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Introduction & Motivation

’
g M aXWGI l S d e m O n J. C. Maxwell, Theory of Heat. Appleton, London, 1871.

® . Fast particle

® : Slow particle

Demon performs following operations w/o work:
» Measurement
» Feedback based on the measurements

" These operations can leads Entropy reduction

Pictures are taken from https://www.irasutoya.com/
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Introduction & Motivation

’
g M axwel l S d e m O n J. C. Maxwell, Theory of Heat. Appleton, London, 1871.

Is there any similar object in HEP literature?

Some example of FOPT behaves similar.

emon performs following operations w/o work:

» Measurement
» Feedback based on the measurements

" These operations can leads Entropy reduction
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Introduction & Motivation

M. J. Baker, J. Kopp, and A. J. Long, Phys. Rev. Lett. 125, 151102 (2020)

» Filtered DM scenario o Chway, T. H. Jung, and C. S. Shin, Phys. Rev. D 101, 095019 (2020)

. SM particle
. DM particle

Lint = —Yx ¢X>Z
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Introduction & Motivation
/

M. J. Baker, J. Kopp, and A. J. Long, Phys. Rev. Lett. 125, 151102 (2020)

» Filtered DM scenario o Chway, T. H. Jung, and C. S. Shin, Phys. Rev. D 101, 095019 (2020)

» Measurement
» Feedback

. SM particle

. DM particle

Any Impact

Motivation:
Ve for Hydrodynamics?

Pictures are taken from https://\\WT oSO Oy CO



Introduction & Motivation

Questions
»What kind of similarities exist?

What is "Entropy” in FOPT? & How it
would be moditied?

» How is hydrodynamics aftected?




Outline

v Introduction & Motivation
- Correspondence with Szilard engine

> Hydrodynamics & Entropy current for
FOPT

> Analysis of hydrodynamics

»Summary



SZi I a rd e n g i n e L. Szilard, Z. Phys. 53, 840 (1929).
Thermal bath: T

For each cycle,

Weaﬁt — ['In 2

-> Z2nd law violation

10



Szilard engine ...

Initial state (X)

State after feedback (X’)

“0” (Left) | P(X =0)=1/2
™~

“1” (Right) | P(X =1)=1/2=—> P(X'=1)=1

r=0 x=1

I(X:Y)=1In2

(X' :X) =

11
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Correspondence with Szilard engine

Outside the wall (X) Inside the wall (X’)
“0” (Dark sector) P(X =0)=Pp | P(X'=0)=QPp
“1” (Standard Model) | P(X =1) = Psy=9 P(X'=1) = Psys + (1 — Q) Pp
Q<1
Correspondence becomes clear when-- Py — g igg
S D

DM particle — > @ p, — 9D

.  gs+
\ Asymmetric inflow rap

SM particle ———p @

plasma flow
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Correspondence with Szilard engine

Outside the wall (X) Inside the wall (X’)

“0” (Dark sector) P(X =0)=Pp P(X'=0)=QPp

“1” (Standard Model) =1)=Psyy | PX' =1)=Psyy+(1—Q)Pp

Correspondence

DM particle Slow wall velocity
Weak FOPT

SM particle
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Hydrodynamics for FOPT

Conventional approach (Review)

See E.g. M. B. Hindmarsh et.al., SciPost Phys. Lect. Notes 24 (2021) 1 for review

~ Energy-momentum conservation (1st law)

Vo (TH + TH) =~ 8, (T + TH) = 0

where
If = (0°9)(0"9) - g (5007 ~i(0))

T} = (ps +pp)utu” —prg"

15
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Hydrodynamics for FOPT

Conventional approach (Review)

See E.g. M. B. Hindmarsh et.al., SciPost Phys. Lect. Notes 24 (2021) 1 for review

~ Entropy current conservation (2nd law)

6’MS“ =0 w/ St:=sut, s=(p+p)/T

This equation is derived from the equation given below.

3
out =00 G [ o

T7" = (ps +pp)utu” —prg"” \
Local Thermal Equilibrium

Approximation

feq(:v p,t)

Slngle perfect fluid
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Entropy (Heat)

current: 6Q /T

S +6Q/T > 0

QMS’M ;O w/ St :=sut, s=(p+p)/T

This equation is derived from the equation given below.

3
0Ty =00 3

Iy" = (ps +ppjutu” —prg” \
Local Thermal Equilibrium

Approximation

feq(:v p,t)

Slngle perfect fluid
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Hydrodynamics for FOPT
Novel approach (This work)

~ Energy-momentum conservation (1st law)
0T, +T5") =0, T;" =T +Tp"

Then, each component can be expressed as

S deD d3p 1 dSp p”
J%Tg =9% | enraE’

0,18 =~ [ L2 _cypy)
L Yuts T (2m)? 2Ep D Asymmetrlc mﬂow

{ TH = (,OD —HOD)U“U —PDQW

T5" = (ps + ps)utu” — psgh”

Two perfect fluid



Hydrodynamics for FOPT

Novel approach (This work)

>~ Entropy current NON-conservation (2nd law)

- 3 d3 1%
auS%ZUD /( - Clfpl

< TD 27’(‘)3 QED
3 1
w o usy d P D
L Onds =~ / 275 25 C S
w (upy  Usy d°p p"
P 0.5 = ( Tp Ts > / (2m)3 QEDC[fD]’

19
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Hydrodynamics for FOPT

Novel approach (This work)

>~ Entropy current NON-conservation (2nd law)

We found novel negative contribution to
entropy current, which leading to its non-
conservation even under the local
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Hydrodynamics for FOPT

Novel approach (This work)

>~ Entropy current NON-conservation (2nd law)

- 3 1%
o UpDy d P P
< a,USD - TD / (27’(‘)3 QEDC[fD]

3 v
w o usy d P D
Oubds = / 275 25 C S

(1 1 d>p pY
P 0u5" = (TD Ts>/ (ary 28, P

I TS — TD or / (27T)3 QEDC[fD] =0
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FOPT
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»Summary
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Hydrodynamics N

L. D. Landau and E. M. Lifshitz. Pergamon Press, New York, 1989.

CO nve ntio n al a p p roaCh W.-Y. Ai, et.al., JCAP 03 no. 03, 015 (2022)
m(z) 4 @Wall rest frame

Ty,vp —t—b T v

plasmpa flow

>z
1 1 ZTZO — v=20,3
Ou(TH +TH) =0 0 N 0 )
9,5" = 0 P 0.7 =0
g 0,5 =0 give matching




Hydrodynamics

Novel approach (This work)

m(z) 4 @Wall rest frame
TD—HUD—l- TD—avD—
1 Asymmetric inflow
TS , US TS—7 VS —
plasma flow
. "2
0, (T =0 (v=0,3)
uSl/ d3p p
UDy p p .
0.5p = T 2ED fp] Four independent Eqgs
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Hydrodynamics
Novel approach (This work)
m(z) 4 @Wall rest frame
I'Dy,vD+ Ip—,vp-
1 Asymmetric inflow
TS , US TS—7 Vs —
plasma flow
i dm% d*p 1 eq >Zal3p p”
< azTD = 0" ¢ do (27_‘_)3 ZEDfD _|_/ (2 )3 QEDC[fD]

3 %
@Tg’/:—/(dp ~—Clfp]

2m)3 2Ep Four independent Egs

-



Hydrodynam
Novel approach (Th

m(z) 4

Ip4,vp+
1
1s4,vs
plasma flow
v dm) [ Pp 1 >Z;i3p p”
Q FP T | erpamy | Grpaes Ol

dS v
8ZT§V:—/( s o—Clfp]

2m)3 2Ep Four independent Egs

-



Result

— mp4/Tps =1072 mp./Tps =107 — mp4/Tpy =1072 mp+/Tps =107"
mp+/Tp+ =10° mp+/Tp+ =10°
; _ 5 .
. {Scatterlng Portal] f [Scatterlng Portal]
> 10 S ’
& 5/ & 1
T P Soso O
O w
— 1 //77/. — * / /.
| 0.50 H I 010 - /77 H
+ + g
I_Q i a/':l/ l_cn 0.05: a’:l/
0.10 . f
0.05[: A A R 0.01: A ——— A R
100 500 1000 5000 10% 100 500 1000 5000 10%
Tp 4+ [GeV] Ts 4 [GeV]

It entropy current & energy flux are conserved,

I'p. =1p_, 1Tg,. =1g_  for non-relativistic fluid
Under asymmetric energy flux inflow

I'pr >1p_, Ty <Tg_

27



oo /n.

Result

— a=10"% a =103

0.00000 =
—0.00001 ¢

—0.00002

28

@ =102 00 := 00p + 00g

—0.00003 [Scattering Portal]

50’D .= /dZ@ZSlZ)

505 .= /dZ@Zng

(95 + 9p)

0.00 0.01 0.02 0.03 0.04 0.05 7

VD+

Sufficiently small ¢ is required & its lower Iimit is
roughly given by

6o > —107° (

UD+

10—2

!

Impact of Hydrodynamics
ny } seems to be small at least
@ NR limit.
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Comments & Implication

In the whole system (scalar + plasma), the second law

should be recovered;
otherwise, the FOPT cannot proceed.

A(Fr+ Fy) <0 Fy, Fy : Free energy

This i1s consistent with fundamental concept of
iInformation dynamical system when scalar field has

“‘entropy”. (Future prospects)

53(/5 ~ I(X : Y)TL+UD_|_
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Summary

»We discuss the application of information
thermodynamics to FOPT, & found that correspondence
with Szilard engine in some specific situation.

» Through asymmetric energy-momentum inflow, novel
negative contribution to entropy current appear, and its
affect fluid hydrodynamics through matching conditions.

- Unfortunately, impact of hydrodynamics seems to be
small at NR limit. Further analysis is future work.




Back up



Szilard engine ...

Initial setup r=0 1r=1

-

Thermal bath: T measurement

b




SZi I a rd e n g i n e L. Szilard, Z. Phys. 53, 840 (1929).
Feedback




Szilard engine ...

Quasistatic expansion

<

Through this process, we have

Vv Vv
k'l
Wext :/ pdV, :/ B, dV,
V/2 vieg V

— ]{TB T'ln2




We focus on a slow wall,
which ensures that mean
free path @ wall rest frame

A X YU

does not become too long.

D. Bodeker and G. D. Moore, JCAP 05 009 (2009), JCAP 05 025 (2017)
F S. Héche, J. Kozaczuk, A. J. Long, J. Turner, and Y. Wang, et.al., JCAP 03 009 (2021)
r \ W% Gouttenoire, R. Jinno, and F. Sala JHEP 05 004 (2022)

dm? d’p 1

pY _ au
T} =06~ | Gryiap

This can be satisfles when
~ Mean free path A\ is short A— < O(1)
> Gradients of mass profile is small



Diagramatic calculation

X S
PD o(xx = ©p) vnmgl) (RS

} ~ —0p-1 ((0(xx = ¢p) vma1) (n37)7)

—- p(l)?,scattering <U(XX — 9090) UM¢1> (n;q)27

X S
mp(z)
Z z%—’Az w/ Az xvps/Tps
mp(z + Az)

X

(P} o (= xX) vma) (REY)?
(

= <p% a(XX = ©®) UMal) (n;q)2) |mD=mD(z—|—Az)

)




Setup

— mp4/Tps =1072 mp./Tps =107 — mp4/Tpy =1072 mp+/Tps =107"
mp+/Tp+ =10° mp+/Tp+ =10°
; _ 5 .
. {Scatterlng Portal] f [Scatterlng Portal]
> 10 S ’
& 5/ & 1
T P Soso O
O w | 3
— 1 //‘),7 a — v///'),) hi
| 0.50 N | 010 1N
+ + o
I_Q i a/':l/ l_cn 0.05: a’:l/
0.10 . f
0.05[: A A R 0.01: A ——— A R
100 500 1000 5000 10% 100 500 1000 5000 10%
Tp 4+ [GeV] Ts 4 [GeV]

Fluid system has three independent parameters:

(I'p+,vp+,a)  « :Dimensionless latent heat

We have taken g = V4w, mpy :=mp(z ~—00) S Thy



2nd law of information thermodynamics suggests

o= (S+dQ/T)/V

o2 —(I(X:Y)—I(X":Y)) x (Incoming # flux)

~ (.1 X Vwall

Symmetric phase  Bfoken phase Q<1
DM particle ———> @ p, = 9P
. gs T gp
\ Energy inflow o — s
SM particle ———) @ 7s + 9p

plasma flow




Hydrodynamics

Novel approach (This work)

~

-

m(z) 4 @Wall rest frame
I'Dy,vD+ Ip—,vp-
1 Energy flux inflow
TS , US TS—7 Vs —
plasma flow
2 3 >ZB
2V __ QU de d p 1 eq / d p py
01D =0°¢ d¢ (2m)3 2Ep Ip (2m)3 QEDC[fD]

3 1

27‘(‘)3 2ED

/D]

Four independent Egs



Hydrodynamics

Energy flux & Momentum exchange
d’p p’
:(Ws75vs) Z/ 2 28,
dS
< 0 (wsV5v% + ps) Z/ p p

d3
0.(wprbun) = [ 5, QQDC[fD],

_0- (wnrbo + 50002 40 ) = [ 52 i)

Wws .= pPs _|_p57 Wp .= IO%CE _l_p%Cfv
W/ o = pp + V(0), P = pp — V(9).



Hydrodynamics

Energy flux & Momentum exchange

r

2 2 0
WS+V54+VS+ = WS—Yg_Vs— + Chs

2 2 2 2 z
WS+ V541 Vgy —Ws—Vg_Vs_ = ps— — ps+ + Ch,

2 2 0
Wp+Yp4+VD+ = WD-"VYp_VUD—- — Chs

2 2 2 2 __ € eft z
WD+YD+VD4+ — WD-VYp_Vp— =Pp— —Pp+ — Cp,

d&°p p°
— [ 4
w/ Cp = /Z/ 27T32ED fol;

d3p p*
b _/ / 2ED /ol




Hydrodynamics

Entropy production

00 := 00p + 00g




