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We use effective field theories to study the dynamics of dislocations within a solid. We describe
the dynamics of the phonons in terms of two-form gauge fields which allows us to couple the phonons
non-derivatively to the dislocations. Using this formalism we are able calculate the forces between
dislocations and also stresses induced by dislocations. We present new results for these quantities
due to contribution from the dynamical phonon.

I. INTRODUCTION

In this paper, we explore the dynamics of dislocations within a solid using an Effective field theory approach. The
physics of dislocations within solids has been explored for a long time and still is a very active research area. Tradi-
tionally, such a system has been studied by explicitly solving a system of partial differential equations corresponding
to the equations of motion. One is able to formulate approximate solutions that describe the dynamics in a given
setting. Here, we instead choose to use symmetries of the system to formulate an effective action for dislocations
within a solid. This has numerous advantages and allows one to study phenomena which are beyond the scope of
traditional methods.

Recently, there has been a renewed interest in the behavior of defects in solids using symmetric tensor gauge
theories[1-4]. Here we instead focus on the gauge theory of phonons, where they are represented by anti-symmetric
tensor gauge fields [5-7]. These mediate the interactions between the dislocations which are represented as one-
dimensional strings. This construction completely relies on symmetries and allows one to calculate quantities in a
systematic expansion based on simple power counting rules.

The low energy effective theory of solids can be easily understood just from the symmetry breaking pattern of the
solid [8, 9]. This allows one to describe the dynamics in terms of scalar fields which correspond to the comoving
coordinates of the solid. However the couplings to the defects are complicated by multi-valuedness of these fields
which leads to a non-local action. As we will see, this can be circumvented by describing the dynamics in terms
of two-form gauge fields which allows one to write down an effective action with local couplings to the dislocations
[5—7]. These gauge fields describe a non-dynamical “stress-photon” and the dynamical phonon. The effective action
is written as a derivative expansion in these fields with the validity upto a certain cutoff scale of the order of the
dislocation radius.

We use the formalism to calculate forces between dislocations and also stresses mediated by dislocations and make
connections with standard results. Furthermore, we are able to calculate the contribution due to phonons to the above
quantities which have not been presented in the literature so far.

We will begin by reviewing the scalar field theory of a relativistic solid in Sec.II. In Sec.I1I, we explore the connections
between the scalar field theory and the anti-symmetric dual gauge theory of solids. We then construct a dual effective
action for solids in Sec.IV. We then derive the non-relativistic limit of this action and also write the action for a
non-relativistic dislocation using the method of coset construction. In Sec.V, we detour to a variational approach to
constructing the action for a non-linear dislocation mechanics. In Sec.VI, we explain the power counting rules that
we use to perform systematic calculations within the EFT. Finally, we present some results concerning the potentials
and stresses generated due to dislocations in Sec.VII.

II. EFFECTIVE FIELD THEORY OF SOLIDS

To describe the effective theory of relativistic solids in D + 1 dimensions, we begin with a Lagrangian description
where one introduces D scalar fields ¢ (7,t) for the comoving coordinates of the solids. These comoving coordinates
can be thought of as the labels of the atoms within the solid. To write down the action for a solid, one needs
to be consistent with the symmetries of a solid which in this case are poincare invariance, internal shift symmetry
and internal rotational invariance. Hence all the dynamics of a solid is captured by a SO(3) invariant function of
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The low energy properties of a system are dominated by the dynamics of the ground state. We are thus interested
in studying the fluctuations of the system about its ground state. The fields ¢’ obtain an expectation value in the
ground state, spontaneously breaking a host of symmetries [8]. The expectation value can be chosen such that the
internal coordinates align with the spatial coordinates i.e

(o' (7,1)) = o (2)

Since the ground state breaks a host of symmetries, one would expect multiple gapless particles in the spectrum from
Goldstones theorem. But this need not be the case for space-time symmetries[10], which in the case of solids implies
that only the goldstone bosons associated with translations (phonons) are needed to realize all the symmetries of the
system. Hence the fluctuations can be parameterized as

¢'(,t) = 2’ + (1) 3)

where 7!(#,t) are the phonons. The function F(B!’) can now be expanded around the background B!/ = §/.
1
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where the ... represent higher order terms in the phonon fields. For an isotropic solid, the elastic moduli tensor C7 k1,
takes the form

Crixr = c20r50kr + c3(8rxdyr + 0100 5K) (5)
Hence at the quadratic level, the Lagrangian takes the form
£(2) = Clalﬂl'[auﬂ'l + (202 + Cg)(a[ﬂ'I)Q + C36[7TJ(9]7T'] (6)

From the above equation, one can see that the phonons have a linear dispersion relation w ~ cgk. The phonons
represent D degrees of freedom, with D — 1 transverse components 77 (Z,t) and 1 longitudinal component 7'r(Z,t).
The longitudinal phonons are responsible for compression whereas the transverse phonons cause shear forces in the
solid. The stress-energy tensor of the solid is given by
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In the ground state, the energy density and pressure of the solid are given by
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where ¢! represents the ground state value.

III. DUALITY

Until now we have discussed the effective field theory for solids in terms of the co-moving coordinates ¢’ (Z,t) of the
individual particles. Whenever topological defects are present within the material, the coupling of the dynamical fields
to these defects is not straightforward. Consider the case of a superfluid, where there is U(1) symmetry associated
with the superfluid phase ¢. The defects in this case are the superfluid vortex lines and the phase ¢ becomes the
winding angle around the vortex line which is multi-valued. For a vortex line with a winding number N, we get

7{ dz'9;¢ = 21N (9)
c

where C is a closed contour around the superfluid vortex. This multi-valuedness of the fields ¢ necessitates the use of
dualities in physics. To write a consistent effective theory for superfluids, one needs to introduce dual gauge fields[11-
13]. The dual fields are necessary to make the effective theory local. A scalar field is dual to an anti-symmetric D — 1



form in D + 1 space-time dimensions[14, 15]. As we will see for solids, the scalar fields ¢! are similarly singular in the
presence of a dislocation. Hence in 3+1 dimensions, one introduces anti-symmetric two-form fields bfw with I =1,2,3
to describe the low energy dynamics of a solid.

Let us understand how the duality works in the case of solids. Dislocations are topological defects in a solid which
carry vectorial charges 77, called the burgers vector. Dislocations can be visualized as the end of a half-plane within
a 3D solid or a half-line in a 2D solid. Hence they are line/point defects in a 3D/2D material. In the presence of a
dislocation line, the net displacement traversed by a closed contour enclosing the dislocation is non-zero and equal to

the burgers vector n'.

j{ da'd;m’ = n! (10)
c

This implies that the phonon fields are singular near the dislocation and one needs to use a dual effective theory to
describe them. The dislocation line traces a worldsheet in space-time. We denote the dislocation line by the four
vector X*(r,p) , where 7 and p are arbitrary world-sheet coordinates. The current associated with a p-dimensional
defect is a p + 1 form and hence a dislocation current in 3+1 dimensions is a two-form given by

I — g / dp 9, X"9,X* 6@ (7 — X (r,p)) (11)

where v = 9, X* is the velocity of the dislocation line. The dislocation density is given by the temporal component
J?j and the spatial components J;’ correspond to a dislocation line along the jth-direction moving in the ith-direction.
The dislocations can be edge or screw type, depending on whether the burgers vector is perpendicular or parallel to
the dislocation line respectively. Edge dislocations can only move in the direction of their burgers vectors since the
motion perpendicular to their burgers vector involves the addition or removal of atoms.

In the presence of dislocations, the scalar fields are multi-valued; alternatively they can be viewed as single-valued,
but with discontinuities across 2-d spatial surfaces, at least, with singular derivatives on such surfaces. The dislocation
lines are the 1-d curves of termination of such surfaces. The inverse elastic distortion, W7, is defined by removing
these singular parts from the derivative of the scalar fields, but since the ‘curl’ of the distributional derivative of the
scalar fields have to vanish while there are terminating jumps in the latter, the skew-symmetric derivative of W must
be non-vanishing at these jump-terminations, equaling the dislocation density, J/, there: e***79,W,; = J”. This

constraint can be imposed using an anti-symmetric two-form b;{w which acts like a Lagrange multiplier:

1
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The equation of motion for the scalar field is given by

OF
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From the above relation one can see that the two-form fields are a non-local and non-linear functional of the phonon
fields. We introduce the stress fields 777 = %e”p“”ﬁpbﬁu which are identically conserved 9, T*! = 0.

From (13), one can see that this conservation law is equivalent to the equations of motion for the scalar fields, when
W/ is a gradient. In this sense, the two-form description of the elastic solid with dislocations may be considered dual
to the scalar description.

We can go further and construct a Lagrangian G(T°7) invariant under the Poincare and internal symmetries.

This Lagrangian describes the dynamics of the solid in terms of the dual gauge fields. In the ground state, the
energy density and pressure are given by

g
Tl

p=-G+ I p=g (14)
where T represents the ground state value. Comparing (8) and (14), while it is tempting to conclude that G is a
Legendre transform of F, it must be realized that rotational invariance of F, i.e. its dependence on 8H¢I only through
B'7 | prevents it from being convex in aﬂqsf and this prevents a Legendre transform to be performed on it w.r.t. aﬂqﬁf .

It is this lack of a direct link between the the scalar field description and the its dual description for a nonlinear
elastic solid (whether with or without dislocations [16]) that motivates our study in Sec. V. There it is shown that
while F may not admit a strict dual functional through a Legendre transform, the Euler-Lagrange equations of its
action can be transformed to produce a family of dual functionals whose Euler-Lagrange equations are the same as
the ones related to F, interpreted through a well-defined dual-to-primal mapping.



IV. DUAL EFFECTIVE ACTION

Now we have all the necessary ingredients to construct an effective action for solids with dislocations. One can
introduce the three-form field strength for the two-form field which is written as

G rw = 301pb} = €puvoT" (15)

Symmetries force the dual Lagrangian to be a Lorentz invariant and SO(3)(internal) invariant function of the Field
strength. This implies that the dual Lagrangian is a SO(3) invariant function of Y7 = T /T#’. Hence the dual
action is given by

Sputs = / da GY1) (16)

Since we are interested in the dynamics of the ground state of the system we need to expand this about its background.
Evaluating (13) on the background, the most general solution of the dual fields turns out to be

bl = i ()

o1 I I NG T (17)
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But the action in (16) has a gauge invariance under the transformation b{w — b[w + O\ — [“),,)\l{. This allows one to
perform a gauge transformation and set the functions f and g to zero.
One can now expand around the background and introduce fields A and B to describe the perturbations of bfw.

bjI-k T bl = %ejjkxj + Al (18)

As we will see later, A describes a non-dynamical field which is responsible for forces between dislocations in static
elasticity. On the other hand, B describes the phonons in the solid. The stress fields Ti and the function Y77
expanded around the background give

T a0 (0} + 800" Bl + 8l (¢ 0,41 — B]))
Y1 =(00)? (677 = (0' BN B) + (70, 4] = BI)(*9;4] - B) (19)
+ 07 0, AL = B + 07 (e 0;4] - BY))

where we have replaced ¢; with o¢ to denote the expectation value of the stress fields. After expanding around the
background value Y/ = 62§77 with the perturbations in (19) denoted by Y/ one obtains

Shulk = /ddl‘ (g + QIJY” + gIJKLY/IJY/KL + .. (20)

where the ... represent higher order corrections to Lagrangian which will become important when we look at the
non-linearities. We define the couplings as

arg
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The fluctuations of the stress fields can be separated into temporal and spatial components.
T, =(Vx A, —B.,  T!=v.B' (22)

Note here that“I” is the Burgers vector index carried by the vectors A and B. From now on, we will keep all indices
lower case with the upper index denoting the burgers vector index. Hence one can write down the quadratic action
for the stress fields.
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where we have used isotropy to define the couplings
g7 =di67 g = dyd ! + ds(5767 + 57 67%) (24)

One can see that the field A has no time-derivative and hence it is not dynamical. The only dynamical degree of
freedom is the B field, which plays the role of phonons in the dual formalism.

The action defined in (23) is gauge invariant under the transformations b;’w — bf“, + O\ — GVAL. The gauge
transformation parameter itself has a redundancy A, — A, + 0,n. We can gauge fix by choosing either the lorentz

a“bf“, = 0 or the coloumb gauge 9°b!, = 0. Coulomb gauge is not covariant but since we will be interested in the
non-relativistic case, we will use the coulomb gauge. To do this we include a term in the action
1 .
Sar = % / d*z(0'!))? (25)

Choosing ¢ = 0 amounts to working in the coulomb gauge. In this gauge, the fields A and B obey V.A" = 0 and
V x B =0 respectively. Hence A is transverse whereas B is longitudinal in this gauge choice.

Until now, we have looked at the bulk action which describes the dynamics of the two-form fields. Since we
are interested in the forces between the dislocation, we need to understand the dynamics of the dislocation and their
interactions with the bulk fields. This is encoded in the Kalb-Ramond action and the dislocation action. The two-form
dislocation current sources the gauge field bf“, and hence the leading order interaction can be written as

Skr = / d*z JI",
= / d*z n;C / dp 9,X" 64 (% — X (t, p))v b, (26)
=nC / drdp 9,X"0, X"},

In the second line we have used (11) and in the third line we have substituted for the velocity and C is a constant.
One can notice that this term has no-derivatives acting on the two-form field bfw. This should be contrasted with the
scalar field theory for phonons where ¢! is always comes with a derivative acting on it. One can write this action in
terms of the stress photon and phonon fields.

Skr = / dix T, + TR,
(27)

Note that phonons are only sourced by moving dislocations. On the other hand static dislocations can still source
stress photons since they couples to the dislocation density.

The dislocations within a solid are described by dynamical fields X* (7, p) and hence one can write an action which
describes their dynamics. Since dislocation lines are similar to string-like defects their dynamics can be described by
generalizing the Nambu-Goto action for string-like defects to dislocation lines. Just like the action for a relativistic
point particle is given by the length(proper time) of its world-line, the action for the dislocation line is given by the
area of its worldsheet. The induced metric on the worldsheet is

Yab = f,ul/aaXuabXV (28)

where a,b run over 7,p. f,, is the space-time metric as seen by the dislocation line. One can think of f,, as the
pull-back of the material metric to co-ordinate space. The action is therefore the Nambu-Goto action for strings
generalized to the case of the dislocation.

Sais = /dep v/ —det~y T (29)

where T represents the Tension in the dislocation. The tension can depend on the stresses in the material and hence
can be generalized to be a function of the bulk fields T'(Y*).
One can now write the action for a solid with dislocations as the sum of the terms described above.

S = Spuik + Sk r + Sais (30)

This action has all the ingredients to calculate the forces between the dislocations and also the stresses induced by
dislocations. One needs to expand the action using certain power counting rules which we will describe later. Using
this we are able to calculate the required quantities in a systematic manner.



A. Non-Relativistic limit

Ultimately we are interested in the non-relativistic limit of the action described in (30). To derive the NR limit,
one needs to take the limit ¢ — co. We will first look at the bulk action. Hence we explicitly reintroduce the factors
of ¢ in the stress fields.

Ti, =(VxA'—-B"), 1I;=V.B (31)

m
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The Taylor coefficients in the bulk action can depend on the velocity ratio Here crp, is the velocity of

transverse/longitudinal phonons respectively. We will take them to be similar ¢r ~ ¢p and just work with ¢p. Also
from dimensional analysis, we see that it depends on powers of og. Let us assume that the scaling is given by

2

1 co\"
Jaras..an ™~ F(g) (32)

Using the above scaling, one can write the quadratic action as

2 4
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where dy,ds,d3 are dimensionless O(1) coefficients. To obtain the normalized kinetic term, one has to rescale the
fields A and B.

1 c2 1¢c2
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Using the canonical fields obtained above, one can rewrite the action as
1 2L L o o
Sy, =— /ddx dl(c%(v x A'— B')? — c%(V.Bl)g)
ao C
+Ada(V x AT = B);)? 4 4dy ((V x A" = BY)? (35)

(Y x AT = B9 x AT — Bi)j)

By sending ¢ — 0o, one sees that the first term vanishes in the above Lagrangian and we obtain the non-relativistic
Lagrangian. One can indeed check that this is the correct dual Lagrangian for a non-relativistic solid by deriving the
equations of motion for the dual fields. The variation of the action in (35) w.r.t to the dual fields A! and B} yields

1 ~ -~ -
(SAzI : ;O(Sdg eijm(’)j (Té + Tlm>+8d2 eiﬂaka’f) = Jéz
1

= (2d1 (0, T) + (8ds 9, (T} + T7}) (36)
0
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+8d2 6{6tf,f)) = —Gijkjjlk

In Linear elasticity, the quadratic Lagrangian for a isotropic elastic solid is given by

Lo = g(aﬂrlf — 5Cymdym Oyt (37)
Here p is the mass density of the object. Cjji; is called the elastic moduli tensor whose form is given by
Cijrt = X030 + 1(0ix 051 + 0310 (38)

where i and X are the Lame’ constants. p is called the shear-modulus and the compression modulus x can be written
as Kk = A+ % @ where D is the number of spatial dimensions. Let us define g = cpt. The stress fields in this case are
given

oL, ~ oL,

To = —~°¢ _— a e =—-C,; b
0 = 5000r™) per oy CuiniOm (39)



Substituting the above obtained relations in the (36), one obtains the following compatibility equations after the
identification 4udy = 09, 16u(1 + v)dy = —ogv and 32uds = oy.

I
eijkajfkj = Q5 40
Oieir + 0.0l = e...at (40)
LEir + O;v —ezjkajvk

Note that this differs from the usual compatibility conditions (61) because only the symmetric strain contributes to
the above equations.
The non-linear eom’s can be derived similarly which are given by

i+ ) 0 (i ) 5) e

(41)

Now lets look at the interactions which arise in the bulk action. This allows to calculate the sub-leading corrections
to the forces between dislocations. One can show that there are only three invariants one can construct out of Y%
which can be taken to be the traces

Y], 7, [V (42)

The functional G(Y') can be constructed using these invariants. The cubic interactions arise from the quantities

re_ L (d2 [Y']? + 2d3 [Y’Q]) + % (d4 \gk
99

7 (43)
+ds (YY) + dg[Y "))
where we have replaced Y% with its non-relativistic limit given by
o - I B
YU sy — (T; + T‘lj — ;OTSTS) (44)
Inserting this into (43), we have the following interactions
1 - 8 SO
Ehu = Jp (- 0B8] 480 T3} 477
0
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by (T + FIVTE + do(F7 + FI)EE + T+ ff))

One can expand the T in A and B to obtain the interactions for these fields. We will not write them explicitly here
since it complicates the above expressions.

Next we look at the non-relativistic limit of the Kalb-Ramond term. As we will see the Kalb-Ramond term remains
the same in the NR limit. From dimensional analysis, one can see that the coupling C is just pc. We can choose
7 = ¢t and use the fact that X# = (ct, X). Rescaling as in (35), one gets

1 X ;
Skn = pe— L / dr dp L0,X*0, XO AL + cr9,X*0, X'e; B!
g9 C c

C

= [ cdtdp Lo, x 0, X AL + L0, X" 0, X ei; B] (46)

CcT C

=Ny /dt dp 8pXkA£ + 8pXk8tXieiijJ[

Hence we see that the form of the Kalb-Ramond term is unchanged upon taking the NR limit.

Next we are interested in the non-relativistic action for the dislocation. One can do so by taking the NR limit of
the Nambu-goto action described in (29). But instead we will construct such an action using the method of coset
construction which we describe in the next section.



B. Coset construction for dislocations in a solid

The coset construction is a tool to construct the action for non-linearly symmetries just from the symmetry breaking
pattern of the system [17-20]. We will not go into details but just mention the main results. For an introduction,
we refer the reader to [8, 21]. A dislocation within a solid breaks a host of symmetries in addition to the symmetry
breaking by the ground state of the solid. The symmetry breaking pattern is given by

K; -
H - Po+Ty =P,
unbroken = { P3+T35=P;, broken=<¢ L;+R;=1L;, (47)
M T;
R;
where a = 1,2. Note that the rotations along the Hence one can parametrize the coset as
0 — e—theiPzzer P, em'K,i eirriTieiGiRi eixiii (48)

where we have chosen the 3-direction to be in the z-direction. We will generalize to X* = (X?, z) while performing
our calculations. Using {2, one can calculate the Maurer-Cartan form defined as £27'df2 and obtain:

7tdn = z{ — Hdt + P;Q/ (xX)(n'dt + dX") — M(n;dX" + 377 - idt) + R; 1 [R™ (G)dR(H)]jk + K;Q/ (x)dn’

+TQ, (%) [(dX" +dn" )R (0) — n’dt — dX7] + Lize?* [Q~ (x)dQ(x)] } (49)

where we have introduced the matrices R;; = (ewiR’?) Cand Q5 = (eile’?)ij. Using the coordinates z# = (t, z) and
ij

defining P, = (—H, P,), we can rewrite the MC form as

Q70 = ida¥ e, (P + VX Py + V,m'T; + V,0' R
+ Vun'K; + Vux'Li + A M).

This equation gives us the covariant derivatives of the goldstone fields. Remember here that X act as goldstones
since P, are broken generators. We can read off the vierbien

eo=1 eg=Q"()(vi+m) =0 ¢ =0.X'Q%x) (50)
where v’ = dji 1s the velocity of the dlslocatlon Using the inverse Higgs constraints i in the bulk [10] we can eliminate

the goldstones n* and #° in favor of the 7* fields. For the boost goldstone, we have n! = dyn/ (D~1)? - We also have an
additional inverse higgs constraint which arises from the commutator

[L°, 7] ~ P (51)

Hence we can eliminate the goldstones x* in favor of X“. The constraint that arises as a result of this is V., X* =
Q™0,X" = 0. Note that we still have an rotational goldstone x> which is present in the spectrum. Using this we are
finally able to write the covariant derivatives for the goldstones X@,m% and x>.

ViX* = Q" (x)(vk + n)

Virl = —— (v + ) Dl Q) () (Mdet e — Q*(3)0. X")

det e

V.rt = Wa X' Dyl Q[ (x) (52)
Vo = 5o [0 (00-Q00)],

Vi = 5 Q7N (x) (01 - W@)QM

ik



where we have introduced the bulk covariant derivatives D;n7. Using these quantities, one can write down the action
for the dislocations

Saist = / dzdt det e L(V, X, V7', Vor', Vix®, Vax?) (53)
For a straight dislocation )Z'(t, z) = (&1, z), the leading order action is given by

Sue = [zt 9.1 [an + a1 (4* — ) + aa((# - )" Dy’
+ a3(0. X' D) + a1 (x®)* (v — u®)? (54)
+as(2:x%)% + a5 (9 — (V7 = u)3X3)? + ..

where we have used the material velocity u; = —n;. Since a runs over 1,2 one can see that only the perpendicular
component of dislocation velocity plays a role. The linearized bulk covariant derivatives give the linear strain e;;
within the material which in the dual theory can be written as €;; = C’i;,ilfkl. This generates the coupling of the
dislocation to the stress photons and phonons in the Nambu-Goto action.

V. INTERLUDE: VARIATIONAL PRINCIPLE(S) FOR NONLINEAR DISLOCATION MECHANICS - A
CONTINUUM MECHANICS-CUM-MATERIALS SCIENCE POINT OF VIEW

Unlike the physics of the microscopic structure of sub-atomic particles (e.g. ‘core’ of an electron), much is physically
known, through direct experimental observation and lattice statics/molecular dynamics/density functional theory
calculations about the microscopic structure of dislocations and their mutual interactions, as well as with applied loads
through boundary conditions, within a (nonlinear) elastic crystal. Due to this knowledge, physically well-justified and
transparent mathematical models can be posited for the phenomena, with the possibility of systematic refinement to
include more detail when deemed necessary after mathematical study and comparison with experiment. There is a
long and distinguished history of the study of dislocations in elasticity in the classical setting, see, e.g., [22-26], the
continuously distributed setting, e.g., [27-29], [30, including second-order effects] and [31], and the connections of some
of the kinematic aspects of dislocations to non-Riemannian Geometry [28, 32, 33]. As well, techniques for developing
well-set, classical thermomechanical theories of the mechanics of continuous media comprising different types of
materials exhibiting strongly nonlinear behavior and satisfying the relevant invariances and material symmetries
are available [34-37] and [31]. These ideas and techniques have been synthesized and extended to produce the
theory/model of dislocation mechanics stated in [38], as reviewed in [39]. The theory admits the minimal specification
of an energy density function (W) and that of a dislocation velocity field, the function Vi(a, W, p) in (56), which,
when guided by the requirements of being proportional to its derived thermodynamic driving force, is a specified
function of the thermodynamically derived Cauchy stress tensor Tj; = —pWM% and the dislocation density tensor
a4, admitting a scalar or matrix of material constants representing dislocation mobility. Here, z/Jgj = Ow,,; 7, and it
suffices to use a rectangular Cartesian coordinate system and tensor components w.r.t its basis in this Section. The
time variable is represented by the symbol ¢ and not used as an index.

For prescribed static dislocation fields the framework is shown to be able to compute the stress and energy fields
of such distributions in bodies of arbitrary geometry and general elastic symmetries [40, 41]. Similarly for prescribed
dislocation velocity field, the setup is shown to be able to compute the evolution of the dislocation field [41]. And
the evolution in the fully coupled case also has been shown to work well to predict nonsingular dislocation cores,
dislocation annihilation, dissociation and stress-mediated interaction when restricted to dislocation motion within a
planar layer in a 3-d body [42] within a ‘small deformation’ ansatz.

The phenomenon of macroscopic plasticity of crystalline materials corresponds to the collective dynamical behav-
ior of a very large number of dislocation curves in an elastic body under generally time-dependent loads. While
experimental observations and real practical applications of plasticity abound, it is fair to say that there does not
exist a fundamental theory that arises as a coarse-graining of nonlinear dislocation dynamics as described above (or
by any other model). The phenomenon of plasticity shows fascinating dynamical changes as a function of initial
conditions and tamely evolving driving loads - e.g., yielding, Stage I, II, III, IV behaviors as a function of applied
load temperature and initial crystal orientation, intricate patterned dislocation microstructure formation such as cells
and sub-grain boundaries to name only a few - with no established fundamental theory for understanding them (the
phenomenon is even richer, with rapidly driven situations also being of theoretical and practical interest). It is in this
context that we would like to use a path integral implementation of the dynamics represented by (56) to evaluate how
much of the reality of macroscopic plasticity can be understood by the combination of the model and the technique.
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The rough expectation is to be able to interpret drastic changes of overall behavior observed in reality as statistical
phase transitions as understood in Effective/Statistical Field Theory.

A first step in this program is to define an action functional for the system (56) which, in the first instance, does
not emanate from a variational principle; it is this objective that is tackled in this Section, refining the works [39, 43].

A. The essential idea: A variational principle for a finite-dimensional system of equations

Consider a generally nonlinear system of algebraic equations in the variables z € R™ given by
Aq(z) =0,

where A : R" — RY is a given function (a simple example would be A, (z) = Ag;iz® — by, @ = 1...N,i =1...n,
where A is a constant matrix, not necessarily symmetric (when n = N), and b is a constant vector). We allow for
all possibilities 0 < n § N and the goal is to construct an objective function whose critical points solve the system
(when a solution exists) for z € R”.

For this, consider first the auxiliary function

Su(z,2) = 2% Ao (z) + H(x)
(where H belongs to a class of scalar-valued function to be defined shortly) and define
Su(z) = 2%Aa(zn(2)) + H(zn(2))
with the requirement that the system of equations

w04, (2) + O0H
oz’ ozt

(z) =0 (55)

be solvable for the function = 2y (z) through the choice of H, and any function H that facilitates such a solution
qualifies for the proposed scheme. In other words, given a specific H, it should be possible to define a function z g (2)
that satisfies 20, Ao (2 (2)) + 0y H(zp(2)) = 0 for all 2 € RY (the domain of the function zy may accommodate
more intricacies, but for now we stick to the simplest possibility). Note that (55) is a set of n equations in n unknowns
regardless of N (z for this argument is a parameter).

Assuming this is possible, we have

%(z) = Ag(ru(z)) + <z°‘ %ﬁ? (zu(2)) + gg (xH(z))> gfg (2) = Ap(wn(z)),

using (55). Thus,

e if zg is a critical point of the objective function Sy satisfying 0,85y (29) = 0, then the system A,(x) = 0 has a
solution defined by x g (z0);

e if the system A,(x) = 0 has a unique solution, say y, and if 2}’ is any critical point of Sy, then zp (zéq) =y,
for all admissible H.

e If A,(x) = 0 has non-unique solutions, but 9,5.5(z) = 0 (N equations in N unknowns) has a unique solution for
a specific choice of the function z — z g (2) related to a choice of H, then such a choice of H may be considered
a selection criterion for imparting uniqueness to the problem A, (x) = 0.

B. A class of variational principles for nonlinear dislocation mechanics

We implement the idea of Sec. V A to define an action(s) for the nonlinear partial differential equations of dislocation
mechanics given by

0 = €jrs0pWis + i

0 = 0Wij + 0;(Wixvk) — vkerijir — €jrstiyVs(a, W, p) = 0;Wij + v, Op Wiy + Wi Ojvg — ejrsir Vs(a, W, p)
0= 0ip + Ok (pvr)

0 = Oi(pvi) + 95(pvivy) + 9 (PWhithy;)-

(56)



11

First define the functional

§H [A,W,0,p,\,v,B,a] = / dtd®z — Wij0iAij — Wigvr0;Aij — Ajjokerkjcir — Aijejrsair Vs(a, W, p)
[0,T]x 2

— pO0 — pug Okl

— piOiAi — priv;0j N — PWiithy ;05 s
— €jrsWisOr Bij + Bijaj

+ H(W, p,v, ),

which is obtained by converting (56) to scalar form by taking inner products with the ‘dual’ fields
= (A? 9) A? B)?

integrating by parts on the space-time domain assuming the dual fields vanish on the boundary of the domain, and
adding the potential H. Now define

U:=(W,p,v,a) and D:=(0;A, VA A 0,0,VO,0.\, V) VB, B)
(note ‘D # D) and require that there exists a function
Un (D) = (Wu(D), pu(D),vu (D), an(D)) (57)
such that for the functional Sg[A,0,\, B] of the dual fields defined as

/ dtd*z Li(D,Un(D)) = SulA,0,), B] := Su[A, W (D), 8, pr (D), \,vs (D), B, ar(D)], (58)
[0,T]x 2
the first variation is given by (we suppress the subscript g on the elements of Uy for notational simplicity)

58[—] = / dtdg.if — Wij (D)@t(SA,»j - Wik(D)vk(D)GjéAij — 6Aijvk(D)rrkjozi,.(D)
[0,T]x 2

— 04ijejrsir(D)Vs(a(D), W(D), p(D))

p(D)2130 — p(D)y (D)3, 36 (59)
— p(D)vi(D)0;0X; — p(D)vi(D)v;(D)9;0N; — p(D)Wii (D)ihy; (W (D)) 00N
— €jrsWis(D)0,0B;; + 6B;ja;(D),
a condition that is satisfied if the system
oL oV,
3WZ) = =0 A — vp0j A1 — AijejrsQip m—— o, (a, W, p) — €p0r Bij — p (V1;(W); My + Wiithil1,0; M)
OH
W, =0
+ 5sz( P, U, Q) =
85;1 Aweﬂso{” a‘; (a W p) 8759 — Ukake — Uiat)\i - Ui’l)jaj)\i - Wkingaj/\i
H
+ ai(mpﬂ%a) =0
dp
Ly (60)
v = —Wipainj — Aijewjozir — p8p9 — pat)\p — p’ljjaj)\p - pviap)\i
P
OH
+ aT}p(VV,p,v,a) =0
oLy oV
Balp = _Aljvkepkj - Aljejpsvs(aa W, p) - Auejrsazr Bal (O‘ W, p) + Blp
OH
+ 8ap(W L p, v, ) =0,

can be solved in the form of

(VV, P, Oé) = UH(D)
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This is so, since solving (60) defines Uy (D) that ensures 22 (U (D)) = 0 which then implies

oLy Uy B
W(UH(D))-a—D(D)ﬂD—O for all D.

Note that (59) then is simply

oLy
0Sy = / dtd3x —= - 6D,
# (0,T]x 2 oD

and requiring
0Sy = 0 for all variations ¢ D that vanish on the boundary of £2 x [0, T]

shows that the Euler-Lagrange equations of the functional Sg defined in (58) are the equations of (56) with the
substitution

(VV, P, Oé) = UH(D)

To summarize, the primal equations (56) of dislocation mechanics are the Euler-Lagrange equations of any of the
dual functionals, written in terms of particular specific combinations (mappings) of the dual fields for each choice of
the function H, each specific mapping defining the primal fields. Thus one may think of the primal fields as “gauge
invariant” observable combinations of the dual fields (“gauge fields”) satisfying one specific set of equations (the
primal system). While this is not how gauge fields appear in traditional gauge theories of physics, it is interesting
that a completely different starting point and approach raise somewhat similar invariance structures that may be
interpreted as symmetries.

As for the plausibility of being able to solve the algebraic system (60) given a specific D, consider H to be separately
quadratic in each of its arguments, say U4, with large in magnitude coefficient, so, e.g., H = %aWWijWij +---, with
1 < |aw|. Then assuming, the solution of the Euler-Lagrange equations are bounded in some appropriate sense,
(60) can indeed be solved to defined Uy (D), and it has to be made sure that the solutions of the Euler-Lagrange
equations (using this function) indeed satisty the assumed bounds. To ensure that this latter condition is satisfied one
has a large class of H functions to operate with and, if all else fails, it appears reasonable to demand admitting only
those extremals at which the second variation of the functional Sy is (semi)-definite, i.e., in the space of all paths,
we admit only those extremal paths as admissible that are local minima/maxima of the action functional Sy (which,
of course, has direct conceptual similarity with analyzing the dual problem by a path integral approach based on the
action Sg). Another alternative is to regularize the dual E-L system with appropriate terms in the gradients of the
dual fields involving small parameters, say €, and the limit of the solutions to the Euler-Lagrange equations as € — 0
may be studied. This second approach need not lend itself to a direct variational characterization of the regularized
Euler-Lagrange equations, but can be dualized again, following exactly the procedure outlined above, to produce a
variational characterization, if so desired.

We end this interlude with the following remarks:

e Our system (56) does not involve multi-valued fields or non-simply connected domains for defining dislocation
dynamics, but is fully capable of representing the topological charge of dislocation lines with its ingredients.

e Based on the explorations of stress-coupled dislocation motion presented in [42, 44], the ‘primal’ system requires
a ‘core-energy’ in the form of the dependence of the energy function ¢ on the dislocation density a as well.
This results in the dislocation velocity depending on the curl @. Such a dependence is accommodated within our
‘action-generating’ scheme by adding an extra variable and equation to the system (56) of the form e;,;0ra;s =
Bi; and writing the dislocation velocity as Vi, = Vi(a, W, p, 5). This would have the effect of increasing the
number of fields in the dual problem as well.

It is an interesting question whether the precise definition of a formally ‘small’ core energy contribution with
a small parameter representing microscopic physics can make a difference in the development of an accurate
model for the prediction of macroscopic behavior, and whether such a device should be allowed in the class
of models admitted. Physically, in the context of the physics of dislocation dynamics, there appears to be no
reason to exclude the possibility of the importance of such effects and, in fact, allows more precise physics to
be incorporated in the description of gross macroscopic behavior (which is, admittedly, a double-edged sword
in the context of coarse-graining). Some evidence to support such an expectation is also provided by the
mathematically rigorous study of the inviscid Burgers equation, ‘regularized’ by a small viscous effect in one
case and by dispersion in another [45-47].

Based on the above observation, one advantage of the ‘dual’ formalism proposed herein may be that when the
microscopic physics to be added is not even qualitatively understood with certainty, working with a regularization
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on the dual side, may be guided solely by the aim of producing a ‘good’ dual extremal, i.e., with guaranteed
existence in an appropriate function space, since this appears to require no modification to the physics of the
primal problem.

e In the context of an action functional that simply has as its Euler-Lagrange equation the given system of pde,
the proposed scheme delivers, at least formally and under the stated requirements, what is needed. However,
if the action functional is to be used in a path integral, dual fields D other than extremals matter as well. In
this sense it is reasonable to demand that the added potential H in Ly be subject to further requirements
of invariance that may obstruct the inversion process required to define the function Uy (D). In case such a
restriction is so severe as not to allow the definition of even a single ‘change of variables’ (Uy (D)), through the
choice of some H), one can retain both the fields W, A and still obtain a relevant action functional, as shown in
[39].

C. Linear dislocation mechanics

We illustrate the proposed technique with a very closely related one (using a Legendre transform, cf. [48]) in the
simplified setting of linear dislocation mechanics with a prescribed dislocation velocity field V' in space-time along
with the ansatz

Ui' = 51‘3' *Wi'

T = CijrUn,
ignoring all nonlinearities in (56) and assuming the mass density field p to a be specified field. The ansatz is justified
for small elastic distortions (U) about the ground state (cf., [39]). We note that C;x; is necessarily symmetric in (k, 1)

and (4, 7) so that it is not invertible on the space of all second order tensors (and hence the stress only depends on
the elastic strain, the symmmetric part of U). With these assumptions, the system (56) may be expressed as

0= aj’Ui - atUzj - ejrsair‘/s
0 =e;rs0,U;s — (61)
0= 0¢(pvs) — 0;(CijkiUpi)-

Taking inner products of these equations with the dual fields D = (4, B, \) that vanish on the boundary and utilizing
an arbitrary function M convex in the list of arguments M (U, a, v) we define the functional

~

S[A,U, B, a, \,v] = / dtd®z v;(—0;Aij — pOi)
[0,T]x 2

+ Ui (04Aij — esjrOrBis + CijriOi k)

+ ar(—AijersVs — Bir) — M(U, o, v)
Defining

p = (=0;Aij — pOi )i, Ot Aij — €sjrOrBis + CijriOi A, —AijejrsVs — Biy); Q= (v.U )
and M*(p) the Legendre transform of M (Q) given by
M*(p) = Qu(p) - p — M(Qu(p))
(var (p), Unt (p), anr () =: Qi (p) = (9o M)~ (p) (62)
OpM*(p) = Qu(p)

(well-defined because of the convexity of M (Q)), we define the dual action, Sas[D],

S[A, Uni(p), B, ant (p), A, var (p)] =: Sar[D] = /[O oy )

whose first variation is given by (after an integration by parts)

5 = / dtd®z Qui(p) p
[0,T]x 2

_ / dtd®z 6X; (84 (pvi(p)) — 05 (CoyuaUsa(p))
[0,T]x 02

+ 6445 (9;(vi(p)) — 0¢(Uij(p)) — €jrscin(p)Vs)
+ 0Bis(esrj0r(Uij(p)) — cus(p)),
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(where we have dropped the subscript 5, on the dual-to-primal mapping fields for notational convenience). Thus, the
dual Euler-Lagrange equations are the system (61) expressed in terms of the dual fields through the mapping codified
in (62)q, regardless of the convex potential M chosen to define the dual functional Syy.

This exercise exposes an interesting fact in a simple setting. Clearly, for M to be convex in U it cannot be invariant
as it has to depend on the skew-symmetric part of the latter - and rotational invariance/invariance under superposed
rigid deformations in the linear setting precludes such a dependence. However, the use of such a potential in the dual
theory does not in any way obstruct the definition of correct physics as embodied in the Euler-Lagrange equations
solved.

It is a curiosity as to what connection this idea has to proceeding with a notional dual model as discussed in Sec. 111
when a direct connection to the primal model through a Legendre transform cannot be made due to obstructions
arising essentially from invariance requirements.

VI. POWER COUNTING

In any EFT, one needs to develop certain power counting rules for it to be useful. This is because the action that we
wrote down contains an infinite number of operators and hence one cannot make any predictions because one would
need to determine infinite Wilson coefficients. The observables calculated in the EFT are arranged in a systematic
expansion in powers of the expansion parameter(s). This parameter is a small quantity which is usually the ratio of
some IR scale/energies to some UV scale. Hence to make a prediction at any given accuracy we need to include only
a finite number of operators.

In our theory, we will power count in ratios of lengths and velocities. First we need to identify the scales in our
EFT. Since a solid has both longitudinal and transverse phonons, there are two velocities ¢y and ¢y, associated with
it. In general, these velocities differ but for purposes we will take them to be similar and use only a single velocity
scale which we will take to be e¢r. Hence we can use v/cr as one expansion parameter, v being the velocity of the
dislocations.

The lattice spacing a and the dislocation core radius R act as UV scales in the theory. The dislocation radius is of
the order of the lattice spacing and hence we can take it to be the cut-off scale. Since we are interested in calculating
the forces and stresses due to dislocations, we will only be working with potential modes. For these modes the distance
r over which the stress-photons/phonons are exchanged determine the energy and momenta of the modes.

v 1
W ko~ . (63)
This is a potential mode because the modes are off-shell. Hence we can also power counting in R/r. Also for these
modes w < crk and hence one has expand the propagator for these modes.

Using the scaling of the frequency and momenta, one can read off the scaling of the fields from the action in (35).

One can see that the fields scale as

r crr

Az )~ Y2 = Bo(@t) ~ Y2 (64)

where Epot refers to the potential mode of the phonon. Also the dislocation fields scale as
X~ aX~v 93X ~1 (65)

Using the above equations one can power count the interaction terms originating from the action. The leading
contribution to the observables we consider should come from the Kalb-Ramond term since the bulk fields are non-
derivatively coupled to the dislocation. The scaling of the KR terms is given by

P < NG !
n,/dt dp AT.9,X Nagl o0v Vimaer /%T

r

L NG I
n,/dt dp BT(9,X x 8,X) ~ a- 1Y%y ~ Jmacr—, | —
v cr ay cr

(66)

r

We can see that coupling of the phonon B is suppressed relative to the coupling of the static mode A. Hence the
effective potential due to stress-photon exchange should be dominant as compared to a phonon exchange. Power
counting tells us that the effective potentials should scale as

2
VA, ~ooall VB~ anQZS—% (67)

€
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FIG. 1: This diagram shows the leading order contribution to the potential between dislocations

Now lets look at the interactions in the bulk which give corrections to the effective potential. This should be sub-
leading to that obtained from the Kalb-Ramond term. The cubic interactions are of the form

Simi ~ /d3z dt % [(ﬁ x AT = B 4 (V. BN2(9 x AT — é‘f)] (68)
0

One can see from the scaling in (65) that the leading contribution come from the interactions of the form

We can check that the other cubic bulk interactions are suppressed by powers of v/cr. For examples we can consider

1 = - 1 a?/v\%/2
d*z dt — (Bl ,)? ANy~ ———(—
/ * ag( por) (VA J/macr r? (CT) (70)

which is suppressed by (v?/c%) relative to the contribution in (68). Similarly one can show that the other interaction
vertices are also suppressed.

Notice that the KR action includes just a linear coupling of the bulk modes to the dislocation line. For non-linear
couplings, we need to invoke the NG action. Also, we need to calculate the size of the coefficients in (54) which can
be easily done from dimensional analysis.

aop,ag ~ Uo("1)2 ai,az ~ P(nl>2 aq ~ UO(”I)4 as ~ P("I)4 (71)

The linear coupling between the bulk modes and the dislocation arising from the NG action is derivatively suppressed
and hence is sub-leading in the power counting to the interaction arising from the Kalb-Ramond term. The non-linear
interactions can be power counted in a similar way as was done for the Bulk action and Kalb-Ramond term.

VII. APPLICATIONS

Let us apply our effective theory we to calculate the effective potential between two dislocations and also stresses
due to individual dislocations. As we have seen from the power counting, the leading contributions are derived
from the Kalb-Ramond term. For simplicity we will consider straight infinite dislocation lines parametrized by

X(t,z) = (z(t),y(t),z). We will first look at the effective potential generated due to stress-photon and phonon
exchange.
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FIG. 2: Diagrams contributing to the potential between moving dislocations. The diagram in (a) is the phonon
exchange and (b) is the mixed propagator. (c) shows the contribution from expanding the stress-photon propagator.

A. Effective potentials

The leading contribution to the effective potential is generated due to exchange of a stress-photon as shown in the
Feynman diagram??. This potential is generated even for a static dislocation. This diagram can be calculated as

P

/dtldtg /ledZQ n1n2 G“b(x —y)

= /dt/dzleQ/W ninb G2 (q)e'?"

where Gf}’(q) is the stress-photon propagator and 7; and 75 are the burgers vectors for the dislocations .

propagator matrix in the last line of (72) is given by

24 292 gyt 0
b '(1-v)  q¢*(1-v)
G¢ = 24 qy b 2q; 1
=) #i- @y 0
0 0 -5

Expanding the integrand in (72), one finds
& -
/ / L2072 2) 5 + (1 x )iz x 2),

2p 9,0, } Qi L
1—v q‘i

where ¢ = (¢z, qy). We use the general formula to evaluate this integral

/ dE 1 Gk _ 1 I'(d)2-a) (m )a d/2
(2m)? (2)e -~ (@md2 I(a) 4

Evaulating this in d = 2 — € in the M .S scheme, one has

% = (7,5 (7, )ln(;A) (7 % £)i(7z % 2); (27T(1“y)) (5wm(2c1) T x;ﬂzcj)

(72)

The

(75)

(76)

where we have introduced a regularization scale A. We see that this agrees with the standard result of classical

elasticity.

Next we look at the potential generated due to a phonon exchange. This diagram is shown in Fig. 2a. This
potential is only generated by moving dislocations as can be seen from (46). The interaction potential generated by
the phonons can be calculated just like we did for the stress-photons. The potential phonon propagators are given by

Gf}’(q) = uéab%. Hence the potential evaluates to
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iy i v (t)’l)% (t) ((5@'171(?) +

V2a _ 1
L 471'02T

(77)

There is also a contribution from the mixed propagators which is at the same order in power-counting as the phonon
contribution. This is shown in Fig. 2b and evaluates to

1% 2 S A
L2b = T fzx) Gijri(7) <€3mjvliv2m(€3nln1kn2n + Vi (7 X T2).2) + v1 ¢ v2, 1 n2) (78)

where

i (7) = 00,040, / :

d?q 9% 1 16 (01 + ik jxr + 0Ty + 0T Tk + 0Ty + O1pTix;)
2m)2 @0 2567 2

(81300 + o+ 0adjn) (12 + 16n( 1)) = 32W>

x
To the best of our knowledge, the results (77) and (78) have not been obtained in the literature.

4>—T—>;

FIG. 3: Diagram contributing to the one point function of the stress fields for a stationary dislocation.

B. Stress due to dislocations

We can use our formalism to also calculate the stresses due to dislocations. In the dual theory the linear stress is
described by T7 as can be seen from (39). Hence the one-point function of T} gives us the stress.

0 = (T}) = €imn(OmAd) — (0, B]) (80)

?

We will first look at the stress due to a straight static dislocation. The only contribution comes from the stress-photon
in this case. This contribution is shown in Fig. 3a. The stress is given by

(81)
—n / imnm(GA)IL (7, 1)3(p:) T

P
where in the second line we have used the fourier transform of the current due to a straight dislocation in the z-

direction J}(p,t) = §(p.)n'Sy.. We also denote the momentum integral [ % by fp. Let us calculate the stress

fields for a screw dislocation, where the burgers vector is along the dislocation line i.e. in the z-direction. Using the
propagators defined in (73) one finds,

j d2 5115z - 51 5'.2 ) ip, .7 . .
Uf(ft):unz/ pL ( pr2 yjp)e””””+z<—>]
(271-) pJ_ (82)

_pns
- (2 ) ((6zw6]z + 6125]1) (6zy6jz + 5126]1/) )
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(a) (b) (c)

FIG. 4: Diagrams contributing to the one point function of the stress fields for a moving dislocation.

which agrees with the standard results. Similarly for a edge dislocation where the burgers vector is perpendicular to
the dislocation line, one obtains

" 2x;T51) )) (83)

o (#,t) = A= )2 (Ezkmlwk:gij - %szlnl(éijxk + 0k + Oinx; — -
where g;; =diag(1,1,v). This also agrees with the standard results.

Let us now calculate the stress due to a moving dislocation. In this case, the leading contribution still comes from
(82) and(83) but there are also subleading corrections which arise from Fig. 4a, 4b and 4c. Fig. 4a is the result of
expanding the stress-photon propagator to next-to-leading order whereas 4b and 4c arise from the phonon and the
mixed propagator respectively. The sum of the subleading contributions is given by

. d2 il = s il (= s il =
Oij = Fig. 4a + 4b + 4c = nl(skz / ﬁ [EimanL(GA)i;,lk (pv wp) + €imnPmEskrV] (GAB)#T (p7 wp) + wpfskr'UJ_(GB)gi (pa Wp)

+ wp(Gra) (B wp) | T,
(6lmxn + 5lnxm + 5mnxl - 2(Em$n.’fl) < HUmUn
2 27(1 — v)?

(elknk(éij(l — 2V) — 5”(5jz(]. — V)z)

r

HUmVEEnk
+ (ni€sji + Sjiezinni) (1 — v)?) — m(m%’/ + (L= v)nidu + njfsil))
[ 2uviy 2uvm,
0, Gt (7 z — 71 . NCzkn )
+ OmGijia(T) a —1/)2(6 miTv) (T o) Chn o

(84)

with J}C(l_c'7 wr) = 0(k,)0(wi — E.UL)nldkz and G;r; was defined in equation (79). Hence the stress due to a moving
dislocation is given by the sum of diagrams in Fig. 3 and Fig 4. This is a new analytical result that has not be
presented in the literature before.

VIII. CONCLUSION

In this paper, we have presented an effective field theory of phonons and their interactions with dislocations using a
dual gauge theory. We use symmetries as our guiding principles to construct the most general theory of phonons and
dislocations. We systematically derive the non-linear Lagrangian for the phonons and also use the coset construction
to derive the dislocation dynamics. Using this we are able to calculate the forces between dislocations and the
stresses induced by individual dislocation, including the contribution of dynamical phonons. We leave the study of
non-linearities for future work.
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Appendix A: Couple-stress theory

The e.o.m’s we derived in (36) received contributions only from the symmetric incompatibility tensor W;;. In
general this is not true and includes anti-symmetric contributions as well. To derive the exact equations of motion,
one needs to consider contributions of anti-symmetric phonon gradients in the action. This is known as couple-stress
theory. These contributions enter the action at higher order in derivatives per field and are hence subleading. From
a symmetry breaking point of view, these are precisely the rotational goldstones #* which arise due to spontaneous
breaking of rotations by the ground state of the solid. The action for the rotational goldstones can be written as

Lo = cs(Vi0)? — c5(V,07)? (A1)

But these goldstones are redundant and hence using certain Inverse Higgs constraints, one can rewrite them in terms
of phonons ?7. At leading order, the rotational goldstones can be written as 6* = %e” W k. As one can see, these are
anti-symmetric in the incompatibilty tensor. Including these contributions the quadratic action for the phonons is

X 1
L:(Q) — B(Woz)Q — 5 2JleV(Z])VI/Y(k;l) + 04(atW[mn])2

2 (A2)
—Cs (aj W[mn] )2

The coefficients scale as ¢4 ~ 4 and c5 ~ 4 where the cutoff scale A is determined by the inverse lattice spacing. We
can now define the tensor Cyjx = Cijii— (ca 0F —c50) (8501 —8:10;1). Using the Hubbard-stratonovich transformation
one obtains the Lagrangian

1 . 1o~
£(2) — %(T01)2 _ iT”Ci;/ilTkl (AS)

where now the stress fields are now given by T% = pW% and T% = C¥*¥,,. Using the dual definition of the stress
fields 7% = V.B" and T% = (V x A"); — B} and varying the action, one obtains

I
EijkajWk[ =y

A4
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These agree with the standard incompatibility equations for elasticity.
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