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Things I will not talk about ...

% © Matthias Kaminski - Holographic non-relativistic transport from Horava gravity Page 2



Not today: Neutron star kicks
kick

observation: neutron stars undergo
a large momentum change (a kick)
[Chatterjee et al.; Astrophys. J (2005)]
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Not today: Neutron star kicks

— kick
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hydrodynamicé: fluids with left-handed

and right-handed particles produce a .
current along magnetic field observation: neutron stars undergo
[Son, Surowka; PRL (2009)] a large momentum change (a kick)

[Banerjee et al.; JHEP (2011)] [Chatterjee et al.; Astrophys. J (2005)]

[Erdmenger, Haack, Kaminski, Yarom; JHEP (2009)]
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Not today: Neutron star kicks

— kick

2

|

hydrodynamicé: fluids with left-handed

and right-handed particles produce a .
current along magnetic field observation: neutron stars undergo
[Son, Surowka; PRL (2009)] a large momentum change (a kick)
[Banerjee et al.; JHEP (2011)] [Chatterjee et al.; Astrophys. J (2005)]
[Erdmenger, Haack, Kaminski, Yarom; JHEP (2009)] /
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Anomalous
hydrodynamics leads
to neutron star kicks

[Kaminski, Uhlemann, Schaffner-
Bielich, Bleicher; (2014)]

see also
[Shaverin,
Yarom;(2014)]
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Also not today: quasi normal modes

Equilibrium solution [Janiszewski, Kaminski; PRD (2016)]
Reissner-Nordstrom (charged) black branes in 5-dim AdS
] - | k=0 |
_3(‘/' Qb — hxy
i 1ncl‘easjng SO(3) rotational
arge invariance in x, y, z

(xx-zz is a spin 2 tensor)

3 4 5 6 7

Rew

Agreement with far from equilibrium setup at late times.
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Also not today: quasi normal modes

Equilibrium solution [Janiszewski, Kaminski; PRD (2016)]
Reissner-Nordstrom (charged) black branes in 5-dim AdS
] - | k=0 |
_3(‘/' QZS — hxy
i 1ncl‘easjng SO(3) rotational
arge invariance in x, y, z

,
purely imaginary QNMs dominate late
time behavior near extremality

(xx-zz is a spin 2 tensor)

0 0

Rew

Agreement with far from equilibrium setup at late times.
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Also not today: quasi normal modes
Equilibrium solution [Janiszewski, Kaminski; PRD (2016)]

Reissner-Nordstrom (charged) black branes in 5-dim AdS
or magnetic _,

1ncreas1'ng SO(3) rotational
arge invariance in x, y, z
(xx-zz is a spin 2 tensor)

,
purely imaginary QNMs dominate late
time behavior near extremality

0 0

Rew

Agreement with far from equilibrium setup at late times.
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Outline

|. Motivation: limits of relativistic theories
2. Horava gravity
3. Non-relativistic hydrodynamics from Horava

4. Lessons learned
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1. Motivation: limits of relativistic theories

Hydrodynamic transport with anomalies

. . . . [Son,Surowka;
e chiral transport in 3+1 dimensions!? PRL (2009)]

¢ chiral transport present in 2+1 dimensions?
e measurable in table-top experiment?

* non-relativistic experiments f. Sachdev’s talk: “all holographic models
are relativistic at some level”

Claim: Horava gravity is a “generic” holographic model with
“non-relativistic symmetries, allowing computation of shear
viscosity over entropy density and conductivities.
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1. Motivation: limits of relativistic theories

Example:

e chiral fluids in 2+1 dimensions

¢ start with relativistic hydrodynamics

* “send speed of light to infinity”

Parity-Violating Hydrodynamics in 241 Dimensions

Kran Jomenn”, Nomtvn Kl . Dment Kovtwn®, Wons Moy, Adum bnr' o
B Vo

C — OO

—

relativistic, parity-odd transport included
[Jensen, Kaminski, Kovtun, Meyer,

Ritz, Yarom; JHEP (2012)]
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in Two Spatinl Dimensions”

Matthine Kumineki' and Sergej Moroe!
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non-relativistic, parity-odd transport

[Kaminski, Moroz; PRB, (2014)]
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Successfully reproduces (parity-preserving)
Navier-Stokes equation

continuity: 8t P+ dz( pvi) =0,

momentum: 8t (p'vi) + aszj — ﬁ (52’ - Beij'l,.'j) ,
m

_ 1 . .
energy: | O <€nr + §pu2> + 82_]2 = %821}2.,

[Landau, Lifshitz]
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Parity-violating “Navier-Stokes”
[Kaminski, Moroz; PRB, (2014)]

continuity: | 8,p + 8;(pv') =0,

momentum: 3t(pv’") + (‘—)jl‘[gt - 8ij0 + Bfijjj,

energy: 8tj2 tot T 8ijei,tot = ‘Sz]_z

solutions: [Lucas, Surowka; (2014)]
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Parity-violating “Navier-Stokes”

[Kaminski, Moroz; PRB, (2014)]

continuity:

momentum:

energy:

Oip + aé(,m’i) =0,
B:(pv') + 9,11, = E'5° + Be'jj,

0 g : .
8t]e,tot + ai]ez,tot — gz]A

solutions: [Lucas, Surowka; (2014)]

Working in “magnetovortical frame” in the relativistic parent
theory, we obtain a suspicious term:

charge current:

250,

\g‘u Matthias Kaminski

-1 . | OIT | ..
i i ija.
g pvt + 6me 0;InT

transport coefficient
restricted by hand to be
function of T only in order
to comply with Galilean
boost invariance

- Holographic non-relativistic transport from Horava gravity
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1. Motivation: limits of relativistic theories

UWNT 27
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non-relativistic, parity-odd transport

included
[Kaminski, Moroz; PRB, (2014)]

relativistic, parity-odd transport included
[Jensen, Kaminski, Kovtun, Meyer,
Ritz, Yarom; JHEP (2012)]
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1. Motivation:

Pariy.Violating Hydrodynamics i 2.+1 Dimensions.

relativistic, parity-odd transport included
[Jensen, Kaminski, Kovtun, Meyer,
Ritz, Yarom; JHEP (2012)]

< Matthias Kaminski

non-relativistic, parity-odd transport
included
[Kaminski, Moroz;, PRB, (2014)]

- Holographic non-relativistic transport from Horava gravity

limits of relativistic theories
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1. Motivation: limits of relativistic theories

cC— o0
=

relativistic, parity-odd transport included ”(’”'“'1(‘["1"1‘5“‘?- PI‘”I"IUI'ULI(I transport
‘Jensen, Kaminski, Kovtun, Meyer, i . _ncluaea
éeiw Yarom; 1;1; (2012)] vey [Kaminski, Moroz;, PRB, (2014)]

“On the coupling of Galilean-invariant
field theories to curved space-time”

- Newton-Cartan data relevant

- Milne-invariance important
[Jensen; (Aug. 2014)]

\ " Matthias Kaminski - Holographic non-relativistic transport from Horava gravity Page 10



1. Motivation: limits of relativistic theories

fosting Hytrodymamics i 241 Dimension
Cc — 00
relativistic, parity-odd transport included 'IU’I'r"I("il"iSIi(_'- I)I(UI"IUI'U‘[‘] transport
lJensen, Kaminski, Kovtun, Meyer, . , ,ncluced
ée;[; si’aroz:ll" ”1;];}, (,,(011;)’/ Heye [Kaminski, Moroz;, PRB, (2014)]

“On the coupling of Galilean-invariant
field theories to curved space-time”
- Newton-Cartan data relevant

- Milne-invariance important “Aspects of hot Galilean field theories”

[Jensen; (Aug. 2014)] — constitutive relations constructed

— discrepancy
—¥» [Jensen; (Nov. 2014)]
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1. Motivation: limits of relativistic theories

:_;w._.j:_f:_ ¢ 00 [private
— communication;
(2014)] ?
relativistic, parity-odd transport included non-relativistic, parity-odd transport
e erome gamh on3) V" Kaminski Mors; 8, 2019)
“On the coupling of Galilean-invariant
field theories to curved space-time”
- Newton-Cartan data relevant
- Milne-invariance important “Aspects of hot Galilean field theories”
[Jensen; (Aug. 2014)] — constitutive relations constructed

— discrepancy
—¥» [Jensen; (Nov. 2014)]
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1. Motivation: limits of relativistic theories

fosting Hytrodymamics i 241 Dimension
Cc — 00
relativistic, parity-odd transport included 'IU’I'r"I("il"iSIi(_'- I)I(UI"IUI'U‘[‘] transport
lJensen, Kaminski, Kovtun, Meyer, . , ,ncluced
ée;[; si’aroz:ll" ”1;];}, (,,(011;)’/ Heye [Kaminski, Moroz;, PRB, (2014)]

“On the coupling of Galilean-invariant
field theories to curved space-time”
- Newton-Cartan data relevant

- Milne-invariance important “Aspects of hot Galilean field theories”

[Jensen; (Aug. 2014)] — constitutive relations constructed

— discrepancy
—¥» [Jensen; (Nov. 2014)]

"‘ ' Matthias Kaminski - Holographic non-relativistic transport from Horava gravity Page 10



1. Motivation: limits of relativistic theories

tsing Hyskodymamics in 241 Dimenions
¢ — Q0
relativistic, parity-odd transport included ”(’”'r"lflm"is“lf- I’I“rI"lUI'Udd transport
[Jensen, Kaminski, Kovtun, Meyer, X . _ncluaea }
ﬁeigz‘ Yarom: EP (2012)] : [Kaminski, Moroz;, PRB, (2014)]

(“Only a subset of relativistic
hydrodynamic frames has a regular
large c limit. Magnetovortical frame
spoils Milne invariance.“

[Jensen, Karch; (Dec. 2014)]

“On the coupling of Galilean-invariant
field theories to curved space-time”
- Newton-Cartan data relevant

- Milne-invariance important “Aspects of hot Galilean field theories”
[Jensen; (Aug. 2014)] — constitutive relations constructed
— discrepancy

—¥» [Jensen; (Nov. 2014)]

\"- " Matthias Kaminski - Holographic non-relativistic transport from Horava gravity Page 10



1. Motivation: limits of relativistic theories

7 N

relativistic, parity-odd transport included non-relativistic, parity-odd transport

Jensen, Kaminski, Kovtun, Meyer, . _included )
ﬁeigz‘ Yarom; EP (2012)] : [Kaminski, Moroz;, PRB, (2014)]

(“Only a subset of relativistic
hydrodynamic frames has a regular
large c limit. Magnetovortical frame

Milne-invariant
if “weird“

transport . : . : I
coefficient 1 spoils Milne invariance.
_ vanishes. OAdnr ) [Jensen, Karch; (Dec. 2014)]

“On the coupling of Galilean-invariant

field theories to curved space-time”

- Newton-Cartan data relevant

- Milne-invariance important “Aspects of hot Galilean field theories”
[Jensen; (Aug. 2014)] — constitutive relations constructed

— discrepancy
—¥» [Jensen; (Nov. 2014)]
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2. Horava gravity

c.f. discussion session Banff 2013

¢ well-defined setting

® non-relativistic symmetries

¢ sub-sector can be mapped to General Relativity
¢ can be obtained as a large c limit (if desired)

' Matthias Kaminski - Holographic non-relativistic transport from Horava gravity Page 11



2. Horava gravity
[Horava; PRD (2009)]
conjectured holography: [Janiszewski, Karch; PRL (2012), JHEP (2012)]

Philosophies: €y

1. Obtain Horava as large c

limit / embed it in string theory Enr

c — 00
€ — nmc® + €,

[ — M + flpy

2. Assume Horava is all there is.
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2. Horava gravity ;... rrp (2009
[Janiszewski, Karch; PRL (2012), JHEP (2012)]

Horava gravity in khronon formulation:

1 : " , |
Sk = / V=g (R — 27 + cuM VN uPV puy — ey (VaguM)? — 3V pu VyuM )
167Gk B
Einstein gravity coupled to scalar, _Oyd
providing time-foliation via (¢) = ¢ upy =

V—9"PoNdIpod

time-like foliation vector

Mode velocities : :

1—03’

(e2 + (“3)(1) —-1- (.‘4)
ca(l1 —c3)(D — 1+ Dea + ¢3)

2 _ 2 _
85 = Sy =

spin 2 and spin O modes travel with distinct velocities

£ ‘7'»-,\‘
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Analytic Horava black brane solution

Black brane solution

singularity

universal

\\ horizon _&
N 7
N 7
N 7/
N

7
Killing \<\
horizon

This Horava black brane
solution is remarkable as
it is perturbatively stable
against switching on all
possible Horava couplings.
[Janiszewski; JHEP (2014)]

%" Matthias Kaminski

- Holographic non-relativistic transport from Horava gravity

[Janiszewski; JHEP (2014)]

Kill sound horizon i |
ng for sbin-2 universa
boundary horizon ;::ﬂ:gn horizon
s=1 8o =/ 1+3 8 —x
Ads- Vit
boundary } I i | >
r=20 Tk Ts Th

¢ thermodynamics [Janiszewski; (2014)]
[Bhattacharyya, Mattingly; (2014)]

e fluid/gravity for z=1 (perturbative in coupling)
[Eling, Oz; (2014)]

¢ parity-odd transport for QHE B ~ (’)(80)
[Wu, Wu; (2014)]

¢ hydrodynamics
[Davison, Grozdanov, Janiszewski,

Kaminski, Klug; in preparation]
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Symmetries of Horava black brane

Black brane solution

[Janiszewski; JHEP (2014)]

singularity

\\ universal /
S horizon #
\ orizon 2
N 7

N 7
N /

N 7
Killing ‘(\
horizon N

AdS-
boundary

Lifshitz symmetry c.f. Andrade’s talk
c.f. [Griffin, Horava, Melby-Thompson; PRL (2013)]
e Weyl scalings: ¢t = \*t; z=1
' — Ax'; i spatial
* translations: ¢ — ¢ 4+ ¢°
=z +a
e spatial rotations: RN Rij 2

®* no boost symmetry,
no particle number conservation

Bulk symmetries: foliation-
preserving diffeomorphisms

These are not quite the non-relativistic symmetries we had
in mind previously, but we have analytic solutions here.
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preserving diffeomorphisms)

H

~ 16x2Gg

singularity

N
N
N
N 7/

Wz
Killing ‘(\

horizon &

L " Matthias Kaminski

Details of Horava black brane

More convenient formulation of Horava action (invariant under foliation-

1

7

S universal
N horizon
7

/

7

.VINVIN

/d4;rN\/5 (KIJKIJ —(L+AN)EK?+ (1+B)(R—2A) + QT)

Black brane solution [Janiszewski; JHEP (2014)]

AdS-

[ gxydr¥dzY = —N2dt® + Gy (dz' + N'dt) (dz’ + N7 dt)

.3 3
‘V:Ih—gr ’
rrh
rv/14+ 8
N,:(’"—H,o,o)
o = r,—T
1'6
z=1 A 0 0
Gry= 0 Lo
0 0 L

boundary  (ypiyersal horizon: 7’ h

- Holographic non-relativistic transport from Horava gravity

Killing horizon: 7 = 74/(1 + 1+ B)'/?
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preserving diffeomorphisms)

H

~ 16x2Gg

singularity

N
N
N
N 7/

Wz
Killing ‘(\

horizon &

L " Matthias Kaminski

Details of Horava black brane

More convenient formulation of Horava action (invariant under foliation-

1

7

S universal
N horizon
7

/

7

.VINVIN

/d4;rN\/5 (KIJKIJ —(L+AN)EK?+ (1+B)(R—2A) + QT)

Black brane solution [Janiszewski; JHEP (2014)]

AdS-

i gxydzXdzY = —N2dt*> + Gy, (dar’ + N’dt.) (dl‘J + N7dt)

.3 3
‘V:Ih—gr ’
rrh
rv/14+ 8
N,:(’"—H,o,o)
o = r,—T
1'6
z=1 A 0 0
Gry= 0 Lo
0 0 L

boundary  (ypiyersal horizon: 7’ h

- Holographic non-relativistic transport from Horava gravity

Killing horizon: 7 = 74/(1 + 1+ B)'/?
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preserving diffeomorphisms)

H

~ 162Gy

singularity

N
N
N
N 7/

Wz
Killing \(\

horizon &

5V,

) ' Matthias Kaminski

Details of Horava black brane

More convenient formulation of Horava action (invariant under foliation-

1

7

S universal
N horizon
7

/

7

V[NVIN)

/d”‘IN\/E (K,JK” —(14+MNEK2+ (14 8)(R—2A) + a I

Black brane solution [Janiszewski; JHEP (2014)]

AdS-

[ gxyda¥da’ = —N2di® + Gy (2’ + N'dt) (dz’ + N7dt)|

3 3
N — rh—gr ’
Trh
rVITB
Np = (#,0,0)
o = T, —T
r6
z=1 e 0 0
Gy = 0 Lo
0 0%

boundary  (ypiyersal horizon: 7’ h

- Holographic non-relativistic transport from Horava gravity

Killing horizon: 7 = 74/(1 + 1+ B)'/?
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Checking tool at z=1: field redefinitions

Horava gravity at z=1

N\

EEEEEEENEEEEEEENEEENEEEEEEEEREE)

» Field redefinitions

Ixy = gxy — (0 — Duxuy

X =uX /\/o.

eI EEEEEEERERN
o
|

\L

General relativity

- Holographic non-relativistic transport from Horava gravity
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3. Non-relativistic hydrodynamics
from Horava gravity .

reS
o ﬂ(ﬂg
Gt
pré
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3. Non-relativistic hydro from Horava gravity

Strategy: repeat [Policastro, Son, Starinets; JHEP (2002)]

¢ Solve gravitational problem:

» derive fluctuation equations for gravity fields

» expand in powers of frequency and momentum
(hydrodynamic approximation)

» solve fluctuation equations analytically

* use gauge/gravity to translate gravity result into field

theory result:
correlation functions are holographically dual to second
variation of quadratic part of the gravitational on-shell action

‘*‘_- ' Matthias Kaminski - Holographic non-relativistic transport from Horava gravity Page 19



Fluctuations of gravity fields

Example: consider spin 2 fluctuation of the spatial metric

6Gy = O(t,7)/7?

this gravity field sources the xy-component of the
energy-momentum tensor in the dual field theory,
allowing to compute (II;,I1,)

Fourier transform
B(t,r) = / dwe™ g (p) Fy ()
Fluctuation equation of motion to be solved:

V1+,3(’ 3)[ (rh_r)(Yi )F”() (I('—I,, zwzhr‘/\/ﬁ) ]
+wrg1( 2ir® — irpr +mh/\/W)Fpr —

¢ * Matthias Kaminski - Holographic non-relativistic transport from Horava gravity Page 20



Boundary conditions for gravity fields
Fluctuation equation of motion to be solved

V1+8(ri —r?) [r (r3 —73) (r} — 2r%) F;’(r) + 2 (r(" —rd —iwrprt/ 1+ 5) F;('r)]
- wr}f-r (—‘22’7'5 — ir}fr"? + wrﬁ/\/ 1+ -3) Fp(") =0.

has regular singular points at

l."':' ' Matthias Kaminski - Holographic non-relativistic transport from Horava gravity Page 21



Boundary conditions for gravity fields
Fluctuation equation of motion to be solved

V1+8(ri —r?) [r (rp =) (rp — 2r%) F,;’(r) + 2 (7‘6 —r —iwrprt/\/1+ ;‘3) F};('r)]

+ wr%-r (—21’7'5 — ir}er + w'rﬁ/\/ 1+ 5) Fyp(r) =0.

has regular singular points at
AdS boundary r =20

universal horizon Th

spin 2 sound horizon ry = 'rh/21/3
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Boundary conditions for gravity fields
Fluctuation equation of motion to be solved

V1+8(ri —r?) [ (rp =) (r} - )F”(r) +2 ( S _dwrprt/\/1+ [3) F,;(r)]
+ wrir (—217'5 —irpr? +wry/V1+ d) Fy(r) =

has regular singular points at

position indicial exponents
AdS boundary r =20

irp w 1+ irpw both
universal horizon T'h x (r—rp)3vité, (r—rp) ' B3V1FE | out
going

. . _ 2wwrg

spin 2 sound horizon| . 'rh/21/3 x (r — T‘S)O, (r —rg) 3Vt

regular in—going B
' Impose infalling boundary condition at sound horizon. ’

¥ °7 Matthias Kaminski - Holographic non-relativistic transport from Horava gravity Page 21



Boundary conditions for gravity fields
Fluctuation equation of motion to be solved

V148 (r} -

+ wrf,r ( 2ir®

has regular singular points at

) [r (= 7*) (k-
—irpr +mh/\/ﬁ>

2r®) By (r) +2 (

sound horizon

- iwr%r“/ﬁ) F;(r)]

Killing for spin-2 universal
boundary horizon gravp;ton horizon
s=1 = \/ 1+38 8 =
| | ! | >
[ I 1 1 g
r=10 Tk Ts Th

position indicial exponents
AdS boundary r =20
. . ITh W 1+ LT W
universal horizon T'h x (r—rp)3vite, (r—rp)  B3VIFP
. . _ 2wwrg
spin 2 sound horizon ry = 'rh/21/3 x (7“ o T‘S)O, (7" . 7“3) EWaES:]
regular in—going B

both
out-

going

! Impose infalling boundary condition at sound horizon. '

\'*- " Matthias Kaminski

- Holographic non-relativistic transport from Horava gravity
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Find fluctuation solutions in hydro limit

Hydrodynamic expansion:

i‘22/3r w
r T 3148
B = (1-mgms) (R + Rl +WRER0) £ )
General solution near spin 2 horizon:

FI(,)(’I‘) =C1+Cy log(‘r?’ — r%/Q) Fpo(r=0)=1 normalization

Co=0 regularity

Correlator from fluctuations:

Sg‘on—shell = /dw(bo(—p)’)-[(p’ ‘r)(I)O(p)|bounda.ries’
R e P —
Gzy,:ry(p) - Q'H(p, r= O)
iv1+pw des sh {Scosit
GE = — O(w? encodes shear viscosity
[ By alp) =~ gl 2+ O )]
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(Non)relativistic shear viscosity

Kubo formula applies to both cases

1
n = — lim —Im [lim G* (P)]

w—0 W k—o *YTY

non-relativistic (Horava) relativistic

H_ V1I+Ph nCR — 1
T = SrGu2e? 167G 12
H_ YT ;2 | sGR =1/ (4GN7?)

AGyr;;
confirms
perturbative CR

nf 9223 result [Eling, n 1

“H  A- Oz; JHEP GCR  A~—

s AT 12014) 8 47

(Non—relativistic entropy production over entropy density is larger)
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Charge vs. momentum diffusion
Add electromagnetism:

—1 1\ 2 , ;
SueMm = m/ddrx\' VG <F“F1J ~ aNT (E;— FyN’) (E' - FJIWJ))
Momentum diffusion: Spin 1 sound hgrizon:
VIT+Bk? r=r7r¢= -
GE_(p) = 2Hpn(p,r =0) = ' — s = 1/3
87Gy21/3r2 (it — YIIBrA?) ( 1+ VIEB 1C+5)
—1+4+ [ kw
Gfx .r(p) = QHfh(p r= 0) = . FENE
v 87G 23} (i‘*’ - 12’:1/3;:;&)
1+Bw?
GE () = 2Mss(p,r =0) = ’ —,
v,y TG 21/3r2 (.,-w _ @3‘_)
4 N\
Charge diffusion: Diffusion coefficients
R k2
G = ,
24(P) poc (iw — ck?re) pDH _ v1+Bry
R ) o wk 3 . 21/3
"9:7y poc (iw — ck?re)’
2
w
GR . (p) = — H
3.3y P) poc (iw — ckr¢) Dy =crg
\ J

S50,
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General structure of diffusion coefficients

Diffusion coefficients
momentum )2 1
pH _ Y1+Bm D= §(Speed) x (horizon),
~ 3.91/3
H .
Dgy = (speed) x (horizon).
charge
Dify =cr
\ )
with
2
2 2
i 1 pr—
32 + :87 & 2 + F{.’
Th c Th
re —m— —— ro =
8 1/3° s 1/3
21/ <1 n ACE) /
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4. Lessons learned

Summary
e non-relativistic hydrodynamics more involved than one may think

e Horava gravity provides set of non-relativistic models yielding
transport coefficients

e entropy production per entropy density increases non-relativistically

¢ technicality: geometries with various horizons ask to impose
in-falling condition at appropriate sound horizon for each fluctuation

Outlook
e Horava black branes with other values of z

¢ relations of heat/charge/other conductivities
c.f. talks by Gouteraux, Lucas, Sachdev

¢ add Chern-Simons terms, study anomalous transport
¢ Lifshitz hydrodynamics

c.f. [Hoyos, Oz et al.]
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4. Lessons learned

Summary
e non-relativistic hydrodynamics more involved than one may think

e Horava gravity provides set of non-relativistic models yielding
transport coefficients

e entropy production per entropy density increases non-relativistically

¢ technicality: geometries with various horizons ask to impose
in-falling condition at appropriate sound horizon for each fluctuation

Outlook
e Horava black branes with other values of z

¢ relations of heat/charge/other conductivities
c.f. talks by Gouteraux, Lucas, Sachdev

¢ add Chern-Simons terms, study anomalous transport
e Lifshitz hydrodynamics [jensen; (Nov. 2014)]

c.f. [Hoyos, Oz et al.]
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Checking tool at z=1: field redefinitions

Horava action and z=1 black brane solution with spin 2 fluctuation )
1 ‘ VINVIN
SsH — /c#IN\/c_? (K”K” —(14+NK2+ (14 8)(R—2A)+ a"é)
167Gy . N2
.I,IIIIIII-II.I.IIIIIIIIIIIIIII.
= Field redefinitions
= gxy = 9xy — (0 — Duxuy
: X =4t /o
.

Einstein-Hilbert action with spin 2 metric fluctuation,
black brane metric with Killing horizon,

sound horizon of spin 2 metric fluctuation mapped to
Killing horizon,

\L

fﬁt» ; o.}
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Reminder: relativistic hydrodynamics

Universal effective field theory for microscopic QFTs, expansion in
gradients of temperature, chemical potential, velocity; gauge field

o fields  T'(z), p(x), u”(x); A,

® conservation equations
Energy & momentum VMTFW — FVA]‘)\ -

Charge U(1) Vyjy — ()

e constitutive equations

Energy momentum
tensor gu“u —+ 73 atd + u'uu _|_ C](MUV) + t'uy
Conserved J wo_ ‘K\ f /
U
current N T '] functzons of (derrivatives of) fields;

depend on frame choice

£ \
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2+1 dimensions, relativistic, parity-violating

(

Constitutive equations c =1

THY = (e — zoQ)ut'u” + (P — (Vau®—TpB — 2oQ)A*Y — nat” —nah”

J¢ = (n—2pQ)u* 4+ oV* +6VH + XpBE" + Xre"Pu,V , T

\.
Q= —e"Pu,V,u,, B = —‘le""”up Fyp,
#
Features
dP = sdT + ndp + %dl} + %dsz 1) Hall viscosity
b q , XE,0 off-diagonal conductivity

I,[ crmodynamic (anomalous Hall)

interpretation of ~

XE, XQ, XB XT “thermal Hall conductivity”
\.

; éﬂ:%\

(Bl = 2 '.: .
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Non-relativistic (large c) limit

single particle species
unit charge

Mass m sets scale A
2
€ — nMc” + €,,
2 Cnr
2 €= nNmc
/1/ — mc _I_ ,unr .................................
Rest mass energy density How to scale transport
/)CQ — F-n,-'rn,(_:Q coefficients?
Guided by physical
T = 1 intuition /prejudice.

- \/1—v2/c?

QK»\:G\
Ch ™ 2 E
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Some thoughts on symmetries

¢ relativistic theories allow particle
production / annihilation

* non-relativistic theories (generally)
require particle number conservation

Where does this U(1) symmetry associated with
particle number conservation come from?

Our answer for now: consider gapped relativistic
theories which already have a U(1) symmetry

¥ % Matthias Kaminski - Holographic non-relativistic transport from Horava gravity
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Scaling of transport coefficients with c

Relativistic “susceptibilities”

- oP
rp = ——,
B OB
_ 0P
rg = %

on i oP on
XE = oB +€0+P0 !E _CE]
1 Oe o JdP  0Oe
cdB e+ D !09 _E] '

T'xr =

Re-instate c, yields non-relativistic “susceptibilities” in terms of

relativistic ones

uniquely
determined

S

SR 2%
W % Matthias Kaminski

1 oIl

oB mpgo O,

" me2 9B’

., oP
1 gy
BT OB
r > C ()P
T T,
) 1[o 1 9 1 pv? 1 [0P 1w Op
XE 7 — | 3p = 7 PpP—5—=)+—— +
m OB mdQ,, 2 c? me?
Ts , 1| 0 1 o ( 2 1 .,)+ 1 aP
- — — — — — ———— o L —— , | —
AT 7 2 9B T moan,, | V¢ T TP T e
1 [on
= —ba_{ should be set to zero
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Parity-violating “Navier-Stokes”

Recall: parity-preserving

atp + a‘l(pvl) = 07

. ; i - o, (pv? a.nij:ﬁ E' 4 By,
momentum: O (pv*) + 0; Htot — gl]() + BGZJ]J,: i (pv") + 0 = (&' + Be'lyy),
8t (en'r ;P’UQ) + 61]: = %givi)

continuity: | 9,p + 9;(pv*) = 0,

.0 . ;-
energy: 8t.7€,tot + 6i.7:,tot = &'ji,

H:z;t - Hij :ﬁnr(eikdjl +1 4> ])Vk£ +PP5ij>

T;lJall
: 1 oI | ..
J2t0t — Gm. + §pv2 T aQnr 61'-7 vza ln T’ ]O - %7 P‘p = ’;;ZB - ()1), Q,,,.
' should be set to zero ' 1 . Endl
Jetor = Je + Gt + Tituvs + Ppv’, Jt = - [,ovz 55 “99; In T] .

should be set to zero

e
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