor and a massless scalar field and then the conformally invariant two-point function
is calculated. This two-point function is de Sitter invariant and free of any pathological large-distance behavior.

Abstract (BG):
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