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When geometry affects quantum fluctuations

¢ (Geometrical confinement can change the vacuum properties

1deal mirrors

Casimir (1948)
Ruser (2007)
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Relativistic materials: playground for exotic relativistic quantum effects

e e = ———

¢ | inear dispersion relation

D=1+1 D=2+1 D=3+1

Graphene

Luttinger liquid Dirac semimetals Weyl semimetals

.
Left Movers (L) " Right Movers (R)

k’J
'\I__. R

Schonhammer (2003) Zhao et al. (2013) ' Alexander Lau (2018)

[~. > Ideal platforms to test sizable consequences of gravitational anomalies



Objectives: & Reuvisit relation Temperature < curved spacetime
in presence of gravitational anomalies

& Measurable effects : black holes and condensed matter ?
Plan: 1. From Tolman-Ehrenfest theorem to the Luttinger trick
2. Gravitational corrections to Tolman-Ehrenfest theorem

3. Physical consequences



Thermal Response theory

(Linear) transport theory

& Charge and energy transport:

J=0E J=xVT

Charge Transport

® Transported quantity: electric charge QO

} m oH = Q0o¢
® Coupling potential: @ (—V¢ =F)

Energy Transport

¢ Transported quantity: energy density €

& What is the potential ?



Luttinger Trick (1964)

o R et —— e —

& Solution provided by Luttinger in 1964

PHYSICAL REVIEW VOLUME 135, NUMBER 6A 14 SEPTEMBER 1964

Theory of Thermal Transport Coefficients™

| J. M. LUTTINGER
Department of Physics, Columbia University, New York, New York
(Received 20 April 1964)

J.M.Luttinger

Energy Transport

e Transported quantity: energy density € . = H = b0,
e Coupling potential: gravitational potential ¢, —V¢;= —



... based on the Tolman-Ehrenfest theorem
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TEMPERATURE EQUILIBRIUM IN A STATIC
GRAVITATIONAL FIELD

BY RicHARD C. TOLMAN AND PAurL EHRENFEST

NORMAN BRIDGE LABORATORY OF PHYsICS, PAsADENA, CALIFORNIA

— (Received October 27, 1930)
R.C. Tolman P. Ehrenfest

8 Thermal equilibrium in a curved spacetime

. Inhomogeneous temperature
Curved spacetime 9 P

ds* = goo(X)vidt* — dx*

200(Xp)
goo(x)

T(x) =T, Ty =T (x)



... based on the Tolman-Ehrenfest theorem
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Ehrenfest theorem

.. based on the Tolman

Tolman-Ehrenfest

Homogeneous /|,

Inhomogeneous 7(x)

Inhomogeneous 7(x)

Curved Spacetime
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Ehrenfest theorem

.. based on the Tolman

Ivalence

inger equiva
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Homogeneous /|,

d

Inhomogeneous 7(x)

Curved Spacetime

2 742 2

Flat Spacetime

ds?

Luttinger trick

e = s 5=

ds? = €2¢(X)VI% dr* — dx?
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Probing an inhomogeneous temperature




robing an inhomogeneous 7(x) via Stefan-Boltzmann Law

Define 1 through local energy density €

Stefan Law (1879): Black body radiation
cexT* in d=3

J. Stefan

J. Stefan (1879)

12



Probing an inhomogeneous 7(x) via Stefan-Boltzmann Law

Define 1 through local energy density €

Boltzmann derivation (1884): L. Boltzmann (1884)

8 [hermodynamics

dP
as|  dp L_pdP

av| ~ar dT
T |4

edV =TdS — PdV

L. Boltzmann

® Conformal symmetry in d+1Dimensions: € = d . P

| £ 7l and P « 79!

2
rky

6v F
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Blote et al. (1986)

Probing an inhomogeneous 7(x) via Stefan-Boltzmann Law  c.. 00

Generalized Stefan-Boltzmann law for interacting theories in D=1+1
ik

C, +C_ -
P 6hv,

2

e=P= 17(x)

71DT2’

{Central charge of the theory

Examples :

8 Interacting Quantum wires 8 Chiral edge of a quantum Hall system
(Luttinger liquids) C, = C_ C, #0 B

C_=()/‘_t’

14




Probing an inhomogeneous 7(x) via energy current

& Focusing on right movers

T 5o 5 |
Jg:VFE': C+6_thT (H:;FE)

i (Chiral) Energy currents : alternative probe for T?

15



Probing an inhomogeneous 7(x)

via Stefan-Boltzman law (density)
C

w

— e — B 42
P=e=- (C.+C) 6thT

via transport (current)

C

J, = vill = E—a %kéTz

16



Probing an inhomogeneous 7(x)

via Stefan-Boltzman law (density)
C

w

— e — B 42
P=e=- (C.+C) 6thT

via transport (current)

C

— T

J,=vill = (C, - C_) 6hk§T2

Convenient object: Stress-energy tensor

5 LJ
e Inflat space, T = ( VF 8)




Inhomogeneous temperature in curved D=1+1 spacetime

Static spacetimes in 1+1 dimensions

fl(x) 0 2 2 3.2 2
8 = ( 0 —f(x) ds” = fi(x) vidt” — fr(x) dx
Examples :
& Schwarzschild Black—hcgge: 8 Condensed matter: Luttinger metric
£ =1/ =1-—= fw =ew L AT
X . —
hx) =1 T (x)
= T(x)

P(x)




Tolman (1930)

Inhomogeneous temperature in curved D=1+1 spacetime Tolman et al. (1930)

e ———_ _ e e ——— — =

8 Conformal/Weyl symmetry

agH —
Th =0

& Diffeomorphism invariance

Vo +0,(f,J.) =0

(+ Momentum conservation)

v, T =0

& Lorentz invariance

vall = J,

19



Tolman (1930)

Inhomogeneous temperature in curved D=1+1 spacetime Tolman et al. (1930)

8 Conformal/Weyl symmetry

fif 0.+ 0, (fl Je) =

(+ Momentum conservation)

V,ﬁ/‘ Y = ()
& Lorentz invariance
21T
VFH = J,

Stationary solution (equilibrium)
2 fi(xO)

ey

X
J,=vill=C,vprip Tzfl( U

M TCT R

g:P:Cwle




Tolman (1930)

Inhomogeneous temperature in curved D=1+1 spacetime Tolman et al. (1930)

=P

fIfZatg_l_ax( IJe) —

(+ Momentum conservation)

vall = J,
Tolman-Ehrenfest temperature Stationary solution (equilibrium)
e=P=C,vp Tzfl(xo)
J1(xp) f 1(x)
J1(X) 0 J1(Xp)
J.=vill=C VYD 1 -

Hkx)  [#



Tolman (1930)

Inhomogeneous temperature in curved D=1+1 spacetime Tolman et . (1930)

=P

*empemfure £+ 0, ( i )

S ? ntum conservation)

anomd\‘e

- Jg
Tolman-Ehrenfest temperature Stationary solution (equilibrium)
e=P=C,7p Tzfl(xo)
/1) : fl(x)
) = 1oy 50 = £100)
1 J,=vHl=C,vpypTi —%  —

J1(x) 22



Plan:

2. Gravitational corrections to Tolman-Ehrenfest theorem

23



Anomalous quantum fluctuations and local temperature
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¢ anomalous fluctuations induced by spacetime curvature
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Anomaly ?




Gravitational anomalies Bertimann (2001)




Modified Tolman-Ehrenfest temperature

v
487

R

e =P+C,

AV
»\/fifr0,e+0,(f,J.) = g%ﬂfl(’)%

(+Momentum conservation)

vall = J,

e



Modified Tolman-Ehrenfest temperature

v
487

R

e=P+C,

hv,
»\/fifr0,e+0,(f,J.) = g%ﬂfla@

(+Momentum conservation)

= Stationary solution (quiibrium) ~ T*, = (T

| Classical (Tolman-Ehrenfest)

| Quantum corrections | [2_8}



Modified equilibrium temperature ?

via Stefan-Boltzman law (density)

e+ P = CwleTn%

_ 1
e—P—Cwef])

via transport (current)

J, = vill = C,Vr71p T

29



Modified equilibrium temperature ?

via Stefan-Boltzman law (density) tT(x)
£(x)
M e+ P = C.vipT? *

O

\1*0{‘\
O e—P=Cc’ )
%50'{’ { Modified Tolman-Ehrenfest temp. |
. 9 ) )
via transport (current) {1p L0 =110 L0+ €g ()
&
2 0
.\ﬁ/qb‘y} Je=vill= Coverip Iy,
& &
o
2 | (1) th@ (2) nvp 7 1 r%a f
new energy scaies: €, = , €, = —
9y AT T A ), T o



Plan:

3. Physical consequences

31



1. Hawking radiation and Black-hole atmosphere

AH
X

Black hole metric 8w = e Evanescent CGHS black holes

fx) = 1 — et

(f(X) 0

N ® Schwarzschild Black holes f(x) = 1
0 - 1/f(x))

f(z)
1.0

0.8

Assmptotically | fix > o) =1
‘  flat '

0.6

0.4

| Surface gravity

0.2 x
)

] fx = x7) = 2kc™(x — xy) -

~ 5 10 50 100

32



Christensen et al. (1977)

1. Hawking radiation and Black-hole atmosphere Jobineon eta) G005

M.Eune et al. (2017)

s e e e ——— — ==

|2 new scales: large close to the horizon

2
/
6(1) _ he f// 6(2) _ he f// <f)
T 48z 1 A8z 2f
i ! \ I | |
4 F :
2 b .
O E'_________:_::—_,—__—r_———.?-—ﬁrr— rrrrrrrrrrr
2 // — T7p/Th -
N4 -—= &) /em
I 882)/81{
2 4 6 8
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1. Hawking radiation and Black-hole atmosphere

>
I7g

| diverges at the horizon

2
TH

— —— diverges at the horizon

2 f,
hC (f /)

o) — _
! 481 2f

= —

&

I

4

f ‘
.

3y
N
Y
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1. Hawking radiation and Black-hole atmosphere

| 2
{0 TH : :
|/ 7. = —— diverges at the horizon

&
X
y
L
f R A
'\ 4
vt “~
= ; 3 Y T LN L - = - _"'_ sl - = - o - - - - ANl 7 ] - - i - d L P
N
e ~ = < = <
Y
\J

Close to the horizon
' TI%I he f ,(XH)Z

leTnzfz(x) ~ V1D

fx) 487 2f(x) w

Cancelling the divergence imposes

h
TH = f ,(XH)

hc
(2) _ _
€, =

487 Of

diverges at the horizon
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1. Hawking radiation and Black-hole atmosphere Giddings (2016

Outgoing energy current:

J. (x = x;) = 0 : Nothing exits the black-hole Asymptotic outgoing energy current:

Joy (X = 00) = I 13 . Hawking Radiation

127

\Quantum atmosphere:
tstrong anomalous quantum fluctuations|

36



1. Hawking radiation and Black-hole atmosphere

s e e e ——— — ==

In the close atmosphere (quantum troposphere)

ne o
€ (XH) =—-P (XH) — I (xH) : Analog of the Casimir effect

37



2. Generalized Luttinger trick and response theory (€2¢(x) . )
- G =

In presence of gravitational anomalies

Modified equivalent | Corrected Luttinger relation |
gravitational potential N T |

0, 1(x)
1(x)

~ N e
= 0, px)+A2 [ax¢<x>a§¢<x> + 5@%@)]

hv
with A, = -

ZﬂkBT(X)

=>| Correction of non-linear response J.(x) = J)(x) + 6/ (x) 't

f Quantum corrections -
5 5 W) ST,(0) & A2 (VTY [

Classical ballistic energy current Jg(x) =



3. Out-of-equilibrium states by an inhomogeneous T

TL ' | ' ; _' ' | ' ' v;r\ '

T, \ """""""""""" Imposing externally a temperature profile T(x):




3. Out-of-equilibrium states by an inhomogeneous T

17,

Ty \ """""""""""" Imposing externally a temperature profile 7(x):
| | Modified Gibbs measure

Inhomogeneous Flat
T(x) Space



brium states by an inhomogeneous T

Out-of-equili

3

Imposing externally a temperature profile 7(x)

Modified Gibbs measure
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3. Out-of-equilibrium states by an inhomogeneous T

17,
Ty 2 new energy scales el =
2) —
€c] —
Ir |
10 5 0 5 Sizable at the temperature jump
x/d

Characteristic length scales for T variations

I T
() _ 2) _
lT = l})— S

Ol \ 2T

— compare with thermal length 4, =

v
2k T

v

247

v

24

|
|

T
0°T

0°T
_|_

I
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3. Out-of-equilibrium states by an inhomogeneous T

17,

—2 0

Characteristic length scales for T variations

[ — i 1) —
I 9T T

— compare with thermal length 4, =

\

T
2T

v

2k T

= —

Classical

(D) 7(2)
I, 1@ > 2

T2 ~ T?
e~ P leTz
Th(K)

0.25 0.30
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3. Out-of-equilibrium states by an inhomogeneous T

E ! | ! ! ' | ' ' ' | ' i ] ]_.3 :
T 7 1.4 - _ :
0 _ \ _ | 1.2 -
1.2 F — I
- 1 1.1
"""""""""""""""""""" 1.0 ‘ ' 1.0 —
- 0.8 | { 0.9 d
TR \
T, [ 00
—2 0 2
r/d

Characteristic length scales for T variations

l}l) — i 1) — i
o, I ! \ 02T
. vy
— compare with thermal length 4, =
2k T

/ T, # T

0.6 Weakly anomalous | . £y T2
. /1
[ > 5> D L,
Ty (K)
0.0==5.05 0.10 015 ‘050 025 ‘058
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3. Out-of-equilibrium states by an inhomogeneous T

T, -
[N 1.0 — _
_ 0.5 F _
o . 0.0 |
_9 0 9 —4 0 2 4 4 —2 0 2 4
x/ x/d
z/0 ok AT S
- T i Strongly anomalous |
Characteristic length scales for T variations sk /IT > l(z) > l(l) | , ,
17(,1) — i 1(2) — i 0'6:' E ;é }/IDTZ
0.T : 02T 2
\ § 0.4F P 7 }/IDT
. th 0.2:— ®
— compare with thermal length A, = Ty(K)
ZﬂkBT 0.0 | | | | | T
] 0.05 0.10 0.15 0.20 0.25 0.30
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3. Out-of-equilibrium states by an inhomogeneous T

2.0

1.5 F

Characteristic length scale

O 1) -
toooT r 02T

th 0.2:
27TkBT 0.0 PN T B TP B P

0.05 0.10 0.15 0.20 0.25 0.30

— compare with thermal length 4, =




3. Out-of-equilibrium: quench dynamics

e t<0: previous out-of-equilibrium state via Time §

external 7(x)

® t=0: release external 1

& Amounts to realize a quench of spacetime
following (generalized) Luttinger equivalence




3. Out-of-equilibrium: quench dynamics

Langmann et al. (2017)
Gawedzki et al.(2018)
Karrasch et al. (2013)

2 « heat waves » of energy and momentum propagating at a velocity v

0.8

1.2 --/\

€/€g

T*/T5 -

Time vrt/d

el

/11,

1.5

1.0 |

0.5

—0.5

0.0 |

—r T T | r T 1
— f,—\
7/
/
/

y

L] ' L] L} 1 L] ' L] T 1
J\\ —
\
\
\

\

— H/I:I ~ -
----- r2/13
I T B ]
—10 —5 0 5} 10
x/d

Consistent with numerical

simulation

(XXZ chain),

perturbative analysis and
CFT computations
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3. Out-of-equilibrium: quench dynamics

1.2

Langmann et al. (2017)
Gawedzki et al.(2018)
Karrasch et al. (2013)

2 « heat waves » of energy and momentum propagating at a velocity v

€/€g
T*/T5 -

0.0 0.5 1.0

/11,

1.5

1.0 |

0.5

—0.5

0.0 |

I | | | | I T | | | I T | | |

7~ N |
/ \
/ \

" / \ .
— ‘ —
- I —
I
— , \ —
/ 4
-

—10 —d 0 5) 10

Consistent with numerical
simulation (XXZ chain),
perturbative analysis and
CFT computations
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Wen et al. (2018)

Fan et al. (2020)

4. From one to periodic quenches: Floquet heating states ~ [=o=<< 2 o

Time

1 quench

1 quench

Protocol

¢ Periodically heat the system with 7(x) during time 7,
(curved spacetime)

® | etit evolve freely during time 7,
(flat spacetime)

Result

e Fort, ~ L/vy : Heating phase

E, (1) = de e(x, t) grows exp. with time

-



Lapierre et al. (2020)

4. From one to periodic quenches: Floquet heating states

e/€o
4.0 o L

35F ]
| _ _ TR S R - 10} - anomalows 4
& Energy increases (heating) and localizes 2sb ol T classicalp,gg;%%
_ . § 2.0 — ----------- — - 1“‘? 10° afg:g’%:g/ ’
& Amplitude of growth and energy profile b H o)
affected by gravitational anomalies § 1 T
. S E o 5 10 15

I J t/t,
) _ 0.5 N
P Focusing points = 2 black holes

B> Energy density negative close to
their vicinity
B> Similar to black-holes atmosphere




Conclusion

¢ Spacetime curvature lead to anomalous guantum fluctuations (Gravitational anomalies)

¢ Sjzable consequences on heat transport in:

General relativity: Condensed matter L .

Black holes atmosphere Response theory Out of equilibrium Floquet heating

physics pr)ase
T(.X) 40,0 0
of == pfen SN
| — Je/Jm - . %o T o5t 1o
- _ I | | |€/€H | _ 0_1. . :[ : fB/, SR
1 > 4 6 8 — ﬁ \ \ |
T/TH 0.0 \JJM
oab |
0.0 0.5 1.0 e—

Anomalous Luttinger relation for energy transport: From black hole's atmosphere to thermal quenches
Bermond, Chernodub, Grushin, Carpentier (To be published)



2. Generalized luttinger trick and response theory

0 -1

Static metric g, = (

Inhomogeneous
temperature
In classical situation
Tolman-Ehrenfest Temperature "
TZ();) — T2 20(%) Equivalent B
/ 710 gravitational potential &

0. 1(x)
1(x)

- ax ¢(X)




2. Generalized luttinger trick and response theory

e20@ ) T(x)

Static metric g, = ( 0 —1

Inhomogeneous
temperature

In presence of gravitational anomalies

| Corrected Tolman-Ehrenfest Temperature |

~J)

P(x)

yT(x) = yTge_M 4

Modified equivalent ] ;
gravitational potential :

v
27TkB T(X)

0. 1(x)
1(x)

= 0, () +12 ax¢<x>a§¢<x>+§a§¢<x>] with 47 =

| Corrected Luttinger relation | -




2. Generalized luttinger trick and response theory

240 T(x)
0 -1 A

Static metric g, = (
Inhomogeneous

temperature

In presence of graviigligaa

1 avr
| Corrected Tolma Correc'\’\On 10 \me

* ns
yTz(x) — }/Tg€_2¢(x) respo

v

ST 0,0+ |0 0RH) + 0| with 4y =
T(X) P T | Yx A X X I ) ﬂkB T(X)

| Corrected Luttinger relation | -



2. Generalized luttinger trick and response theory

Linear temperature profile

T(x) = Ty + xAT, x € [-L/2,L/2]

. . AT
Solve for ¢ perturbatively in @ = —

P(x) = O(x )+0p(x)

1 Quantum corrections
A7 Ay
TO T() 3

L Op(x) = a? —20°—x |
212 13"

| Classical gravitational |
' potential

_ %ot = In (To/

v

AT — ‘_
v 271' k B TO .i

56



2. Generalized luttinger trick and response theory

Linear temperature profile I'(x) = T, + xAT, X E [—L/ 2,L/ 2]

Energy currents Jo(x) = JS (x) + 5Jg(x)

Quantum corrections |

i Classical ballistic energy current |

J S (x) = %kl% T%(x) |

e (AT |
.[ ; x m — \
* T » 2T |
fvf : U L TO ! 271' k B TO ﬁ",

= > Correction of the non-linear response

S7



