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Matter coupling in modified gravity theories is a nontrivial issue when the gravitational Lagrangian
possesses a degeneracy structure to avoid the problem of the Ostrogradsky ghost. Recently, this issue was
addressed for bosonic matter fields in the generalized disformal Horndeski class, which is so far the most
general class of ghost-free scalar-tensor theories obtained by performing a higher-derivative generalization
of invertible disformal transformations on Horndeski theories. In this paper, we clarify the consistency of
fermionic matter coupling in the generalized disformal Horndeski theories. We develop the transformation
law for the tetrad associated with the generalized disformal transformation to see how it affects the
fermionic matter coupling. We find that the consistency of the fermionic matter coupling requires an
additional condition on top of the one required for the bosonic case. As a result, we identify a subclass of
the generalized disformal Horndeski class which allows for consistent coupling of ordinary matter fields,

including the standard model particles.
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I. INTRODUCTION

Modified gravity theories, as the name suggests, refer to
modifications/extensions of general relativity. There are (at
least) several motivations to explore modified theories of
gravity. First, general relativity is not an ultraviolet com-
plete theory, and hence one expects that it has to be
modified at some high-energy scale. Modified gravity
theories could also address mysteries in cosmology, e.g.,
inflation, dark energy, and dark matter. Besides these,
modifying/extending general relativity leads to a deeper
understanding of general relativity itself. With these moti-
vations, innumerable modified gravity models have been
proposed up to now. From the perspective of testing gravity,
such modified gravity models are useful for comparison
with general relativity [1-3]. Indeed, effects of the modi-
fication would be encoded in, e.g., cosmic microwave
background, large-scale structure, black holes, and neutron
stars. These phenomena are a key to distinguish modified
gravity models from general relativity by observations.

Being the simplest extension of general relativity, scalar-
tensor theories (i.e., those written in terms of the metric and
a single scalar field) have been extensively studied to this
date. Despite their simplicity, they are expected to capture
essential aspects of generic modified gravity models.
Indeed, many modified gravity models contain some
additional scalar degree of freedom (d.o.f.) at least effec-
tively. Also, scalar-tensor theories offer a rich pheno-
menology in cosmology and compact objects. In order
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to treat various scalar-tensor theories in a unified manner, it
is useful to develop a general framework of scalar-tensor
theories." Another reason to study such generalization is
that it gives rise to novel interactions in general, which are
expected to exhibit peculiar phenomena that can be tested
observationally. The most general class of scalar-tensor
theories with second-order Euler-Lagrange equations is
known as the Horndeski class [13—15]. Due to this second-
order nature, the Horndeski class is obviously free from the
problem of the Ostrogradsky ghost, i.e., unstable extra
degrees of freedom associated with higher-order equations
of motion [16]. However, the Horndeski class is not the
most general class of ghost-free scalar-tensor theories: One
can go beyond the Horndeski class by use of disformal
transformations [17-19]. A disformal transformation is a
redefinition of the metric containing the scalar field and its
derivatives, which includes the conformal transformation as
a special case. If one performs such a metric redefinition on
some given scalar-tensor theories, then one obtains possibly
new theories. Up to the first-order derivative of the scalar

'A complementary approach is the effective field theory (EFT)
based on the spontaneous breaking of spacetime symmetries,
which was originally developed in [4,5] to describe the dynamics
of cosmological perturbations in a model-independent manner.
We note that the EFT of [4,5] applies only to scalar-tensor
theories, and it was extended to incorporate vector-tensor theories
[6] and solids/fluids [7]. Moreover, applications to black hole
perturbations have also been discussed recently [8—12].
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field, one can write down the most general possible
transformation law for the metric as

g;w[gaﬁ’ qﬂ = FO(¢’ X)g;w + Fl (Q’)’ X)vy¢vu¢7 (1)

which maps a pair (g, ¢) to (gup. ¢) With g, being a new
metric. Here, F, and F, are functions of (¢, X) with
X = g% 0,$0p¢. This transformation maps a theory within
the Horndeski class to its outside in general [20], which we
shall call the “disformal Horndeski class” (or the DH class for
short). An important thing to note is that the transformation
(1) is invertible (i.e., can be solved uniquely for g, at least
locally in the configuration space) so long as Fy(F,+
XF)(Fy— XFox — X*Fx) # 0 is satisfied [21,22], where
a subscript X denotes the partial derivative with respect to X.
When such an invertible transformation acts on scalar-tensor
theories, it does not change the number of physical degrees of
freedom, and in particular, it maps a ghost-free theory to
another ghost-free theory [23,24]. Therefore, thanks to the
ghost-free nature of the Horndeski class, the DH class is also
ghost-free. Note that there are other classes of ghost-free
scalar-tensor theories [20,25-28] that are not disformally
related to the Horndeski class. These classes are free from the
Ostrogradsky ghost since they satisfy the so-called degen-
eracy condition [25,29-35] in a more nontrivial way.
However, these classes do not accommodate a viable cos-
mological solution [27,28,36], and hence they are phenom-
enologically disfavored. This is why we are interested in
ghost-free theories generated by disformal transformations.
Recently, a higher-derivative generalization of disformal
transformations was developed in [22] and was employed
to obtain a novel class of ghost-free scalar-tensor theories,
which is dubbed as the “generalized disformal Horndeski
class” (or the GDH class) [37]. The GDH class provides the
most general framework for ghost-free scalar-tensor theories
to this date.

By definition, a (G)DH theory is related to some
Horndeski theory via invertible (generalized) disformal
transformation. On the other hand, when minimally
coupled matter fields are introduced to each of the two
gravitational theories, the two systems are no longer
disformal relatives. In this sense, the existence of matter
fields is crucial to distinguish the (G)DH class from the
Horndeski class. Also, gravity can only be probed through
matter fields, and hence one should take them into account
in practice. We note that matter coupling in scalar-tensor
theories (or any other modified gravity theories) is in
general a nontrivial issue in the following sense: Even
though the gravitational sector satisfies the degeneracy
condition and is free from the Ostrogradsky ghost, the
introduction of matter fields can revive the ghost since the
degeneracy structure is altered in general. We would like to

avoid this problem at least for the standard model particles,
i.e., a scalar field, gauge fields, and spinor fields with
canonical kinetic terms. Fortunately, such ordinary matter
fields can be consistently coupled to DH theories without
reviving the Ostrogradsky ghost [38]. Further, the consis-
tency of the matter coupling in the GDH class was partially
addressed. The authors of [37,39] showed that ordinary
bosonic matter fields can be consistently coupled under the
unitary gauge in a particular subclass of the GDH class.
Namely, in this subclass, minimally coupled bosonic matter
fields do not spoil the degeneracy structure (see Secs. Il A
and [T A for details). Still, the consistency of fermionic
matter coupling in the GDH class has been remained a
nontrivial issue so far.

In the present paper, we investigate the consistency of
matter coupling in GDH theories, with a particular focus on
fermionic matter coupling. The most nontrivial thing in this
case is that the fermion Lagrangian is written in terms of not
the metric itself but the tetrad, whose transformation law
under the generalized disformal transformation has not
been clarified in the literature. In this paper, we develop the
transformation law for the tetrad to study the structure of
the fermion kinetic term. Interestingly, we find that the
consistency of the fermionic matter coupling requires an
additional condition on top of the one required for the
bosonic case. As a result, we find that the GDH class
accommodates a subclass where not only bosonic but also
fermionic matter fields can be consistently coupled without
reviving the Ostrogradsky ghost.

The rest of this paper is organized as follows. In Sec. II,
we review the generalized disformal transformation and
develop the tetrad transformation law associated with
the generalized disformal transformation. In Sec. III, we
discuss the consistency of matter coupling in GDH theories
based on the transformation law for the metric/tetrad
obtained in Sec. II, where we reveal the additional con-
dition necessary for making the fermionic as well as
bosonic matter coupling consistent. Finally, we draw our
conclusions in Sec. IV.

II. GENERALIZED DISFORMAL
TRANSFORMATION

In this section, we briefly review the higher-derivative
generalization of disformal transformations based
on [22,37]. We then develop the transformation law for
the tetrad associated with the generalized disformal trans-
formation. We shall use the results of this section to discuss
the consistency of matter coupling in Sec. III. Note that our
main focus is on a four-dimensional spacetime, but the
results in this section hold in arbitrary spacetime dimen-
sions. If one is interested in higher dimensions, the term
“tetrad” should be interpreted as “vielbein.”
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A. Metric transformation law

Let us consider the following generalized disformal
transformation [22]:

gﬂy{gaﬂ’ 4)] - FOg/w + F1¢ﬂ¢l/ + 2F2¢(/4Xy) + F3XﬂX1./?
(2)

with the coefficients F; being functions of (¢, X, Y, Z) and

X = ¢, ", Y = ¢, X", Z=X,X" = (3)
Here and in what follows, we use the notations ¢, = d,¢
and X, := 9,X. Note that the right-hand side of (2) is the
most general symmetric tensor of rank two constructed out
of ¢, ¢,, and X,. Thanks to this structure, it is straightfor-
ward to construct the inverse metric ¢* such that §**g,, =
8, [22]. Moreover, as detailed in [22], one can systemati-
cally obtain the conditions under which the transformation
is invertible [i.e., Eq. (2) can be uniquely solved for the
unbarred metric at least locally in the configuration space]
by focusing on the group structure of the transformations
under the functional composition. In particular, the closed-
ness under the functional composition requires that the
coefficient functions F; satisfy
XY = XZ = 07 X = gﬂy¢ﬂ¢v' (4)
Namely, the kinetic term X of the scalar field associated
with the barred metric, which is generically a function of
(¢,X,Y,Z), must be a function only of (¢, X),

X =X(¢,X). (5)

With this requirement, one can construct the inverse
transformation in a fully covariant manner. One can also
see that, in order for the inverse transformation to exist, the
following conditions should be satisfied on top of (5):

3(7.2)
o(Y.Z)

FO?éOv f?éo’ XX?éOv ‘ '#O’ (6)

where we have defined Y = 3¢, X,, Z == g*X,X, with
X, =0,X, and

f:: F(2)+F0(XF1 +2YF2 +ZF3)
+ (XZ - Y2)(F1F3 —F%) (7)

In [37], the generalized disformal transformation (2)
satisfying the invertibility conditions (5) and (6) was
employed to construct a novel class of ghost-free scalar-
tensor theories, which is dubbed the GDH class. A nontrivial
thing in GDH theories (or any other ghost-free theories with
degenerate higher-derivative interactions) is that the
Ostrogradsky ghost could revive in general when matter

fields are taken into account.” Interestingly, the authors
of [37,39] showed that a subclass of GDH theories generated
by generalized disformal transformations of the following
form allows for consistent bosonic matter coupling:

gﬂb[ga/iv ¢] = ngpw + fl¢;4¢u + 2f2¢(ﬂXl/) + f3XuXw
X, = <6Z — ¢”¢a> 0,X, (8)

X

where &, denotes the projection of 9,X onto a constant-¢
hypersurface and f;’s are functions of (¢, X, Z) with?

Y2
Z=XX0=Z-—. 9)

Note that f;’s here are related to F;’s in (2) as

2Y Y2
Fo = fo, F1=f1—yf2+ﬁf3,
Y
F2=f2—§f3v Fs=f3. (10)

We shall discuss the issue of matter coupling in detail in
Sec. 1L

In what follows, we employ the strategy of [22] to derive
several formulas for the inverse metric and the inverse
transformation associated with the generalized disformal
metric (8), which are useful when we focus on this
particular subclass of generalized disformal transforma-
tions. The expression for the inverse disformal metric g** is
obtained by assuming

" [Gap> P] = a0 + a1 '¢* + 2a," XY + az X XY,
(11)

and then fixing each coefficient function a,(¢, X, Z) so that
7', = &,. Written explicitly, we have

1 u __fofi +2(f1f5 = 13)

()

"R T foF ’
azz—%, a3_—f0f3+);g];l_f3_f%), (12)

with F defined in (7), which can be expressed in terms of
fi’s as

F=fo+foXfi+2f)+X2(fifs—f3). (13)

*We expect that the mass of the revived Ostrogradsky ghost
would scale as some inverse power of the matter energy density p.
Therefore, from the EFT point of view, the ghost would be
irrelevant at low energies for sufficiently small p.

*The quantity W := ¥? — XZ used in [37] plays essentially the
same role as Z in the present paper.
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As a result, we obtain

X = Xay + X2a, = XS0+ 2F5) (14)
]:

which is a function of (¢, X, Z) in general. In order for the

disformal transformation to be invertible, we require that X

does not depend on Z, i.e., X = X (¢, X). This requirement

poses a constraint among f;’s, which allows us to express

one of the f;’s in terms of the others. For instance, f; is

written in terms of the other functions as

L f, 2
h=% X+f0+Zf3' (13)

We also assume Xy # 0 so that we have X as a function of
(¢,X). Let us define

3 ¢¢IJ_ < 3, Zf2
X = o _ /4_ a X=X X
! <5ﬂ X g+ ) % X ”+fo+3f3¢” '
(16)
and then
_ - - XX:z
Z=gv XX, ==X 17
g uetv X F ( )

Provided that (Z/F); # 0, this equation allows us to
express Z as a function of (¢,}_(,Z). Now, the inverse
disformal transformation can be written in the form

oo Lo L[ ZHQft+Zf)
gﬂv[gaﬁ’¢] - fog;w f() fl (f0+Zf3>2 ¢y¢y
2f> 3 fi 33
A2 uox -t xx, (18
Xx(fo+Zf3)¢(ﬂ VXS 18)

where X and Z on the right-hand side should be respec-
tively regarded as functions of (¢, X) and (¢.X, Z), as
explained earlier. The invertibility conditions are summa-
rized as

fo#0. F#0, Xyx#0, X;=0, (é) £0. (19)
F)z

Note that Egs. (11)—(19) are consistent with those in [22]
under the identification (10).

B. Tetrad transformation law

As mentioned earlier, we shall discuss the consistency of
matter coupling in the presence of fermionic matter fields,
whose action is written in terms of the tetrad ej;. Therefore,
in this subsection, we develop the transformation law for
the tetrad &4 = &4 [eg. ¢] so that g,, = n.etel, with g,
being the generalized disformal metric studied in Sec. IT A.
Note that, instead of starting from the general form (2),
we assume g,, to be of the form (8) from the outset,
since otherwise bosonic matter coupling revives the
Ostrogradsky ghost [37,39]. For this purpose, let us put

the barred tetrad in the following form*:

eule. @) = (Eodj + E1$,¢" + Er¢, X°
+ B3¢ X, + EX,X%)el, (20)

with the coefficients £; (I =0, 1, ..
(¢, X, Z). Then, we have

., 4) being functions of

G =Napeiel = E3g,, + (XES + ZE3 +2E.E )b, + 2|Eo(Ey + E3) + XE E3 + ZE,E |, X,

+ (XE} + ZE; + 2EoE4) X, X,

By equating this expression with (8), we have

E§ = fo
Eo(Ez + E3) +XE|E3 + ZE2E4 — f2,

(21)

XE} + ZE3 +2E\E,| = f1,
XE3 + ZE3 + 2E\E, = f3, (22)

where the first equation requires f, > 0. Note that we have only four equations for five unknown variables E;, meaning that
the system is underdetermined. Nevertheless, the ambiguity due to the underdeterminedness should be absorbed into a local
Lorentz transformation and hence does not affect the action for a fermionic matter field, as we shall discuss below. By
making use of this ambiguity, one can make E; = 0. We then obtain

*One can verify that (20) can be uniquely solved for the unbarred tetrad at least locally in the configuration space if the disformal
transformation of the metric is invertible (see the Appendix).
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E—\/7 E_\/X/X—\/f_o £ — /2 Ei—0 E_vf0+Zf3—\/]T0 23
0 — fO? 1= ’ 2 — ’ 33— Y 4 — A . ( )
X Vio+ 23
|

Here, we assumed E, > 0 and chose a branch such that e; — A béllj,
e, = Egeq (ie., Ey = E, = E4 = 0) for the case of con- 0 o a 4 u u
formal transformations, where f,; = f, = f3 =0 and A% = (Lo + Lig by + Lot &,
X = X/f,. Now, the transformation law (20) for the tetrad + Lyp, X' + Ly XX ))eb, (24)
is written only in terms of ¢, ¢,, and &, and hence the
time derivative of the lapse function is absent under the i, L,’s being functions of (¢, X, Z), such that
unitary gauge. Note also that, as they should be, the barred
tetrad satisfies g*“ete; = and its dual & (i.e., such that J

Neal\ a\"p = Nap- (25)

" = ntesey) is given by ey = g el
Let us now study the local Lorentz transformation. We
assume that the transformation has the form

L2=1, XL+ ZI3+2L, =0,

L2 + L3 + XL1L2 + ZL3L4 - 0,

This equation poses the following constraints on L;’s:

XL3+ZL3+2L,=0. (26)

From the first equation, we can choose Ly = 1. Then, the latter three equations should be satisfied by the remaining four
functions, meaning that there exists a family of local Lorentz transformations characterized by one function of (¢, X, Z).
Acting the local Lorentz transformation A%, on the barred tetrad in (20), we have

A“béZ = (Eoo; + E1¢”¢” + Ezqﬁ”X" + E3¢"Xﬂ + E4X”)(“)e(‘j,

where

oSl

1 (1+XL1)E1 +L]E0+ZL2E2,

(14 XL,)E; + LyEy + ZL,E,,

oSl

3

As it should be, one can confirm that the left-hand sides of
(22) are invariant under the local Lorentz transformation.
Hence, one can make E; = 0 by choosing L; such that

Combining (26) and (29), we have the following solution
for L;’s:

E3 27-1/2
XL, =ZL, = -1 1+ X2 ———— ,
! ! - { - (Eo +ZE4> }

E E 21-1/2
S a— +XZ S — .
Ey+ ZE, E,+ ZE,

(30)

L2 :—L3 =

Note that we chose a branch such that the local Lorentz
transformation approaches identity (i.e., L; = L, = L3 =
L, =0) in the limit E3 — 0. This guarantees that one
can impose E; =0 without loss of generality in
obtaining (23).

The above discussion clarifies that the tetrad trans-
formation law associated with the generalized disformal

(27)

Ez = (1 + ZL4)E2 + L3E0 + XL3E],

Ey= (14 ZL4)E, + LyEy + XL;E;. (28)

|
transformation (8) is given by (20) with (23). A caveat is
that there still remain ambiguities, even at the starting point
(20): One may note that one could incorporate yet higher
derivatives, e.g.,

Y
Z, = (5,,_ D7 0,2.

(31)

into the tetrad transformation law (20), while keeping the
metric transformation law (8). We expect that such terms
would also be absorbed into a (generalized) local Lorentz
transformation. Since it is more convenient for our purpose
to use a simpler form of tetrad transformations, we adopt
(20) with (23) for the following arguments rather than
studying more involved forms.

ITI. CONSISTENCY OF MATTER COUPLING

Let us now consider matter fields which are minimally
coupled to GDH theories. By construction of the GDH
class, one can move to the frame where the gravitational
action reduces to the Horndeski one, while the matter fields
are coupled to the generalized disformal metric, i.e.,

044018-5
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S[g/un ¢v \P] = SH [gﬂl/’ ¢] + Sm [gyw lP]’ (32)

with the matter fields being denoted collectively by W. Note
that the (barred/unbarred) metric here should be replaced
by the (barred/unbarred) tetrad if the matter sector contains
fermionic components. As shown in [37], this “Horndeski
frame” is useful to study the consistency of matter
coupling. We note that the invertibility of generalized
disformal transformations plays a crucial role in going
back and forth between the two frames. We revisit the case
of bosonic matter fields in Sec. III A and discuss the case of
fermionic matter fields in Sec. III B.”

A. Bosonic matter

Let us first study the case of bosonic matter fields
coupled to GDH theories. We assume that the scalar field ¢
in the gravitational sector has a timelike gradient and adopt
the unitary gauge where ¢p = ¢(¢). Also, we introduce the
Arnowitt-Deser-Misner (ADM) variables as

Gudxtdx? = —N2d? + hj(dx' + Nidr)(dx/ + N7dr), (33)

where N is the lapse function, N' is the shift vector, and hi;
is the induced metric.

It is important to note that the Lagrangian of ordinary
bosonic matter fields does not contain derivatives of the
metric to which they are minimally coupled. For instance,
the action of a canonical scalar field ¢ is given by

1
Sscalar[guw 6] = /d4x\/—_g |:—§g””0l466y6 - V(G):| ’ (34)

where no derivative acts on g,,. The same is true for the
following action of a canonical gauge field A;‘:

1
Sgange G A] = / d'xy/=g (_zFﬁDFA’”)
Fﬁl/ = aﬂAf - auA/é + g*fABCAﬁAf, (35)

where g, denotes the gauge coupling constant and f45€ is the
structure constant associated with the gauge group. One could
of course consider a matter field whose Lagrangian contains
derivatives of the metric (e.g., cubic Galileon as studied
in [38,40]), but we are mostly interested in ordinary matter
fields like those described by the actions (34) and (35) or at

>One could consider matter fields that are coupled to Horn-
deski gravity through the generalized disformal metric corre-
sponding to noninvertible transformations [more precisely, those
that do not satisfy at least one of the last three conditions in
Eq. (19)]. Our discussion in Secs. III A and III B also applies to
such a case, except that one cannot move to the frame where the
matter fields are minimally coupled to GDH theories. Interest-
ingly, without the invertibility conditions, one could obtain a
weaker set of conditions for consistent matter coupling [39].

most their nonlinear generalizations (e.g., k-essence scalar
field [41] and nonlinear electrodynamics [42,43]).

Now, let us consider matter fields that are coupled to the
generalized disformal metric, as we mentioned above
in (32). As clarified in [37,39], under the unitary gauge,
the generalized disformal metric (2) in general contains
the time derivative of the lapse function N and so does the
matter action Sy, (g, ¥], which makes N dynamical when
coupled to Horndeski gravity. This is the origin of the
revival of the Ostrogradsky ghost in the presence of matter
fields. On the other hand, restricted to the subclass of
generalized disformal transformations given by (8), the
matter coupling is consistent, i.e., the Ostrogradsky
ghost does not revive. To see this, recall that the trans-
formation (8) is constructed out of ¢, ¢,,, and X,. Under the
unitary gauge, the quantity &, corresponds to the three-

dimensional covariant derivative of X = —¢?/N? on a
constant-¢ hypersurface. Therefore, the matter action does
not yield the kinetic term of N, and hence the matter
coupling is consistent. In the language of the original
frame, GDH theories that are generated via the generalized
disformal transformation of the form (8) allow for con-
sistent bosonic matter coupling.6

B. Fermionic matter

Having discussed the consistency of bosonic matter
coupling, let us consider a fermionic matter field. For
concreteness, we consider a free massless Dirac spinor y in
a curved spacetime described by the following action (471"

) B
Sspinor €4 W] :/d4xe<—§y/11yoeﬁyavﬂw—I—C.C.>, (36)

where e := det ey, c.c. denotes the complex conjugate, and
y® denotes the gamma matrices in the Minkowski space-
time such that y%y? + y?y% = 21°*1, with 1 being the
identity matrix in the spinor indices. Note that we put hats
on local Lorentz indices (a, b, - - - = {@, 1,2, 3}). Here, we
do not use the notation y. Usually, it denotes I//Ti}/() in the
literature, but in the present paper we reserve ¥ to denote a
transformation of the spinor field [see Eq. (47)]. The
covariant derivative acting on the Dirac field is defined by

1
V= (ﬂa,, + Z“’”ah“”> W. (37)

Here, 7., == (Yu75 — 7b74)/2 and the (torsion-free) spin
connection wﬂ“b is defined by

®The condition for consistent matter coupling becomes tighter
in scalar-tensor theories with a nondynamical scalar field (e.g.,
the cuscuton [44] or its extension [45,46]), as pointed out in [37].

Note that the discussion here would apply to the case of
massive Dirac fields as well as Majorana fields.
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w,*, = —ey(0,el — Ffwef), (38)

where I" fw is the Christoffel symbol associated with the
metric. Equivalently, in terms of differential forms, the spin
connection 1-form w® := w,*’dx* is defined so that

de? = —w®, A e?, (39)

with e := egdx* being the tetrad 1-form.
Since a)ﬂ“b involves derivatives of the tetrad/metric, one
may think that derivatives of the lapse function and/or
shift vector show up in the matter Lagrangian, which could
make the fermionic matter coupling inconsistent even in
Horndeski theories. Nevertheless, this is not the case
as we explain below. For the ADM metric (33), the tetrad
1-form can be explicitly written as

DNt d = Oead s N, (40)

where (el denotes the triad such that /iy = 5?](3)62(3)63 )
From (40), we have

ded = 0 Ndxk A dt,
del = [ef -9, (PelN)]dr A dok + 9, Pefdxk Adx!,  (41)

where the time derivative (denoted by a dot) acts only on
the triad associated with the induced metric. Comparing
these equations with (39), it is clear that the time derivative
of N or N’ does not appear in the spin connection.

On the other hand, the time derivative of the triad shows
up through

2 4

_ IR T i Lo
Sqpinor €1 W/] D / d*xVhE}(Ey+ ZEy) Wi =ity el ey —i

where we have employed (43) and the following
formula:

Vh = VhEX(E, + ZE,). (46)

One can absorb the overall factor E}(E,+ ZE,) by
redefining the spinor y as

w = Ey (Eq + ZE) ™y, (47)

where, as mentioned above, we use  to denote the

new spinor field rather than w'iy0. Then, (45) takes the
form

e w53 9= ek Bl dr,

(es) (dok +NEdr), N e

23,7 03),1
N kG

(42)

This means that the spinor action would yield the time
derivative of N after the disformal transformation. Indeed,
from (20), the transformation law for the triad is obtained as

Oz}, = (Eod} + Es X, X) Ve,
R E,

(3)gk - _Xkx, |Gl (43
Eo(Ey+ 2E) " 1) )

k= | g
1 EO

where the right-hand sides involve the lapse function (or
its spatial derivatives through X; and Z). As a result,
the spin connection associated with the barred tetrad yields
N, which could make the spinorial matter coupling
inconsistent.

In order to investigate the degeneracy structure in detail,
let us focus on terms in the spinor action (36) that involve
the time derivative of the spinor and the triad,

i i
Sspinor[e,(:alll} ] /d4x\/ﬁ<§WTW_§WTW

1 . 44
+ v e (3)6;k7”u/) : (44)

with h = det by, = (det ®)el)2. It should be noted that the
right-hand side does not depend on N or N'. Substituting
the barred triad into the above equation, we obtain

X2ZE?  0,No,N
Ey(Ey+Z2E;) N?

w“”eﬁ“”eﬁ”w} ,

(45)

[
- i SRS 1 s i _ . AN
Sspinor[eﬁsl//] D/d4X\/E |:2I/ITI//—21//T1//+41//T(3>€§{<3)€}~kj/”l//
X2ZEZ  ONoN _,
—1 7 T(3) ok (3) 10,177 .
"Eo(Eo+2E;) N VG ‘/’]

(48)

Note that, except for the last term, the right-hand side has
the same form as (44_). )

Let us study how i and N show up in the equations of
motion. The variation of the action with respect to '
involves the following terms:

i 58 _ . X>ZE; akNa,N(
Vo5 =V T Eo(Ey + ZE;) N

3)e§.‘(3)el;.y§}lil. (49)
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Hence, the equation of motion (EOM) for ', together with
its Hermitian conjugate, yields8

0,7y i) = (terms withoutiyy  or N).  (50)

Likewise, the EOM for N contains i, i, and Nin general. To
avoid an unwanted extra d.o.f., these equations should be
degenerate, i.e., there should exist an appropriate linear
combination of the equations of motion for N and y that
gives a constraint equation where any of , ', or N does not
appear. However, we see that this is not the case: By using
(50), one can erase i and ' simultaneously from the EOM
for N, but N still remains, which cannot be removed by use of
(49) without reintroducing . This problem originates from
the last term in (48), which is proportional to Eﬁ. This means
that there exists an unwanted extra d.o.f. so long as E, # 0,
i.e., f3 # 0[see Eq. (23)]. Conversely, if f3 = 0, then (48) has
the same form as (44), and hence the spinor can be coupled to
gravity without reviving the Ostrogradsky ghost.

To summarize, the consistency of the spinorial matter
coupling requires an additional condition f; = 0 compared
to the bosonic case. Thus, we identified a class of GDH
theories to which both bosonic and fermionic matter fields
can be consistently coupled. Written explicitly, the gener-
alized disformal metric after imposing the consistency of
matter coupling takes the form

g;w [gaﬁv ¢] = ngm/ + fl¢ﬂ¢l/ + 2f2¢(ﬂXl/>’ (51)

where f;’s are functions of (¢, X, Z). Here, in order for the
transformation to be invertible, the function f; should be
related to f, and f, as

(S} \e}

~

0, 213
fo

through some function X = X (¢, X). We note that the class

of generalized disformal transformations of the form (51)

covers conventional disformal transformations (i.e., those
with at most first-order derivative of ¢).

(52)

<] —
al

fi=

IV. CONCLUSIONS

There have been extensive studies on scalar-tensor theories
with higher-order derivatives, where the degeneracy of
higher-derivative terms is crucial for avoiding the problem
of the Ostrogradsky ghost. The largest class of ghost-free
scalar-tensor theories known so far was proposed recently
in [37] and is called the generalized disformal Horndeski
class, which is generated from the class of Horndeski theories
via invertible generalized disformal transformation [22].
When matter fields are coupled to such gravitational theories,

8 . .
'We choose a representation of the gamma matrices such that
y"’s are Hermitian matrices.

the Ostrogradsky ghost can revive, as the matter Lagrangian
does not necessarily respect the degeneracy conditions
imposed on the gravitational Lagrangian. Needless to say,
matter fields exist in our Universe, and hence one should
construct gravitational theories so that the matter fields can be
consistently coupled without reviving the Ostrogradsky
ghost. It was shown in [37,39] that ordinary bosonic matter
fields (e.g., a k-essence scalar field and standard gauge fields)
can be consistently coupled to a particular subclass of GDH
theories. This subclass is obtained via the generalized dis-
formal transformation (8), which does not involve the time
derivative of the lapse function in the unitary gauge (see
Secs. IT A and IIT A for a detailed discussion).

On the other hand, in the case of fermionic matter fields,
the matter Lagrangian is written in terms of not the metric
itself but the tetrad, and hence the analyses in [37,39] do not
apply directly. Therefore, in the present paper, we studied
the tetrad transformation law under the generalized dis-
formal transformation in Sec. II B. We showed that, if the
generalized disformal transformation does not depend on
the time derivative of the lapse function under the unitary
gauge, neither does the associated tetrad transformation
law. By use of the transformation law for the tetrad, we
studied how the action of a spinorial matter field is
transformed under the generalized disformal transforma-
tion. We clarified that an additional condition [i.e., f3 =0
in the notation of (8)] is required in order not to revive the
Ostrogradsky ghost (see Sec. III B for details).

To summarize, we identified a class of GDH theories that
allows for consistent coupling of both bosonic and fer-
mionic matter fields. Although the consistency of matter
coupling puts a tight constraint on the form of the
generalized disformal transformation and GDH theories
associated with it, there still remains a nontrivial class of
GDH theories that includes the DH class as a strict subset.
Our strategy would be straightforwardly applied to more
generic invertible transformations as well as other modified
gravity theories, e.g., vector-tensor theories and multifield
scalar-tensor theories. It should also be noted that our
analysis (as well as those in [37,39]) relies on the unitary
gauge where the scalar field has a spatially uniform profile.
Indeed, the consistency of matter coupling under the
unitary gauge would be enough for the GDH theory to
be employed in the cosmological context where the scalar
field typically has a timelike profile. Away from the unitary
gauge, there would be a shadowy mode [48—-50] in matter-
coupled GDH theories in general, which itself is harmless.
Having said that, the analysis away from the unitary gauge
would also be important when one is interested in a
situation where the scalar profile is spacelike, which we
expect to happen for, e.g., neutron star solutions.” If one is

’Black holes/neutron stars in shift-symmetric scalar-tensor
theories can support scalar hair with a timelike profile
[10,12,51-65], for which one can take the unitary gauge.
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interested in such a situation, one has to study the structure
of the kinetic matrix without assuming the unitary gauge,
which should pose a tighter constraint on the transforma-
tion law. We hope to address this issue in a future
work [66].
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APPENDIX: INVERSE TRANSFORMATION LAW
FOR THE TETRAD

In this appendix, we briefly discuss the inverse trans-
formation associated with the tetrad transformation (20).
On top of (20), let us consider a disformal tetrad given by

>a

eileq. ¢l = (Agdy; + A1 + Asp, X + A3p* X,

+ Ay X, X%)eg, (A1)
which will be identified as the inverse transformation for
(20). The functional composition of the two disformal
transformations yield

22t ) = (Ao8 + A1 + Ao, X7 + Asg X, + X, X%) (Eohs + Eypudl + ErpuX? + EspP X+ E,X,XP)es,

where we have reorganized terms inside the first paren-
theses in terms of unbarred quantities. One can confirm that
the map between A;’s in (A1) and A,’s in (A2) is invertible
if the disformal transformation for the metric is invertible.
The inverse transformation for (20) is obtained by putting
eileg. @] = ey, which yields a system of linear algebraic
equations for A,’s. There exists a unique solution to this
system if and only if the following quantity does not vanish:

E}+ Eo(XE| + ZE4) + XZ(E\E4 — EyE;) #0.  (A3)

(A2)

|
By use of (22), one can show that

F=|E§+Ey(XE +2E,) +XZ(E\E, - E,E3)P,  (A4)

which is nonvanishing under the condition (19). This
means that the condition (A3) is automatically satisfied
if the generalized disformal transformation for the metric is
invertible. Therefore, the invertibility of the tetrad trans-
formation follows from that of the metric transformation.
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