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Holographic Fermi surface at finite temperature
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Subir Mukhopadhyay  and Nishal Rai’

Department of Physics, Sikkim University, 6th Mile, Gangtok 737102, India
(Received 9 July 2017; published 5 September 2017)

We analyzed two-point Green’s functions of operators in six-dimensional (2, 0) theory dual to fermions
in maximal gauged supergravity in seven dimensions at finite temperature. We have considered
backgrounds with both the charge parameters nonzero as well as only one charge parameter nonzero.
In the former case we find all the modes admit Fermi surface(s), while in the latter, some of the modes do
not have a Fermi surface. We find backgrounds corresponding to nonzero expectation value of the scalar
appearing in the dual operator give rise to Fermi surface(s).
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I. INTRODUCTION

AdS/CFT correspondence [1-3] has been proved to be
an extremely useful tool for studying strongly interacting
fermionic systems using the gravity dual. This has been
effectively used to study Fermi surfaces [4-6] showing
existence of holographic Fermi liquid as well as non-Fermi
liquid, which are characterized by sharp Fermi surfaces but
excitations with scaling behavior different from Fermi
liquid. Studies of various aspects of these non-Fermi liquid
have appeared in literature [7-9], such as effects of
variation of mass, charge parameters, Pauli coupling as
well as the relation between the scaling exponent of spectral
function and dimension of dual operators, to name a few.
These analyses are in bottom-up approach where on the
gravity side one chooses a Lagrangian, which reflects the
effective low energy operators of the system one is
interested in, with appropriate symmetries. Though this
is a very informative and flexible approach, often the dual
theory is not known.

On the other hand, one can begin with a known string or
supergravity model, where the dual theory is known.
Several studies in this top-down approach [10-14]
appeared in the cases of probe branes and N = 2 super-
gravity theories. In particular, no Fermi surface was found
in the case of N =2 supergravity [12,14]. Subsequently,
systematic studies appeared for maximally gauged super-
gravity theories in five and four dimensions [15-17], which
are dual to N = 4 super-Yang-Mills (SYM) in four dimen-
sions and Aharony-Bergman-Jafferis-Maldacena (ABJM)
theory in three dimensions. Fermi surfaces were found to
be present in both cases, as revealed through analysis at
zero temperature for various values of chemical potentials.
Later, the zero temperature analyses were extended to the
computation of full Green’s function at finite temperature
for single charge [18], which also studied the role of scalar

fsubirkm@ gmail.com.
"nishalrail0@gmail.com.

2470-0010/2017/96(6)/066001(8)

066001-1

and spinor operators in the dual field theory. Discussions of
Fermi surfaces in a similar context appeared in [19-21]. A
model with single charge having vanishing entropy at zero
temperature was analyzed in [22] where they found
fermionic fluctuations are stable within a gap around the
Fermi surface. Studies of Lifshitz geometry at finite
temperature in the bottom-up approach have also appeared
[23,24], where gapped spectra were found.

Analysis of maximally gauged supergravity in seven
dimensions at zero temperature, which is dual to (2, 0)
conformal field theory in six dimensions appeared in [25].
The dual theory is one of three maximally superconformal
field theories and so it is interesting in its own right. The
background considered consists of two nonzero charge
parameters and over the range of these parameters, it turned
out operators in the dual field theory admit at least one
Fermi surface. In particular, operators corresponding to
fermionic modes with higher total charge admit two Fermi
surfaces, over some region of parameter space.

In the present work we have extended this analysis of
zero temperature [25] to finite temperature by computing
the full Green’s function. We have analyzed behavior of the
spectral function for various fermionic modes at nonzero
temperature in order to study Fermi surfaces. We find
agreement with earlier results for background with two
nonzero charge parameters. Furthermore, we set one of the
charge parameters to zero that gives rise to different
backgrounds, which does not admit extremal limit. Since
the dual field theory is known, it enables us to study the role
of the operators in the dual field theory in determining the
nature of the Fermi surface.

The plan of the article is as follows. In the next section,
we briefly describe the black hole solution that we use
as the background. In Sec. III we set up the equations to
compute Green’s function of the dual operators. In Sec. IV
we present numerical computation of Green’s function for
different modes and backgrounds. In Sec. V we conclude
with a discussion of the results.

© 2017 American Physical Society
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II. BLACK HOLE SOLUTION

We consider maximal seven-dimensional gauged super-
gravity [26-28], which is conjectured to be dual to a
six-dimensional (2, 0) conformal field theory [1-3]. The
seven-dimensional theory has an SO(5) symmetry and it
admits an asymptotically AdS black hole solution. In order
to obtain the black hole solution one can truncate the theory
so as to reduce to gauge group to U(1)?, where two gauge
fields in two Cartan of SO(5) are nonzero, while setting
other components of the gauge fields and three-form
potential to be zero [29,30]. The bosonic Lagrangian with
the truncated fields is given by [29]

1
2k?e” 'L =R — §m21/(¢1’ b)) — 6(3451)2 _ 6(a¢2)2
- 8(8/4‘151)(8”452) — e~ F,(,ID)2 — 6_4‘/’2171(43)2
+m ™ 'p,(A,F), where
v(y, a) = —8e2(d1tn) _ f4o—201—4b2
— 4e=401=2r 4 o~8b1-81 (2.1)

The asymptotically AdS black hole solution [29,30] to
the equations of motion ensuing from the Lagrangian (2.1)
with two charges is as follows [25]. The metric and the
gauge fields are given by

ds? = A0 (h(r)di? — di?) — e e
h(r)
Af,l)dx" = Agl)(r)dt, A,(,z)dx" = A;z)(r)dt,
$1 = P1(r). 2 = (). (2.2)

The explicit expressions of the functions appearing on the
right-hand side are given by
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m/2 =1/L where L is the radius of AdS and g = 2m.
Temperature and entropy density associated with this black
hole are given by [17]

Q2 _ 010}

78

_om? rh3+ ]

4 277: QZ’
1+2 144
h h

5= (m/2)° /U + OV + 03).

(2.4)

The chemical potentials and charge densities are given by

1m?Q, (r+ 03\ 1m? 0, (1 + 07\
M=am \hyo) " 2arn \Pyo
0;s
= . 2.5
pi P (2.5)

Fermionic field content consists of gravitini and spin-1/2
fermions, transforming in 4 and 16 of SO(5) respectively. We
are denoting the spin-1/2 fermions by A'*(s},,534),
A% (s12.534), where s1p, s34 = +1 are charges of spinor
representation of two generators in Cartan of SO(5), as
explained in [25]. Our objective is to study Fermi surfaces
associated with the operators dual to these Fermionic modes.
Out of these 16 fermions we will consider eight fermions that
do not couple to the gravitini. The charges, masses and other
parameters of these fermions are summarized in Table 1.

The dual field theory contains [31] self-dual two-form
potential transforming as 1, five scalars X' transforming as
5 and four symplectic Majorana-Weyl spinors y* trans-
forming as 4 under the R-symmetry group. We denote
scalars by Z!*, ¥2* and X° having U(1) x U(1) charges
(% 1,0), (0,F 1) and (0, 0) respectively and spinors by
(12, 834) With §15, s34 = +1/2. Operators dual to the
fermions A’ in the supergravity, transforming as 16, are of
the form tr(Zy) [31,32]. These operators may be organized
as (X (513, 534)) and tr(Z*y (519, 534)) With 515, 534 =
+1/2 on the basis of the U(1) x U(1) charges. Operators
dual to each fermion in supergravity are given in Table I.

III. GREEN’S FUNCTION

In order to study Fermi surfaces in boundary theory we
consider solutions of Dirac equations for spin-1/2 fermions
A in the supergravity theory. The Dirac equations for the
eight spinors in the supergravity theory, in which we are
interested, are given by [25]

[iT#V,, — m(m & + mye®> 4+ mye=4P1+42))

+2m(giA) + @A)

+ i(P1€_2¢‘F/(49 + P2€_2¢2F;(4%>)FWW(S127 534) =0,

(3.1)
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Charges, masses, Pauli terms coupling and dual operators corresponding to the fermionic modes.

No. A (512, 534) my my ms q1 92 P1 P2 dual operator
! 1.9 N T T e R )
2 e e T T T T R it )
; e T T T S I S e )
e T R S A A T e )
: (e S S S T R S B 2 )
6 T I S R T T A B a2 )
i e I S T e e T T Lo )
8 T I S R S SO SR SR SR o et tht)

where we introduce parameters my, m,, ms, q;, ¢, p1 and
p>. The values of the parameters for different fermions in
supergravity theory are summarized in Table I. We will use
the following simplification as explained in detail in [25].
By introducing suitable I" matrices and t and x depend-

ences, as A = e~ A p(r) "/ 4emiortike(V ! ) one can see both

four-component spinors, y' and ;' satisfy the same equa-
tion and so it is sufficient to study the equations satisfied by

w!. Choosing
i W
l//a - i ’
Yot

i — (w'i)
W

where v/, are two-component spinors the equations reduce
to the following form (suppressing i index):

a=1,2, (3.2)

(ar + X03 + YiUz + ZJ])W{I = 07
eB—A

(¢17¢2) Y =- \/E u(r),

where X = m—

\[

eB—A
Z=- 7 [(=1)% = v(r)],
and M(¢1’¢2) (m1€2¢1 + mzez‘/’z + mye” <(/’1+f/’z))

1
wﬁ=;¢@+mMm4”+@4%1

v(r) = 2¢7B[pye 2 FlY) 4 pre=22F)].
(3.3)

One can observe, changing the value of « is associated with
flipping of the sign of k. Therefore, if for one value of « it
admits a Fermi surface at k = kp, for the other value of a,
the Fermi surface will appear at k = —kp, provided other
parameters remain the same. So one can choose a specific
value of a without loss of generality.

Since the fermions have oscillatory behavior at the near
horizon limit, following [18], we introduce the following
quantities, termed as generalized fluxes. Unlike the fermions,

these generalized fluxes have nonoscillatory behavior near the
horizon:

Ur=w_=Liy,, =|U.P=|U_?
I=U,U-+ULU_, J=iU,U--ULU_),
= UL +|U_". (3.4)

The equations satisfied by the generalized fluxes, as
follows from (3.3) are

9,F =0,
9,0 = —2YT + 27K,

0,T =2YJ - 2XK,

0K ==-2XT+227J. (3.5)
At the near horizon limit, behaviors of fermion fields
[33] for any specific a are given by

i

V_ = iw+ = 5(r— rh)_‘t%, (36)

along with corrections of order /7 — 7). Leading order
behavior of the generalized fluxes at the near horizon limit
follows from (3.5) and near horizon expansion of X, Y and
Z [25], as given by
F=1, IT=i\r=r, JT=jr—r, K=1, (3.7)
where i; and j; depend on w, k, r, and parameters
associated with fermions.

At the asymptotic limit r — oo, behavior of the fermions
is given by [25]

W, =Ar + Br3, w_=Cri+Dri  (3.8)

Using (3.4), one can relate the asymptotic behaviors of
generalized fluxes with the coefficients, A, B, C and D,
given in (3.8). In particular, we obtain the following
expressions:
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Fo=2i(AD*—A*D) =1, Jo = —2(A*D + AD"),
,C3 - 2|14|2 - —1-3, (39)
where the subscript in the coefficient refers to the power of
r in the asymptotic expansion.

The expression of Green’s function depends on the

coefficients in the asymptotic expansion in (3.8). It is
given by

(3.10)

and it is retarded because of in-falling boundary condition.
The imaginary and real parts of Green’s function are
given by

1 A'D—AD* 1

Im(Gg) = — =,
mGr) = 5 AP 2K
1A*D + AD* Jo

In general, the Green’s function according to our notation is
a2 x 2 matrix G,43. However, in the present case it turns out
to be diagonal. We will be considering G, corresponding
to a = 1. Changing the value of a would correspond to
flipping of the sign of Fermi momentum as mentioned
earlier.

IV. RESULTS

In the present section we have studied spectral function
associated with the operators dual to the fermions in the
supergravity theory, given in the Table I. All eight fermions
are charged with respect to both the U(1) gauge fields. As
explained in [25], the different fermionic modes are related
to each other through interchanging of charge parameters
0, and Q, and flipping of the sign of ¢; and p; associated
with alteration of signs of k and w. For the general
background, where both charge parameters Q; and Q,

g1=-3/2, gp=-1/2, w=0, T/y =.0005

S R B P P

/

q1=-3/2, go=-1/2, k = -2.6, T/ = .005

Im Gg Im Gg

10
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are nonzero, we have discussed the result only for two
different modes, namely, ¢, = —-3/2, ¢, = —1/2 and
q1 = —=3/2, g, = 1/2. For the other modes in this back-
ground, behaviors are similar. We have termed these as
two-charge cases. For each of the two modes, setting m = 2
we numerically solve (3.3) subject to the boundary con-
dition (3.7) and obtain ImGy using (3.11). In addition, we
have studied the spectral function for fermions in the
background with one charge, as well. This background
is obtained by setting one of the charge parameters,
0, =0, and then using a similar procedure we examined
the modes with ¢, =3/2, ¢, =1/2 and ¢, =1/2,
q>» = 1/2. Once again, due to symmetry, other modes in
Table I have similar behaviors. We have termed these as
one-charge cases. It may be mentioned that, since O, = 0
does not admit an extremal limit, Fermi surfaces of one-
charge cases can only be studied at finite temperature.

In order to see the existence of Fermi surface at finite
temperature we have used the following criteria [18]. If
there is a Fermi surface at a certain value of k = kg, it
shows up as a peak in the spectral function for @ =0
around kr, which has a width small enough compared to
the temperature. Furthermore, if we plot the spectral
function vs @ at k = kp that should show a peak near
@ = 0, which is consistent with quasiparticle. Furthermore,
the maximum value of the spectral function at @ =0
should be large enough. Since the underlying theory is
conformal, we considered ratio of spectral function and
p* = /T? 4+ ui + u5 in the plots.

We have studied Fermi surfaces for the two-charge cases
at zero temperature in [25]. We found the operator dual to
the fermionic mode with ¢, = —3/2, ¢, = —1/2 admits
two Fermi surfaces; one of the Fermi surfaces is in the
Fermi liquid regime while the other one is in the non-Fermi
liquid regime, both approaching marginal Fermi liquid as
Q) approaches infinity. The operator dual to the mode with
charges ¢, = —=3/2, q, = 1/2 admits one Fermi surface,
which is partly in the Fermi liquid regime and partly in the
non-Fermi liquid regime.

q1=-3/2, Ggo=-1/2, k = 4.3, T/ = .005

Im Gg

o

8000+

6000+

4000

2000+

Y = 5 7 ) 05
(a) ImGR vs. k

FIG. 1.

(b) ImGpg vs. w

05 0% 70 05 05 1.0

(¢) ImGR vs. w

Spectral function for fermionic mode with ¢, = —=3/2,¢, = —1/2, Q%/r} = 10.
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q1=-3/2, qp=-1/2, w=0,T/y =.0005 q4=-3/2, qo=-1/2, k = 1177, T/ = .0005
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q1=-3/2, gp=-1/2, k = 4.5, T/ = .0005
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FIG. 2. Spectral function for fermionic mode with ¢, = —3/2, g, = —1/2 for Q%/r} = 2.

At finite temperature, we begin with ¢, = =3/2, ¢, =
—1/2 at T = 0.0005. In order to demonstrate the depend-
ence on the charge parameters we have considered two
different values, Q3/r} =10 and Q%/r}=2. For Q}/r} =
10, spectral function at @ = 0, as shown in Fig. 1, shows
two peaks at around two different k values, k; = —2.6 and
ky, = 4.3. Clearly, the former peak is quite broad while the
latter is sharp indicating that the former does not correspond
to a Fermi surface while the latter does. Looking into the
zero temperature behavior [25] one can observe at that value
of charge parameter, there is only one branch that admits
the Fermi surface, while the other branch has entered the
oscillatory region. Plots of spectral function vs @ for k; =
—2.6 and k, = 4.3 as given in Fig. 1 confirm this, as the
former does not have a sharp peak around @ = 0. For
Q3/rt =2, the plot of spectral function vs k is given in
Fig. 2, where it shows two sharp peaks at k; = 1.177 and
ky, = 4.5, indicating existence of two Fermi surfaces. Plots
of spectral function vs @ at those values of k are given in Fig.
2, showing peaks at around @ = 0, establishing the fact that
both correspond to Fermi surfaces. This also confirms the
result obtained at 7 = 0 [25], that at this value of charge
parameter, there are two Fermi surfaces.

We have plotted the spectral function for the operator dual
to the fermionic mode with charges ¢, = =3/2, ¢, = 1/2 at

q1=-3/2, qo=1/2, w=0, T/y" =.0005
ImGR

o
500

00

00

00

100

0 205 [ 05 70k

FIG. 3.

the same temperature at 7 = 0.0005. For Q%/r} = 10 and
Q3/r} = 2 plots are given in Figs. 3 and 4, respectively. As
one can observe, it has a single peak in both cases, at k =
—0.1572 and at k = 3.054 for Q3/r} = 10 and Q?/r} =2,
respectively. This implies that the mode admits a single
Fermi surface for both values, which is consistent with the
result obtained in the 7 = 0 analysis. For both values of
charge parameter, it shows the peak of spectral function
around w = 0 at respective k values.

We have extended this analysis to one-charge cases, by
setting O, = 0. We first consider the operator dual to the
mode with ¢, =3/2, g, = 1/2 and plotted the spectral
function vs k at @ = 0. As is apparent from Fig. 5, it is
showing a peak at around k = —0.899. Plotting the spectral
function vs w at k = —0.899, we find a peak around w = 0
and so we conclude this mode admits a Fermi surface.
Similar plots for the operators, dual to the fermionic
mode with ¢g; =1/2, ¢, =3/2 are given in Fig. 6.
While considering the plot vs k, it does show a peak at
k = 0.451. However, the w plot at that k value does not
show any peak at all around @ = 0. Therefore we can
conclude, for operator dual to the mode with charges
q: = 1/2, g, = 3/2 there exists no Fermi surface.

From the results of the two-charge cases, it appears
fermions with higher charge tend to have Fermi surfaces.

q1=-3/2, qu=112, k = -1572, T/ =.005

Im GR

R
500}

4001
300
200}

.

-0.5 0.5 1.0

-1.0

Spectral function for fermionic mode with ¢, = —=3/2, g, = 1/2 for Q%/r} = 10.
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q1=-3/2, q;=1/2, w=0, T/y" =.0005
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q1=-3/2, g2=1/2, k = 3.054, T/y" = .0005
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FIG. 4. Spectral function for fermionic mode with ¢, = =3/2.¢, = 1/2 for Q}/r} = 2.

qg1=3/2,9,=1/2, w=0,T/uy =0.7946
Im Gg

i

FIG. 5.

g1=1/2, qo= 3/2, w=0, T/y" =0.7946
|mGR

-4 -2 | 2 .

q1=3/2,q,=1/2, T/ =0.7946

Im GR

Spectral function ¢, = 3/2, g, = 1/2. The left figure is at @ = 0 and the right figure is the plot vs .

q1=1/2,9,=3/2, T/y =0.7946

Im GR

"
0.20}
0.15}

0.10}

0.05

FIG. 6. Spectral function ¢, = 1/2, g, = 3/2. The left figure is at @ = 0 and the right figure is the plot vs w.

In particular, operators involving gauginos y(+1/2, £1/2)
have two Fermi surfaces, while operators involving gau-
ginos w(£1/2, F 1/2) have one Fermi surface. So it seems
that it is the gauginos that determine the nature of the Fermi
surface admitted by the operator. In order to understand the
role played by the scalars in the dual field theory we

consider the relation between ¢; and ¢, in the supergravity
and the scalar operator in the dual field theory. Our solution
has a U(1) x U(1) symmetry that rotates phases of X!+
and X>* respectively. This implies distribution of the
M5-branes should be symmetric in the large N limit. In
terms of ¥/, i = 1,2, ...5 (they are related to !'* and >+
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through X! =31 43?2 32+ =33 +¥* [25]) this implies
the scalar operators in the dual field theory satisfy
tr((Z1)?) = r((£?)?) and tr((Z*)?) = r((Z*)?), which
we call tr(23) and tr(X3) respectively, while we write
(£3)? = 2. In presence of this symmetry, the operators
dual to the supergravity field ¢»; and ¢, are given by [34]

1
Oy, ~ gtr(—32i +2%% +3%) and

Oy, ~ étr(ZZ% —3%2 +3%). (4.1)
From the asymptotic expansion of ¢, and ¢,, as given in
supergravity solution (2.3), one can see for the one-charge
case, where we set O, = 0, (O, ) is negative and (O,,) is
positive. This implies X, or in other words X'* has a
nonzero expectation value. From our analysis given above
we find that the operators involving X'+ give rise to the
Fermi surface, while operators involving % do not admit
one. It suggests that expectation values of the scalars
appearing in the dual operator play a role in determining
the Fermi surface. A similar result has been found in N = 4
SYM and the ABJM model [18]. It may be mentioned that
in the present case the near horizon geometry is AdS, with
a nonzero entropy at 7 = 0, while the models discussed
in [18] have vanishing zero entropy, and so this feature
seems to be quite general. In the cases where both charge
parameters are nonzero, it is plausible to assume that both
!* and X?* have nonzero expectation value in general,
giving rise to Fermi surface(s) for all the operators.

V. DISCUSSION

To summarize, we have studied the Fermi surface in the
six-dimensional (2, 0) theory at finite temperature, both for
two charge parameters and one charge parameter. In the
case of two charge parameters we find operators dual to the
fermionic modes with higher charge are more likely to
admit the Fermi surface, confirming the result we obtained
in the zero temperature analysis. We find the one with
higher charge admits two Fermi surfaces, while the one
with less charge admits one. It appears the Fermi surface
associated with dual operator of the form tr(Zy) depends
on the charge of the gaugino . At finite temperature, we
have extended the analysis to the cases of one-charge,
obtained by setting one of the charge parameters equal to

PHYSICAL REVIEW D 96, 066001 (2017)

zero. We considered all the fermionic modes and found that
only operators dual to some of the modes are admitting the
Fermi surface while others do not. By analyzing the dual
field theory, we find if the background corresponds to a
nonzero expectation value of the scalar, the corresponding
operator admits the Fermi surface. On the other hand when
both the charge parameters are nonzero, probably all the
scalars have expectation values and dual operators asso-
ciated with all the fermionic modes, as we have seen in the
present model, admit one or more Fermi surface. If that is
the case as explained elsewhere [18], it is the colored
gaugino that gives rise to the singularity associated
with Fermi surface. However, there are counter examples
[18] found in the analysis of N =4 SYM [16] and so
understanding the roles of scalar operators requires
more study.

As explained above, obtaining a clear picture regarding
roles played by various operators in the dual field theory in
the context of Fermi surfaces requires models amenable to
more precise and detailed analysis. The Luttinger count of
charge density may also shed light on it [15]. In the present
work, we have considered only those fermionic modes,
which do not couple to gravitini in supergravity theory.
An analysis of other modes, as well as that of the gravitini
itself, may lead to further insight into the dual field theory.
In the earlier work [25] we have observed that in the two-
charge cases, for limiting values of the charge parameters,
the dual field theory is in the regime of marginal Fermi
liquid. Optimally doped cuprates [35] are thought to be
examples of marginal Fermi liquid and so it will be
interesting to extend the study for such limiting values
of charge parameters. A study of transport phenomena at
finite temperature for the present model may also lead to
better understanding. Finally, a thermodynamic analysis
may illuminate stability issues of the present model. In five
dimensions similar black hole solutions show instability
through development of charge density leading to sponta-
neous breaking of SU(2) € SO(6) and translational invari-
ance [36]. In the present case, the theory has an SO(5)
symmetry and it may be interesting to see whether similar
symmetry breaking may render it unstable.
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