PUBLISHED FOR SISSA BY @ SPRINGER

RECEIVED: March 17, 2022
ACCEPTED: June 10, 2022
PUBLISHED: July 11, 2022

Quasi-normal modes of dyonic black holes and
magneto-hydrodynamics

Hyun-Sik Jeong,*’ Keun-Young Kim“¢ and Ya-Wen Sun®?’

aSchool of physics & CAS Center for Excellence in Topological Quantum Computation,
University of Chinese Academy of Sciences,
Zhongguancun east road 80, Beijing 100049, China

b Kawli Institute for Theoretical Sciences, University of Chinese Academy of Sciences,
Zhongguancun east road 80, Beijing 100049, China

¢Department of Physics and Photon Science, Gwangju Institute of Science and Technology,
128 Cheomdan-gwagiro, Gwangju 61005, Korea

4 Research Center for Photon Science Technology, Gwangju Institute of Science and Technology,
128 Cheomdan-gwagiro, Gwangju 61005, Korea

E-mail: hyunsik@ucas.ac.cn, fortoe@gist.ac.kr, yawen.sun®Qucas.ac.cn

ABSTRACT: We revisit the magneto-hydrodynamics in (2+1) dimensions and confirm that
it is consistent with the quasi-normal modes of the (34+1) dimensional dyonic black holes
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we investigate a transport property, the diffusion constant. We find that the diffusion con-
stant at finite density and magnetic field saturates the lower bound at low temperature.
We show that this bound can be understood from the pole-skipping point.
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1 Introduction

Holography (gauge/gravity duality) has provided useful methods to study properties of
strongly coupled systems [1-4]. In particular, the holographic descriptions of the strongly
correlated (2+1) dimensional collective dynamics have been implemented to shed light
on long-standing condensed matter problems such as the quantum phase transition [5],
superfluidity [6, 7], high-temperature superconductivity [8, 9].

One of the milestones for the strongly coupled (2+1) dimensional field theories in
holography is that the lowest quasi-normal modes of the (3+1) dimensional AdS black
holes are consistent with the predictions of (241) dimensional hydrodynamics, for instance,
the holographic model with the explicitly (or spontaneously) broken translational symme-
try [14-22] and the superfluid where the U(1) symmetry is broken spontaneously [23-30]
or pseudo-spontaneously [31].2

Comparing the quasi-normal modes with hydrodynamic predictions will be an impor-
tant and interesting research direction because it may not only provide more supporting
(indirect) evidence of holographic duality, but also gives us novel analysis for the transport
properties of strongly correlated systems.? Note that hydrodynamics can tell which trans-
port coefficients appear in the theory and holography reveals the details of the transport
properties of such coefficients.

'For recent developments of the holographic study for the holographic superconductivity, see [10-13].

2See also [22, 32-37] for the study of the bound of diffusion constants from the linearized hydrodynamics
using quasi-normal modes.

30ne can also utilize the fluid /gravity correspondence [38—43] to study the transport properties beyond
linearized hydrodynamics.



In this paper, we study the (3+1) dimensional AdS black hole in the presence of exter-
nal magnetic fields at finite density, dyonic black holes (Einstein-Maxwell model), which is
dual to the (2+1) dimensional quantum field theory in external magnetic fields. In partic-
ular, we aim to compute the quasi-normal modes of dyonic black holes and compare them
with the viscous magneto-hydrodynamics proposed by Hartnoll-Kovtun-Miiller-Sachdev
(HKMS) [5]. Thus, this paper is along the line of the developments of “the comparison
between the quasi-normal modes in (3+1) dimensions and the hydrodynamics in (2+1)
dimensions” in holography [14-31].

The dyonic black holes in (3+1) dimensions is one of well-studied black hole models in
holography from the thermodynamic properties [5, 44-47] to the transport properties [48—
51, 53-88] such as the Hall conductivity, Nernst Effect, diverse magneto-transport and
magnetic phase transition.? However, surprisingly enough, a complete study of the quasi-
normal mode excitations in dyonic black holes has been still lacking up to date.

In [22], quasi-normal modes of magnetically charged black holes (i.e., zero density)
have been compared with the hydrodynamic theory only for the sound channel.” As we
will describe in the main context, at zero density, there will be two decoupled channels: the
sound channel and the shear channel. In this paper, we fill the gap for the complete study of
quasi-normal modes of (3+1) dimensional dyonic black holes. In other words, we compute
the quasi-normal modes from all the channels (sound channel, shear channel) at zero density
as well as the case at finite density in which the sound channel is coupled with the shear
channel and compare all quasi-normal modes with the HKMS magneto-hydrodynamics [5].6

In addition to checking quasi-normal modes of dyonic black holes with the HKMS
magneto-hydrodynamics, we also study the transport property that appeared at finite wave
vector: the diffusion constant. In particular, we focus on the bound of the diffusion constant
of dyonic black holes and study its relation with the pole-skipping argument [22, 32].

This paper is organized as follows. In section 2, we revisit the HKMS magneto-
hydrodynamics in (241) dimensions in details. In section 3, we introduce (3+1) dimen-
sional dyonic black holes as well as the method for quasi-normal modes computation: the
determinant method. Then, implementing the determinant method, we compute the quasi-
normal modes of dyonic black holes and compare them with the hydrodynamic predictions
given in section 2. Also we study the bound of the diffusion constant and the pole-skipping.
Section 4 is devoted to conclusions.

4The magnetic susceptibility in holography turned out to be of order 1 /T with temperature T', which
is different from the weakly coupled systems such as the free electron gas: the magnetic susceptibility is
independent of T'. Thus, dyonic black holes in holography show the imprint of the strongly correlated field
theories at finite magnetic fields.

SFor the quasi-normal modes of electrically charged black holes (zero magnetic fields), see [89-91].

6See also [92] for the quasi-normal mode analysis at zero density in the presence of the strength of
Coulomb interactions, [81, 85, 93, 94] for the magneto-phonon in which the translational invariance is
broken, and [95-99] for higher dimensional dyonic black holes.



2 Magneto-hydrodynamics revisited

In this section, we revisit the viscous magneto-hydrodynamics in (241) dimensions in the
presence of the density (p) and the magnetic field (H), which is proposed by Hartnoll-
Kovtun-Miiller-Sachdev (HKMS) [5].7

It will be instructive to note that the main interest in [5] is the transport properties
at zero wave vector such as conductivities [48-51, 53, 56, 57, 59-86, 88]. In this paper,
we study the properties of HKMS magneto-hydrodynamics at finite wave vector. Thus we
aim to study the complete analysis of the HKMS magneto-hydrodynamics. In particular,
we focus on the dispersion relations as well as the transport properties that appeared at
finite wave vector such as the diffusion constant.® Note that, in the main context below,
we will revise two things about the dispersion relations given in the appendix of [5]: one
is a sign typo and the other is the prefactor in the gapless hydrodynamic mode, which is
important to be consistent with quasi-normal modes from holography.

2.1 Equations of motion

The equations of motion for hydrodynamics are the conservation laws:
0"Ty = FuJ”, o J" =0, (2.1)

where F),, is the field strength of the electromagnetic field, 7}, is the stress tenser, and J#
is the current.”? In the case under consideration, we take F,, to be magnetic as

Fp =0, Fyu=0, Fj;=¢;H, (2.2)
where 7,7 = (z,y). One can find the stress tensor 7),, at first order in derivatives as
T = eutu” + PAM +11M (2.3)

where € is the energy density, P is the pressure, and A* = p*¥ 4+ utu” with the fluid
velocity u#. II* is the dissipative term given by

™ = —p [AuaAVﬁ’(aauﬁ +aﬁua) — A" | (2.4)

where 7 is the shear viscosity.!’ Note that II*” is vanishing at local equilibrium by defini-
tion.

"In this paper, we consider the magneto-hydrodynamics with the ezternal magnetic field in (241) dimen-
sions as in [5]. However, it is also possible to consider a magneto-hydrodynamics with dynamical magnetic
field. For the former see section 3 in [180] and for the latter see section 4 in [180].

8Note that the magnetic field is assumed to be a fixed constant in the hydrodynamic limit in the
HKMS [5]. For interesting development for the case of vanishing magnetic fields in the hydrodynamic
regime, see [49-51].

9See [5] for the details of subtracting out the magnetization current.

10T here could be a bulk viscosity in the dissipative term, which is irrelevant for the conformally invariant
theory considered in this paper. See details in [49] for the unbroken conformal invariance in the presence
of the gauge fields.



Similarly, the current J* can also be expressed at first order as
JH = put +vH | (2.5)

where p is the charge density and v* is the dissipative part given by
vt = g AMY (—8,,@ + Fou® + ;8,,T) , (2.6)

where ¢ is the conductivity, p is the chemical potential, and T is the temperature.'!

Choosing four independent variables (6u;—,y, 07, ép), we study the fluctuations
around the equilibrium in which

"=(1,0,0), T = constant, (= constant . (2.7)
Based on (2.7), one can find that the relevant fluctuations for (2.3) and (2.5) are
oT! = <36>T5 <ae> oT, 6T" = (e + P) Suy,
oT" = <8 . o+ <> 6T — 1(20;0u; — Oy0uy), 6TY = —n(9;0u; + d;du;),

(2.8)
op 3P)
sJt=(2£) ou oT
/ <6u> " <3T ’
§J" = péu; + o (—&'(M + %WST + Haijé“’ﬂ) ’

where ¢;; is the Levi-Civita symbol. Plugging (2.8) into the equations of motion (2.1) and

also performing a Fourier transformation with the plane wave form e ™% e obtain

the four coupled equations:

Oe Oe
0=w [(8#) op + (3T> 5T] — k(e + P)du,,
opP opP
(5o (5
0=w(e+ P)ouy + kHo (5u — ;6T> + iH pdu, + iaszuy + ik2n5uy )

e op oy
O—a)[(au) op +(8T> 5T] kpou, — koHouy + ik“c | op T(ST )

which are consistent with equations in [5] where the thermodynamic relation e+P = sT+pup

0=w(e+ P)ou, — k + ik*n dug + io H*du, — iH pou,, ,

(2.9)

holds. The equations of motion (2.9) can also be expressed as the matrix form, M-V =0,
with

~k(e+P) w(5), 0 w(),
Mo w(e+P)+ik*n+iocH? —k(g—?)u —iHp 7]@(%75 .
iHp —HHow (4 P)+ikPn+io H? kHo
—kp w(?”)lb—m% —koH w(?—ﬁ)T—i-ikQa
(2.10)

Eq. (2.6) can be obtained by the argument with the positive entropy production [5].



and the vector V := (duy, 6T, duy, 6p). Then one can obtain the dispersion relations,
w = w(k), by the determinant of (2.10):

0 =detM := M+ My + Mg, (2.11)

where

st [wcsp(3) o (5) Joern(5) (30,6, ), )]

. . op op . Z
72 2 p\ . (9p (
Mo=ik*To X (Z—iH 0)+wTZ<X<aIu>T Y(3T>M>—HH20M3’ (2.12)
Oe OP Oe oP
Ms=k?H?0 | poY —iwpT () (> _(> <> ’
3 lu p(aTuauTé?uTaTu
with
OP Oe oP Oe
_ 1.2 v . _ 12 or B 0Oe
X =k (e+P)(8T)M ”Z<0T)M’ Y =k (e+P)<au>T WZ<8N)T’
Z =w(e+ P) +ik*n+icH?. (2.13)

In the following sections, we study the dispersion relations by (2.11)—(2.13) at zero density
in section 2.2 and at finite density in section 2.3, respectively.

Note that the highest order of w in (2.12) is O (w?) from M3 so that one can solve (2.11)
to obtain w(k) explicitly. However, the analytic expression of w(k) is not so illuminating and
complicated so we do not show it here. Instead, we will display its plots when we compare
with quasi-normal modes from holography in the next section: see solid lines in figure 1 and
figure 2. Furthermore, for the analysis of hydrodynamic modes of w(k), we will show the an-
alytic expression of the dispersion relation at the small k regime in the following subsections.

2.2 Zero density

Let us first consider the hydrodynamics with no density (p = 0).!? Moreover, motivated
by M2-brane magneto-hydrodynamics [49], we may set

(), (), (30,

which will be verified by holography in the next section.'?

12 At zero density, the chemical potential is also vanishing, p = 0.
13The last equality in (2.14), (Q)T = 0, can be understood with the grand potential Q: note that

o
Q) = —P and its first variation is §2 ~ —pdp, thus (%)T =— (%)T is vanishing at zero density. The first
equality in (2.14) can be related to the susceptibility matrix. For instance, one can find T(g—;)“ = (g—;)T

from the fact that the susceptibility matrix is symmetric: it is also related with the definition of the

thermodynamic quantities in the grand canonical ensemble. See [52] for the details. Although, it may not

be so straightforward to show (g—;)# =0 or (%)T = 0 at zero density unlike the last equality in (2.14),

one can verify it by the explicit holographic computations. We suspect that (%)u = (g—;)T = 0 may be
associated with the fact that the fluctuation of charge density is decoupled from the fluctuations of energy

and momentum density at zero density.



For the case of zero density with (2.14), one can check that M; = M3z = 0 in (2.12)
so that (2.11) becomes
0
0= My=X [Z (z'k%— + w(p) ) + kQH%?] , (2.15)
o/ r
where X and Z are given in (2.13). Note that M in (2.15) is decoupled into two parts: one
from X and its rest. This reflects the fact that the coupled equations in (2.9) can be de-
coupled into two decoupled pairs at zero density [49-51]: i) (duy, 0T) sector in (2.9), called

the sound channel; ii) (duy, 6u) sector in (2.9), called the shear channel.'® In particular,
the sound channel corresponds to X in (2.15) and the shear channel comes in its rest.

Sound channel. In the sound channel, depending on H, one can have the following w(k)
in the small wave vector regime:

_m- _ aj . n 2
(H=0): w—iw/aek Z2(e+P)k’ (2.16)
OfPe%—sz o H?

(H#0): w=

(2.17)

_266 o H2 ) w Ze—|—P.

Thus, the sound mode (2.16) at H = 0 shows a drastic change into (2.17) at finite H: the
former is the energy diffusion mode and the later gapped mode is a damping frequency of
the cyclotron mode [5, 44].'5 Note that it was shown [22, 35] that dispersions (2.16)—(2.17)
are matched with the quasi-normal modes in holography and the lower/upper bound of
the energy diffusion constant is investigated. See [22] to verify that the diffusion mode
in (2.17) corresponds to the energy diffusion.

Shear channel. Within the shear channel, similar to the sound channel, dispersions also
depend on H as follows:

. O .0 2
( 0) w z<@) k=, w Ze+Pk’ (2.18)
8}LT
) . 7 4 __.UHQ
(H#0): w= Z7H2(@) E*, w=—ip- (2.19)
a},LT

At H = 0, there are two gapless mode in (2.18): the former is the charge diffusion mode and
the other the shear diffusion mode. Furthermore, as in the sound channel, the shear channel
has a gapless mode as well as the cyclotron mode at H # 0 in (2.19): the gapless mode is
called the subdiffusive mode.'® We will show dispersions (2.18)—(2.19) are consistent with
quasi-normal modes in holography in the next section.

For a summary of the dispersion relations from hydrodynamics at zero density, (2.16)—
(2.19), see table 1.

1 Note that this decoupling can also be seen as a block-diagonalization in (2.10).

15This change is due to the fact that the small H limit does not commute with the hydrodynamic limit
of small w and k [49, 50].

16 Considering the sub-leading order correction O(k?), one can check that the gapped mode in (2.17) is
different from the one in (2.19). See also [100] for the sub-diffusive modes within fracton hydrodynamics.



H=0 H#0
Sound mode (2.16), Energy diffusion (2.17),
Gappless mode Charge diffusion mode (2.18), Subdiffusive mode (2.19).
Shear diffusion mode (2.18).
Gapped mode None Cyclotron mode (2.17), (2.19).

Table 1. Summary of the dispersion relations from hydrodynamics at zero density.

2.3 Finite density

Next, let us study the dispersion relations at finite density (p # 0) in which (2.14) no longer
holds. One can notice that M; in (2.12) are all non-zero at finite density in general. In other
words, the sound channel (2.16)—(2.17) are coupled with the shear channel (2.18)—(2.19) at
finite density.

The aim of this subsection is to study how the dispersion, (2.16)—(2.19), are changed
in the presence of a finite density. For this purpose, we analyze two cases, (H = 0) and
(H # 0), separately at finite density, i.e., we may follow a parallel analysis as in the zero
density case (2.16)—(2.19). Furthermore, for the case of H = 0, one can find the simplified
M, even at finite density (M; = M3 = 0).

Zero magnetic field (H = 0). For the case of H = 0 at finite density, (2.11) becomes

o-somafe(wmral(f), ) (22), (3),-(2),(5),) o
W

ar(3) ) (), s n(25))]

where X, Y, and Z are given in (2.13). One can notice that (2.20) becomes (2.15) together
with (2.14) at p = H = 0. Similar to (2.15), (2.20) is also decoupled into two parts, one
from Z and its rest, which reflects that the coupled equations (2.9) are decoupled into two
sectors at H = 0: i) (dug, 6T, 6u) sector; ii) (du,) sector.!”

17At (p = 0, H = 0), equations consist of three sectors: (i) 6u sector; (i) (dus, 6T') sector; (iii) du, sector.
For (p = 0,H # 0), (i) is coupled to (iii) as in (2.15), while (i) is coupled to (ii) at (p # 0, H = 0) (2.20).
At (p #0,H #0), all sectors are coupled together.



From (2.20), one can find the dispersions at leading order in small wave vector as

(), (0 o (), (88, + (B0 2) (),

= k, (2.21)
((8), (38), - (), (), )+ P)
n ~i(e+P) (T f”:,?)uw(?,ﬁ)T)a g
DT (5), ()7 (8), (10 P2 (30), - (), (), - (), (),
(2.22)
w= ik (2.23)

e+P "’

in which Z in (2.20) produces the shear diffusion mode (2.23). At zero density with (2.14),
one can check that (2.21) reduces to (2.16) and (2.22)—(2.23) become (2.18).1®

Finite magnetic field (H # 0). When the system has both a density and a magnetic
field, we cannot find a simple equation for (2.11), such as (2.15) or (2.20), because all the
equations are coupled, i.e., (2.11) consists of all non-zero M; given in (2.12). For such a
case, the corresponding dispersions at small wave vector are

(g—ﬁ)T(e +P)? o

w=1 p . s K, (2.24)
(), (3), - (80, (5),] o+ 1o
. H . oH?
W:—’I/I—‘[Q(ngz)Tk47 w:i€+pP—ZEO-+P. (225)

Note that we find the prefactor (‘%)T of the diffusion mode (2.24) in its numerator, which
was not shown in [5].1 We will show that this prefactor will be important to match with
quasi-normal modes of dyonic black holes in the next section. Furthermore, note also
that (2.24) becomes the energy diffusion mode (2.17) at zero density together with (2.14)
only when this prefactor is considered.?"

For a summary of the dispersion relations from hydrodynamics at finite density, (2.21)—
(2.25), see table 2. Comparing table 2 with table 1, one can notice three things about the
finite density effect in dispersion relations.

First, the density does not generate new modes. In other words, the density only comes
in the coefficients of dispersions such as the sound velocity of (2.21), diffusion constants
of (2.22) and (2.24). Second, the density does not change the functional form of the shear
modes: i) shear diffusion (2.18), (2.23); ii) subdiffusive mode (2.19), (2.25), i.e., the shear
modes are intrinsic function for a density. Third, the cyclotron mode (2.25) gets its real

'80ne may also try to find the sub-leading correction O(k?) in (2.21) in the presence of finite density,
which becomes the attenuation constant in (2.16) at vanishing density.

19We also correct the overall sign in all gapless mode in (2.24)-(2.25).

20 Also the thermodynamic relation € + P = sT + pup is being used.



H=0 H#0
Sound mode (2.21), Diffusion mode (2.24),
Gappless mode Diffusion mode (2.22), Subdiffusive mode (2.25).
Shear diffusion mode (2.23).

Gapped mode None Cyclotron mode (2.25).

Table 2. Summary of the dispersion relations from hydrodynamics at finite density.

part :{—‘}, due to the finite density, called the cyclotron frequency, which is consistent with
the zero wave vector analysis [5, 44].

3 Quasi-normal modes in dyonic black holes

3.1 Holographic setup

We consider the dyonic black holes in (3+1) dimensions as
1
S = /d433\/—g (R +6 — 4F2> , (3.1)

where F' = dA is the field strength of the gauge field A and we set units such that the
gravitational constant 16mG = 1 and the AdS radius L = 1.
Within (3.1), we consider the following ansatz for the background
1
f(r)

where H is the magnetic field. The blackening factor f(r) and the temporal component of

H H
ds? = —f(r)dt* + dr? +r2(d2® + dy?), A= Ay(r)dt — PL dr + 5% dy, (3.2)

the gauge field A;(r) are

2.2 2
m ry + H
f(’r‘) ey 7'-2 _ rO + ,LL Zr2 , mo = 7”2 (]_ +

)= (1=

r

p2r? + H? )

4
A7 (3.3)

where p is the chemical potential, 7, is the horizon radius. my is determined by f(rp) = 0.
Thermodynamic quantities [5, 44, 56, 62] including the temperature 7" with the density

p read
1 °ry + H?
T:4<3rh—'u 23 , P =MWUTh, 3:47r7",21,
4 "h (3.4)
Y L p oy o SH
= T —_— =r —_
CT T T Ty MU Ay

where (s, €, P) are the entropy, energy and pressure density, respectively. Note that (3.4)
satisfies the thermodynamic relation

e+ P =sT+up, (3.5)



Furthermore, using (3.4), one can also find other thermodynamic quantities

&), o) Gl G, G)y () o0

which are non-vanishing functions in terms of (7, u, H) in general. However, one can easily
check that some of them, (2.14), could be zero at p = pu = 0.

3.2 Fluctuations and the determinant method
In order to study quasi-normal modes of dyonic black holes (3.1), we consider the fluctua-
tions 6g,, and A,

G = G + 09, Ay — A+ 0A,, (3.7)
where g, and A, are the background fields (3.2). To proceed, it is convenient to consider
the radial gauge

8Gtr = 0grr = 0gzr = 0gyr =0, 04, =0. (3.8)
In order to be consistent with the hydrodynamics given in previous section, we also consider
all fluctuations to be functions of (¢,r,x), i.e.,

(5gW _ hw,(r) e—iwt+ikx 7 5AH _ CLM(T') e—iwt—i—ikm ) (3.9)
Equations of motion for quasi-normal modes. Using (3.9), at the linearized fluctua-
tion level of the Einstein equations and Maxwell equations, one can find nine second-order
equations and five first-order constraints. This implies that there are four independent
fluctuations associated with the diffeomorphism invariance together with the gauge invari-
ance [101]. We find them to be

Zg, = kh] + wh?,
tHw kr

Za, = kay + way — ’ hza’,—?A;hZ»
ak ., . k2 f'(r) 2k2 f(r) (3.10)
ZH2 = ;ht +2hx_<2_u}2r hlzj—i_ﬁ 7‘2 ht?
iH ..
ZA2 = Gy + ﬁ <hx - hg) )

in which the index of the metric fluctuation is raised with (3.2). Note that (3.10) is
consistent with [89, 90, 102-105] at (H = 0, A; # 0), and [22, 35, 49-51] at (H # 0, A; = 0).
To our knowledge, the independent fluctuation variables (3.10) in the presence of both H
and A; (or 1) was not shown in previous literature. Also note that, at zero density (A; = 0),
the fluctuation variables (3.10) can be decomposed into two sectors: i) (Zpg,, Z4,); ii)
(Z1,, Za,). In the field theory language given in section 2.2, the former one corresponds
the shear channel and the other is the sound channel.
Then, one can obtain four second-order equations for (3.10) in the following form:

0=2h + > arzy + > a' Zly + Y at zs, + > al Zy,,
0=24 + Y002 + > 08 Zpy + S0 Za, + S 0 2y,
0=2h, +> 'z + Sz + 3 & za, + >l zy,
0=24 +>.d2Z, +> dfzy +> dtza, + > dFf zy,.

(3.11)

~10 -



. . AH ~AH ;AH 5AH AH -AH JAH 5AH
Since the coefficients of (3.11), (ai’ S AT b b e, 6T dT ), are

lengthy and not illuminating we will not write them in the paper.

Determinant method. Next, we solve the equations (3.11) with the boundary condi-
tions: one from the horizon and the other at the AdS boundary. Near the horizon (r — 7p,),
the variables (3.10) behave as

7

Zag=(r—m)* (25) + 280 —m) + ...,

7

Zu, = (r =) (23 + 2 =ma) + ... ),
(3.12)

where vy := +iw/47T and we choose v_ which satisfies the incoming boundary condition

at the horizon. Plugging (3.12) into equations (3.11), one can check that higher-order

horizon coefficients are determined by four independent horizon variables: (Zg)i), Zﬁg )
Near the AdS boundary (r — 00), the variables (3.10) are expanded as

Zh, = }2) (1

S

)+ 2P
o 1 13

+ .. +...),

+o)+ 28+,

where the superscripts denote that (.5) is the source and (R) is the response term according
to the holographic dictionary.

Then, employing the determinant method [106], we can compute the quasi-normal
modes. In particular, solving equations (3.11) together with boundary conditions (3.12)—
(3.13), one can construct the matrix of the sources, S-matrix, as follows:

SYI) (S (S)TIT) ,(S)(IV
Zé,l)( ) Zé,l)( ) Zé,l)( ) Z}ﬁ)( )
Zﬁi)(l) Zﬁ)(ﬂ) Zﬁi)(lﬂ) Z,(Llsl)(IV)
=1 Lom geun yeam pean | (3.14)
ZH2 ZH2 ZH2 ZHQ

SYI) (S H(S)TIT) ,(S)(IV
Z,(qz)( ) 21(42)( )ZI(%)( )21(42)( )

Note that the S-matrix is a 4 x 4 matrix composed of four independent shooting variables
at the horizon (3.12). Note also that I(II, I1I, IV') in (3.14) means that the source terms
are evaluated by the I(II, I1I, IV)-th shooting. Finally, the dispersion relations, w(k), of
the dyonic black holes (3.1) can be obtained by the value of (w, k) at which the determinant
of the S-matrix (3.14) vanishes [106].

3.3 Quasi-normal modes and hydrodynamics

Transport coefficients in holography. In order to compare quasi-normal modes with
the dispersion relations from hydrodynamics in the previous section, we need to identity
the transport coefficients (o ,7) in addition to thermodynamic quantities (3.4), which read

sT \?2 s
a:<€+P> , n=-— (3.15)

- 11 -



where the conductivity o is given in [5, 44, 56, 62].2! The shear viscosity 1 in (3.15)

implies that the KSS bound [107, 108] is not violated in the presence of both a density and
a magnetic field.

The shear viscosity can be evaluated holographically from the low frequency behavior
of the shear correlator in the standard way [109-111]*2 where the shear correlator can be
computed from the shear equation at zero wave vector. One can easily check that the shear
equation of the dyonic black hole (3.1) with the background (3.2) is

r2
f(r)
where M? is the effective graviton mass. The vanishing graviton mass in (3.16) implies
that the KSS bound is not violated [108, 111, 119] so that 7 is (3.15).2

P2 F)RY ()] + WL hY(r) = M) =0, M(r) =0, (3.16)

Quasi-normal modes at zero density. Then, using the determinant method, the ther-
modynamic quantities (3.4), and the transport coefficients (3.15), one can compute the
quasi-normal modes of the dyonic black holes and compare them with dispersion relations
from hydrodynamics.

In figure 1, we first display the quasi-normal modes at zero density (u/7T = 0) together
with the dispersion relations from hydrodynamics: see also table 1.

For the H = 0 case, (a) and (d), the green data corresponds to the sound mode (2.16),
the red data is the charge diffusion mode (2.18), and the blue data is the shear diffusion
mode (2.18).

For the finite H case, (b) and (e) (or (c) and (f)), the green data consists two dis-
persions (2.17): the energy diffusion mode (gapless mode), the cyclotron mode (gapped
mode). The red data is another cyclotron mode (2.19) and the blue data is the subdiffu-
sive mode (2.19).

Note that quasi-normal modes have the deviation from dispersion relations of hydro-
dynamics as the magnetic field increases, e.g., see the cyclotron mode (green or red) in
(f). This implies that dispersion relations of hydrodynamics is supposed to be valid in
the coherent regime in which the momentum dissipation rate I' (the damping frequency
in cyclotron mode (2.19)) is small as T'/T < 1 (or H/T < 1) [5, 44, 56, 62]:** the same
argument also applies to the case where the energy diffusion mode appears due to the scalar
(axion) field [14], i.e., m/T < 1, m is the coefficient from the scalar field. Note also that
the red and green data in figure 1 are the reproduction of [22].

Quasi-normal modes at finite density. Next, let us discuss the case at finite density.
We display the representative quasi-normal mode data at u/T = 5 at figure 2 and compare

21Gee also [80, 84, 86] for the recent development of magneto-transport properties in which the magnetic
field is no longer taken to be of order one in derivatives.

*28ee also [19, 112-114] for the case with spontaneous symmetry breaking and [115-118] for the explicit
breaking case.

*3Tor the higher dimensional case [120-124], the KSS bound can be violated at finite magnetic fields.

24Thus, we consider all the hydrodynamic dispersion relations in section 2 to be only valid at small
magnetic fields. This may also imply that we assume the corrections in the thermodynamics due to the
magnetic field is ignored in the HKMS magneto-hydrodynamics given in this paper. See also footnote (21).
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Figure 1. Quasi-normal modes vs dispersion relations from hydrodynamics at zero density (u/T =
0). Left: (a) and (d) at H/T? = 0. Center: (b) and (e) at H/T? = 5. Right: (c) and (f) at
H/T? = 10. All figures: colored dots are numerically computed quasi-normal modes and solid
lines are dispersion relations from hydrodynamics by (2.11). For (a) and (d): the green data
corresponds to the sound mode (2.16), the red data is the charge diffusion mode (2.18), and the
blue data is the shear diffusion mode (2.18). For (b) and (e) (or (c) and (f)): the green data consists
two dispersions (2.17): the energy diffusion mode, the cyclotron mode. The red data is another
cyclotron mode (2.19) and the blue data is the subdiffusive mode (2.19).

them with dispersion relations from hydrodynamics: see also table 2.  For H = 0, (a)
and (d), the green and red data correspond to (2.21) and (2.22), respectively. The blue
data is the shear diffusion mode (2.23). For H # 0, (b) and (e), (or (c) and (f)) have
the diffusion mode (2.24) (red data), the subdiffusive mode (2.25) (blue data), and the
cyclotron mode (2.25) (green data). Note that, as in the zero density case, quasi-normal
modes are well approximated with hydrodynamics at small magnetic fields. Note also that
the cyclotron mode at finite density has a real gap as well as an imaginary gap.

As we demonstrated in the section 2, the prefactor (gz)T of the diffusion mode (2.24)
in its numerator was not shown in [5]. Thus, it will be instructive to compare (2.24) with
the one given in [5]. See figure 3. One can find that the prefactor is important to match
quasi-normal modes with hydrodynamics.

3.4 Diffusion bounds at finite density

We close this section with the investigation of the transport properties of the gapless
modes: the diffusion constant from the diffusion mode (2.24) and the subdiffusive constant
from the subdiffusive mode (2.25).2° In particular, we focus on the bound of the diffusion

Z5For the transport properties of the gapped mode, i.e., the cyclotron mode in (2.25), see [5].
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Figure 2. Quasi-normal modes vs dispersion relations from hydrodynamics at finite density (u/T =

5).

Left: (a) and (d) at H/T? = 0. Center: (b) and (e) at H/T? = 5. Right: (c) and (f) at

H/T? =10. All figures: colored dots are numerically computed quasi-normal modes and solid lines

are dispersion relations from hydrodynamics by (2.11).

For (a) and

(d): the green and red data

correspond to (2.21) and (2.22), respectively. The blue data is the shear diffusion mode (2.23). For
(b) and (e) (or (c) and (f)): the green data corresponds to the cyclotron mode (2.25), the red data
is for the diffusion mode (2.24), and the blue data is the subdiffusive mode (2.25).
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Figure 3. Gapless modes at p/T = 5, H/T? = 10: figure 2f. All dots are quasi-normal modes.
Red dashed line is the diffusion mode (2.24) and the blue dashed line is subdiffusive mode (2.25).
Black dashed line is the diffusion mode given in [5].
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Figure 4. Diffusion bounds at /T = (0,3,5) (red, green, blue). The diffusion constant D can
have the lower bound (3.17) at H/ T? > 1, while the subdiffusive constant Dgpear does not.

constants.?® Tt was proposed [125, 126] that the diffusion constant D may have the lower
bound as
D> uh/M, (3.17)

which is associated with the properties from quantum chaos [125, 129-131]:

vy =—, A\ =27T, (3.18)
Th
where vp is the butterfly velocity and Ay is the Lyapunov exponent. The proposal (3.17)
has been checked in many models [22, 70, 132-146].

In figure 4, we found that the diffusion constant from (2.24) can respect the lower
bound (3.17) in the presence of both a density and a magnetic field, while the subdiffusive
——~— in (2.25) may not.?"

(i), (22 ey

Note also that the neutral case (red data) in figure 4a, is the reproduction for the result
in [22].

constant Dgpear 1=

Further comments on the diffusion constant. We make two further comments on
the diffusion constant D in (2.24). First, it is instructive to check if D is related to the
energy diffusion constant Dg at finite density, since D at zero density was found to be the

261t was proposed [147] that the diffusion constant D may have the lower bound as D > v*7 where v
is a certain velocity scale, 7 the time scale. The well-known example may be the Kovtun-Son-Starinets
(KSS) bound [148] which can be expressed by setting D to be the diffusion constant of the shear mode,
v to be the speed of light, and 7 the Planckian time. The lower bound (3.17) was conjectured [125, 126]
by analogy with the KSS bound using quantum chaos properties (3.18) as (v,7) = (vg,1/AL). For a
comprehensive review of the holographic studies of the bound of the diffusion constant, we refer the readers
to [34] and references therein: in particular, from the aforementioned reference, one can also find the review
of the upper bound of the diffusion constant (e.g., set by the local equilibration time or the breakdown of
hydrodynamics [33, 127, 128]) as well as the lower bound of the diffusion constant. See also [149, 160] for
the recent development of the bound of the diffusion constant imposed by univalence.

2In [160], it was recently proposed that the theory of univalent functions may be used to bound higher-
order transport coefficients that appear in hydrodynamic dispersion relations. It may be interesting to
explicitly check such a proposal with the subdiffusive constant.
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Figure 5. Diffusion bounds at u/T = 3. Solid line is from (2.24) and dashed line is from (3.19).

same as Dg [22]. The energy diffusion constant for the dyonic black hole was given [62, 70]

K 2T H? Js
D — ==, = T —_— s 3.19
B "THIx pH? 7 (a:r)p (8.19)

as follows

where thermodynamic quantities are (3.4).

In figure 5, we display both the diffusion constant in (2.24) and the energy diffusion
constant (3.19) at finite density. One can see that the diffusion (a solid line), (2.24), is
different from the energy diffusion (a dashed line), (3.19), in general at finite density.

Note that Dg could be finite even at vanishing magnetic field (i.e., translational in-
variance is not broken) when the system has a density, since « in (3.19) at H — 0 is finite
if p # 0. Note also that D ~ Dg at H/T? > 1 may be consistent with [70] stating that
the diffusion process is governed by the energy diffusion in the low temperature limit of
finite density fixed points.?

Thus, comparing D (2.24) with Dg (3.19) may not only show how much D can be differ-
ent from Dy by the finite density effect (e.g., see the deviation between the solid line and the
dashed line in figure 5), but also be used to explicitly confirm the argument given in [70].

Second, from the recent development of quantum chaos, it was also suggested [32] that
the lower bound of the diffusion constant, (3.17), may be associated with the phenomena
from the ill-defined Green’s function, called pole-skipping [32, 150, 151]. In particular,
pole-skipping states that there is a special point in the momentum space as

w=ws, k=k,, (3.20)

in which the Green’s function G(wy, k) ~ %, i.e., ill-defined or not uniquely determined.?’

In [22], it has been found that the leading pole-skipping point (3.20) of the gravitational

sound channel for the generic holographic model including the dyonic black holes (3.1) is
AL

Wy =1AL, ke=1—", (3.21)
UB

281t may also be consistent with axion models [145] in which the diffusion constant at finite density can
be identified with the energy diffusion constant in the incoherent regime (m/T > 1). Here m is the axion
charge describing the strength of momentum relaxation.

29See [22, 140, 152-179] for the recent development of pole-skipping.
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Figure 6. Pole-skipping and diffusive mode at u/T = 5. All dots are quasi-normal mode, a dashed
line is (2.24), and the star is the pole-skipping point (3.21).

where the quantum choas properties are (3.18). With (3.21), the lower bound of the dif-
fusion constant (3.17) was realized by that the hydrodynamic diffusion mode, w = —iDk?,
e.g. (2.24), is passing through the pole-skipping point (3.21) at low temperature as

we=—iDk? — D=uv}/\. (3.22)

To the best of our knowledge, the pole-skipping argument (3.22) for the lower bound of
the diffusion constant only has been confirmed at zero density cases in literature: the energy
diffusion with the axion model [32] or with a magnetic field [22], the crystal diffusion [22].

Thus, in order to develop the proposal (3.22) further, it will be important to check if
such an argument holds even at finite density. For this purpose, we investigate if the lower
bound of the diffusion constant found in figure 4 can be related to the pole-skipping (3.21).

In figure 6, we find that the pole-skipping argument (3.22) holds even at finite den-
sity: as H/T? > 1 (low temperature limit) from figure 6a to figure 6b, the pole-skipping
point (3.21) is passing through the diffusive mode (2.24). One may consider figure 6 to be
a direct generalization of [22] to the case of a finite density.

4 Conclusion

We have studied the quasi-normal modes of the dyonic black holes in (3+1) dimensions.
In particular, we also revisited the Hartnoll-Kovtun-Miiller-Sachdev (HKMS) magneto-
hydrodynamics in (241) dimensions [5] and checked that the quasi-normal modes of
dyonic black holes are consistent with the dispersion relations from HKMS magneto-
hydrodynamics.

Furthermore, from the detailed analysis of the HKMS magneto-hydrodynamics we
slightly corrected the dispersion relation given in previous literature [5], which is important
for the matching with quasi-normal modes. Within the quasi-normal mode computations
in holography, we also found the relevant independent fluctuation variables (3.10) of the
dyonic black holes, which was not present in previous literature. For the summary of the
dispersions of dyonic black holes, see table 1 (the neutral case) and table 2 (finite density
case).
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Our work not only provides another successful example showing the consistency be-
tween quasi-normal modes in (3+1) dimensions and the hydrodynamic predictions in (2+1)
dimensions along the line of [14-31] in holography, but also is useful for the complete un-
derstanding of the dyonic black holes in that our work extends the previous works, the
thermodynamic properties or the transport properties at zero wave vector, of the dyonic
black holes [5, 44-51, 53-88] for the case at finite wave vector.

In addition to matching quasi-normal modes with the hydrodynamic theory, we also
investigated the transport property at finite wave vector: the diffusion constant. We
found that the diffusion constant from the dyonic black hole can have a lower bound
at low temperature and show that such a lower bound can also be understood as the pole-
skipping. In particular, our work confirmed the relation between the diffusion bound and
pole-skipping at a finite density for the first time.

One of the interesting future directions from this paper will be to investigate the
dynamical gauge fields of dyonic black holes. In particular, following [180] considering the
(3+1) dimensional hydrodynamics of the dynamical gauge fields, one can also study the
(24+1) dimensional hydrodynamics together with the dynamical gauge field and compare it
with the quasi-normal modes of dyonic black holes [181].%°

It may also be interesting to study the quasi-normal modes of the dyonic black holes
in the presence of the explicitly broken translational invariance. For instance, the dyonic
black holes with the axion model [56] produce the DC conductivities (i.e., zero wave vector

property)

(m=0): U%%:ijjyczoy Opc = ~%pc = o’
M2 (4.1)
(H=0): UDC—UDC—1+ , UDyC:—O'DC—O

where m is the strength of the translational symmetry breaking, H is the magnetic field.
One can see that the two limits given in (4.1) do not commute. This implies that magneto-
hydrodynamics with the broken translational symmetry may also give different dispersion
relations (i.e., the finite wave vector property) depending on whether we take m = 0 first
or H = 0 first. Thus, the interplay between HKMS magneto-hydrodynamics, the first line
n (4.1), and hydrodynamics with broken translational invariance, the second line in (4.1),
may not be a trivial subject. Note that one can also study similar topics with spontaneously
broken symmetry [81]. We leave these subject as future work and hope to address it in the
near future.
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