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g Why fluids? >

* Fluids are everywhere!

 All studied through a universal IR description (EFT):

] ) 4 ] N ©
Hydrodynamics Thermodynamics
Long-distance field theory Equilibrium part of
for conserved quantities hydrodynamics —

- J

K.
s TN (U e )
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\-.,/L Why SK? m

'
« Symmetries are, as usual, the good organizational principle.

« SSB of spacetime symmetries: Poincaré - Rotations + Translations

 Internal symmetry structure can be complicated!



S TUTI

2 Why SK? \/

« Symmetries are, as usual, the good organizational principle.

» To make a wise use of the symmetries, don’t start from the conservation equations, but
use a QFT approach:

Vacuum QFT
no dissipation effects
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2 Why SK? ~/

S
« Symmetries are, as usual, the good organizational principle.
» To make a wise use of the symmetries, don’t start from the conservation equations, but
use a QFT approach:
‘ Schwinger-Keldysh formalism
FT . ,
(real time) path-integral over a
no dis effects :
: closed-time path contour
U (t, to) Z|J1, J2] = D®, DDy ¢iS(@1)=iS(@2)+i [ 11-01=i [ Jo.-02
. a— - BC
po = p (to)
e br = 5 (61 + ¢2) -/

Ut (t, to) Ga = P1 — P2 Glorioso & Liu. 1805.09331

N\
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e Why coset? ~

» We can construct the SK EFT action that simplifies the evaluation of the correlation

functions: BCs and KMS symmetry

Z[J1, b)) = / Dep1 Dy eEFT (91,1182, 1] are implicit in the EFT
action
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2 Why coset? ~

» We can construct the SK EFT action that simplifies the evaluation of the correlation

functions: . S BCs and KMS symmetry
Z[J1, ] = / Dep1 Dy eEFT (91,1182, 1] are implicit in the EFT
action
* We will use the coset construction (or CCWZ) to determine it:
/ Low energy dof: \

S trv break Go\dstone’sTheo"em (Goldstone) gapless
ymmetry breaking fields
pattern
cewz EFT ®)

o / ()

Akvuz. Goon, Penco, 2306.17232v2
10 v <& - ~ /
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e Why coset? ~

'
« Systematic

* Naturally organizes the EFT in a derivative expansion of building blocks
(if supplemented by a power counting rule)

« Algorithmic

« Can be used for generic symmetry content
Energy and momentum modes from breaking of spacetime symmetries

 Clarifies the difference between physical symmetries and redundancies

e.g. U(1) charged fluid: diffeos in fluid spacetime, chemical shift symmetry &

o TN (U d )
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3 What is this talk about? —

Nt

4 )

1. Coset construction
For Lagrangians describing finite T,
dissipative fluid with generic internal
symmetries

- )

12 u\./
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What is this talk about? —/

-

o

1. Coset construction
For Lagrangians describing finite T,
dissipative fluid with generic internal
symmetries

~

/

4 N

2. Redundancies vs physical symmetries
Show that dynamical KMS is responsible for the
typical redundancy symmetries of a fluid

o J

12 ~ \/
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What is this talk about? —/

4 N

1. Coset construction
For Lagrangians describing finite T,
dissipative fluid with generic internal

symmetries

o /

-

3. Fluid pheno, and axion
physics applications
Dynamics of an axion — star system
to obtain new bounds in axion

4 )

2. Redundancies vs physical symmetries
Show that dynamical KMS is responsible for the

parameter space (in progress...)
N J

typical redundancy symmetries of a fluid

N J

" v~ W/
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The finite temperature
coset construction
for SK EFTs

~




SN TUT]

. SK effective action for dissipative fluids?

« Some worked out cases:

« SK EFTs for dissipative fluids (neutral or with conserved U(1) charge) Crosslev. Glorioso. Liu

1511.03646v3

More general internal symmetry structure? > Coset construction

13 "\./
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. SK effective action for dissipative fluids?

« Some worked out cases:

« SK EFTs for dissipative fluids (neutral or with conserved U(1) charge) Crosslev. Glorioso. Liu

1511.03646v3

More general internal symmetry structure? > Coset construction

Firat, Gomes, Nardi,
Penco, Rattazzi

No spacetime symmetry breaking = No fluids 2508.18346

« SK coset construction for internal, non-Abelian symmetry breaking

i ~ o/
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. SK effective action for dissipative fluids?

« Some worked out cases:

« SK EFTs for dissipative fluids (neutral or with conserved U(1) charge) Crosslev. Glorioso. Liu

1511.03646v3

More general internal symmetry structure? > Coset construction

Firat, Gomes, Nardi,
Penco, Rattazzi

No spacetime symmetry breaking = No fluids 2508.18346

« SK coset construction for internal, non-Abelian symmetry breaking

* In this work, SK EFT Lagrangians for any type of dissipative fluid

s TN Qe
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. SK effective action for dissipative fluids?

Nt

* In this work, SK EFT Lagrangians for any type of dissipative fluid

Inout w ( Coset w f Effective Fluid
nputs J 1 ConstructionJ L Lagrangians Phenomenology

{ Conceptual }
Challenges / Gains

w o TN (U °S V
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. SK coset construction for dissipative fluids

"/
4 )
Inputs
Initial state: p, = e Poll DKMS symmetry Unitarity constraints
\ %
-
15 ~ \/
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. SK coset construction for dissipative fluids

ot

4 N

Inputs

Initial state: p, = e Poll DKMS symmetry Unitarity constraints

(Fluid” symmetry breaking pattern: (/SO(D — 1,1) X Gint); X(ISO(D — 1,1) X Gint), = (R* x SO(D — 1) x Hint)diag )

/
/
/ ’/ Diagonal

Poincaré Internal (1-2 basis)
symmetries

15 ~ \-/
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. SK coset construction for dissipative fluids
4 R

Inputs

Initial state: p, = e Poll DKMS symmetry Unitarity constraints

(Fluidu Symmetry breaking pattern: (ISO(D — 1, 1) X Gint)]_ X(ISO(D — 1, 1) X Gint)2 — (|R4 X SO(D — 1) X Hint)diag j

/ Coset Q _ Broken / non linearly realised generators \
» Diagonal (1-2 basis) broken e.g. superfluid
» Diagonal (1-2 basis) unbroken e.qg. U(1) charged fluid ~/

= O N Q0 ¢
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. SK coset construction for dissipative fluids
- R

Inputs

Initial state: p, = e Poll DKMS symmetry Unitarity constraints

(Fluidu Symmetry breaking pattern: (ISO(D — 1, 1) X Gint)]_ X(ISO(D — 1, 1) X Gint)2 — (|R4 X SO(D — 1) X Hint)diag /

/ Coset Q _) Broken / non linearly realised generators + > GBs \
- Diagonal (1-2 basis) broken e.g. superfluid { X5, X5 7, ma }
 Diagonal (1-2 basis) unbroken e.g. U(1) charged fluid {X f,’f ] X 5 ] Qﬁa} -
\ * Inverse Higgs constraints Landry, 1912.12301 7/

s SN Q@ ¢
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. SK coset construction for dissipative fluids

'
/ Construction and challenges \

« Enlarge the coset

XEXE a :XH,XIJJ’ ar \¥r
\ { T a,(p} { T R (70} /

DKMS
¢, —— @,

DKMS

by — B, 496504,

Overparametrization!

17 u\./
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. SK coset construction for dissipative fluids

'
/ Construction and challenges \

« Enlarge the coset > Emergent chemical shift-like symmetry

XEXE a :XH,XIJJ’ ar \¥r
\ { T a,(p} { T a’ ¥ (70} /

DKMS
¢, —— @,

DKMS

by — B, 496504,

Overparametrization > |or(c?) RELN pr(0?) + A(o?) -

17 V\J
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. SK coset construction for dissipative fluids

'
/ Construction and challenges \

 Introducing a fluid spacetime

\_ /

po = e FoHl

"’
Glorioso, Liu

1805.09331 /

"/ ! /
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. SK coset construction for dissipative fluids

'
/ Construction and challenges \

* Introducing a fluid spacetime - Temperature field, diffeos in fluid spacetime

A -
By = Body

Glorioso, Liu

1805.09331 \/

o/ L /
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SK coset construction for dissipative fluids

/“’

Construction and challenges

Redundancy
symmetries

\

Pr (‘7

— 0 —I—fA(UB) h

o) + A4

Overconstrained building blocks...
We are forgetting something

17 ~ \/ u \./
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. SK coset construction for dissipative fluids

'
/ Construction and challenges \

Redundancy
symmetries

? - restrictions
A Diffe A—|—€A( B) A R Diff, A A I
g ad o o >0 +£%(0)
CS '
or(0%) =2 or(0?) + A(0?) or(6?) SISEEN or(a?) + Xoh)

17 V\J
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. SK coset construction for dissipative fluids

'
/ Construction and challenges \

Redundancy
symmetries
« DKMS symmetry - restrictions

\_ /

0" — 0" +&7(07) ‘ ot 5 oA 4 A (o))
Cs '
or(0%) =2 or(0?) + A(0?) or(6?) SISEEN or(a?) + Xoh)

17 V\J
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e Physical symmetries vs redundancies ~

B R Redundancies: unphysical —— ® ~ ®' = Rd

18 V\/
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e Physical symmetries vs redundancies ~

B R Redundancies: unphysical —— ® ~ ®' = Rd

Ay DKMS - HA
901( ) — 901( Zﬁo / ) j|'DKMS Symm_etry: DKMS ((I)) ~ DKMS ((I),)

DKMS physical
p2(0?) == pa(0” —if7 /2)

18 ~ \/
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2 Physical symmetries vs redundancies ~

B R Redundancies: unphysical —— ® ~ ®' = Rd

DKMS .
maﬂ = oo™ 6 /2) e
DKMS-R-DKMS ! =R |

. N Q0 ¢
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e Physical symmetries vs redundancies ~

Nt

But...

DKMS . R . DKMS_l p— R Is it non

trivial?
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2 Physical symmetries vs redundancies ~

Nt

But...

DKMS R DKMS 1 Is it non

oA Dl 4 + £4( DKMS
) —— @1(0? +if5'/2)
e?lcpl(o) T CSa el (o)-T z)\(a) T . DKMS
e?kpz(a)-T — etp2 ()T z)\(cr) T QOQ(O' ) — P2 (O' — ’Lﬁo /2)
Diagonal in 1-2 basis Non-diagonal in 1-2 basis
"/
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e Physical symmetries vs redundancies ~

Nt

But...

DKMS . R . DKMS_l p— R Is it non

/ \ trivial?
Diagonal in 1-2 basis Non-diagonal in 1-2 basis
A _
. ﬁﬁog (0) =0
‘C’ﬁo )\(0) =0 -
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EPPL— TUT
2 Physical symmetries vs redundancies ~
- —1 But...
DKMS - R -DKMS = ="R| sitnon
Diagonal in 1-2 basis Non-diagonal in 1-2 basis
) ﬁﬁofA(U) — O ) O'A R,Diffg} O'A _|_§-A(0_I)
Lg,A(o) =0 O BB Qeire) T | o

19 ¥ NS N/
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g SK coset construction - result —/

/° Effective Lagrangians (LO and NLO) \

Non-dissipative: £1 = D,,LHCI,,{ Hﬁf

Dissipative: £, =D, II5 (H,’fﬁ{ + %W,ff o DI )

~ N

a-type building r-type building
blocks blocks
D {0, Xy, e, e, ...} S {B*, ., Oy, ...} o
20 - \-/

- ~ /
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g SK coset construction - result —/

/° Effective Lagrangians (LO and NLO) \

Non-dissipative: £1 = D#Hf Hff,ff

Dissipative: Lo = D#Hf -I- %uﬂg)

Dissipation « » Fluctuation
DKMS /noise
DKMS imposes constraints on the most general structures -/
20 ~ \J

o/ g ! /
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\‘/L SK U(1) charged fluid ~

Nt

G = U(1), Hie = U(1)

Non dissipative order First dissipative order
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\‘/L SK U(1) charged fluid ~

Nt

Gt = U(1), Hie = U(1)
Non dissipative order First dissipative order

C C)uv .
L8 = 8, X TS 4 8uipa jSH

21 ~ \-/
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\‘/L SK U(1) charged fluid ~

Nt

Gt = U(1), Hine = U(1)
Non dissipative order First dissipative order
L(C) = 0, Xaw -,-(C)uv n 8;_;,903]0 O
Imposing DKMS...
T = (Yoy — Bpg) u"u” + pm*”

J(g o — PvuM

21 ~ \-/
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2 SK U(1) charged fluid ~/

"/
Gt = U(1), Hm = U(1)
Non dissipative order First dissipative order
L8 = 8, X0, TS + 8,04 jSOH DKMS + Landau frame
Imposing DKMS... T = —(Bau® A" — nA**A¥P (3(auﬁ) TzAﬂaﬁApda Ucr)
To " = (Ypy — Bps) u*u” + pn™” A" = —%Ba (By) A"
JoOH = pyu* |

Three transport coefficients:

. - N QY
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2 SK U(1) charged fluid ~/

"/
Gt = U(1), Hm = U(1)
Non dissipative order First dissipative order
L8 = 8, X0, TS + 8,04 jSOH DKMS + Landau frame
Imposing DKMS... T = —(Bau® A" — nA**A¥P (3(auﬁ) TzAﬂaﬁApda Ucr)
To " = (Ypy — Bps) u*u” + pn™” A" = —%Ba (By) A"

Unitarity constraints

.(C
J(g = pyu” \
2 (Bulk viscosity : ¢ > 0

Three transport coefficients:  { Shear viscosity : n > 0

| Charge conductivity : 0 > 0

. - N QY
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\.,/L SK superfluid m

Nt

Gint:U(]-); Hint:@, P::P:‘I'MQ:'

2 v U/
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\‘.,/L SK superfluid m

Nt

Gint:U(]-); Hintzmg P::P:‘I'HQr

Additional r—type vector: w* = 9",
Chergieal Shift , T THOTA TP VEEman v

Additional r-type scalar: X = w"w,

" v U/
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3 SK superfluid ~/

—’
Ot t
Gint:U(]-); Hintzmg Pr:Pr‘I'PJQr
Non dissipative order First dissipative order

S)uv v v v
Ty = (ypy — Bps) u'u” + pn®” — 2pxw'w

(S
J$¥ = pyu 4 2pxw*

- ~ o/
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3 SK superfluid ~/

u
Ot t
Gint:U(l); Hintzmg Pr:Pr+PJQr
Non dissipative order First dissipative order

S)uv v v v
Ty = (ypy — Bps) u'u” + pn®” — 2pxw'w

(S
J$¥ = pyu 4 2pxw*

|

Landau’s 2-fluid model

finite T superfluid: (T = 0 superfluid) + (finite T neutral fluid)

Nicolis 1108.2513 \/
22 Y < ~ /
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3 SK superfluid ~/

u
Ot t
Gint:U(l); Hintzmg Pr:Pr+PJQr
Non dissipative order First dissipative order
S)uv v v v v
Ty " = (ypy — Bps) u"u” + pn™” — 2pxwhw T

s Determined by 14 transport
j(g = Py ut + 2px w" J-gs)# | coefficients

|

Landau’s 2-fluid model

finite T superfluid: (T = 0 superfluid) + (finite T neutral fluid)

Nicolis 1108.2513 \/
- v O/ o (Details)
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Fluid phenomenology
and applications to
axion physics
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e Dispersion relations ~

'
 Linearize conservation equations:

T(x)=To+0T(x), pa(x)= pedo +pua(x), uv*(x)= (1, v(x))"

23 V\/
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Epel
- Dispersion relations

 Linearize conservation equations:

T(x)=To+0T(x), pa(x)= pedo +pua(x), uv*(x)= (1, v(x))"

one diffusive mode, associated tov| : w = —iDWV1) g2

* Charged fluid: | ;¢ diffusive mode, associated to 8 : w = —iD®H) k>

one propagating, attenuated mode, associated to v and 6T: w = +vk — iDOT) 2

- v~ W/
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e Dispersion relations -

 Linearize conservation equations:

T(x)=To+0T(x), pa(x)= pedo +pua(x), v (x)=(1 w(x))"

one diffusive mode, associated tov| : w = —iDWV1) g2
 Charged fluid: |,¢ diffusive mode, associated to du : w = —iD®H) k2

one propagating, attenuated mode, associated to v and 6T: w = +vk — iDOT) 2

i one diffusive mode, associated tov;, : w = —iDVL) K2
» Superfluid:
(up to) two propagating, attenuated mode

. _ () 12
associated to v, 6T, and du D w = vk — iDVk

=

Herzog et al.. 1101.3330
23 N . J ~/ /

%




Axion-sourced stellar remnants

VIV

with: T- Kutter, K. Bartnick, A. Weiler (pheno side)
E. Firat (theory side)

24 v &

N’ s
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g Axion-sourced stellar remnants

» Axion interacting with nucleons in stars (white dwarfs, neutron stars, ...)
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g Axion-sourced stellar remnants

e’
» Axion interacting with nucleons in stars (white dwarfs, neutron stars, ...)

2 £2
V(g) =on (NN — em'”f'”) (cos (?) — 1)
\ . G;N . f Hook, Huang, 1708.08464

N Banerjee, Buen-Abad, Hook, 2507.02049
n c

2 NS e J
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g Axion-sourced stellar remnants

» Axion interacting with nucleons in stars (white dwarfs, neutron stars, ...)

V(6) = ox (NN e

o

ON

mz fx

() s

n n.

Hook, Huang, 1708.08464

Banerjee, Buen-Abad, Hook, 2507.02049

sourced scalar field

n > n.

\

o< N,

B

.n increases

o

r

=

Bartnick et al. 2510.06312
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3 Axion-sourced stellar remnants
'
» Axion interacting with nucleons in stars (white dwarfs, neutron stars, ...)
2 £2
V(p) =0n (NN — em“f”> (cos (?) — 1)
\ . J;N . f Hook. Huang, 1708.08464
n n. Banerjee, Buen-Abad, Hook, 2507.02049
o |
sourced scalar field \ |
— |
/ n > n,. n < ne
Nucleon mass |
reduced: ©
1% 1%
ON
ompy ~ 32 MeV ( ) . ®
50 MeV 0 b bo 0 & o
Balkin et al. 2211.02661v2 0 - kn — \—/
0 o R

- Bartnick et al. 2510.06312



cPEL—
g Axion-sourced stellar remnants

e’
» Realistic star - Include gravity:

» Equilibrium configuration = Axion-modified TOV equations

s N e J
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' Axion-sourced stellar remnants

» Realistic star - Include gravity:
» Equilibrium configuration = Axion-modified TOV equations

L5y — : No axion I
\ —— : sourced axion
= \
A \e
= \ X
= | N
0.5} g
L Iy \.o
\
j i /
0 5000 10000 15000 20000 25000 30000 35000

Why?
Balkin etal. 2211.02661 Rwp [km] Q( Why?) y
— 2 %
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g Axion-sourced stellar remnants

» Realistic star - Include gravity:

mHz Hz

« Equilibrium configuration = Axion-modified TOV equations = Bounds
1.5F | | | | | | 1 10~4

kHZ \ MHz
L ] 10~
L | 10—
| | 107 SN1987 A
10-8 p
| 1 T 10°° S ;
10 [ i T : P 0y

10-10
i > 11
\ y L 10
\-. ] U 10712
\ '\= | d 10713 XA
\ ;f S~ 1014 .\& ‘N“CROSCOPE
\ L ] - ) <

1 . I — 10715
0.5 r 5 AU .. - T 1016 BN
.

 —
GW170817
i

Mwp [Ms]

10-17
10-18
1019
10720

Pulsars

0.0 - - - - . R T R R I R U U N RS U |
0 5000 10000 15000 20000 25000 30000 35000 m Vv
pleV]
RWD [km]

Balkin et al. 2211.02661 25 ~ \/ Bartnick et al. .2408.07740
e S e en N /

\
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g Axion-sourced stellar remnants

» Realistic star - Include gravity:

* Near a dynamical transition?
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g Axion-sourced stellar remnants

e’
» Realistic star - Include gravity:

* Near a dynamical transition?

How star dynamically restructures?
n<nNe=mnN>"N;

How the system dissipates/fluctuates?

s T NS < y
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e Axion-sourced stellar remnants
\/ " " "
» Realistic star - Include gravity:
* Near a dynamical transition?
How star dynamically restructures?
n<nNe=mnN>"N;
How the system dissipates/fluctuates?
Symmetry based description ...
— "’

s N < )
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g Axion-sourced stellar remnants

» Realistic star - Include gravity:

* Near a dynamical transition?

How star dynamically restructures?
n<nNe=mnN>"N;

How the system dissipates/fluctuates?

Symmetry based description ...

"+ Axion > broken U(1)

s N < )
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g Axion-sourced stellar remnants

» Realistic star - Include gravity:

* Near a dynamical transition?

How star dynamically restructures?
n<nNe=mnN>"N;

How the system dissipates/fluctuates?

Symmetry based description ...

"+ Axion > broken U(1)

* Nucleon and electron density - unbroken U(1)

s N < )
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e Axion-sourced stellar remnants
\-/ " " "
» Realistic star - Include gravity:
* Near a dynamical transition?
How star dynamically restructures?
n<nNe=mn>nN;
How the system dissipates/fluctuates?
Symmetry based description ...
"+ Axion > broken U(1)
* Nucleon and electron density - unbroken U(1) O

* Dynamical gravity = dynamical metric sources + EH action

s - N (U c )
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g Axion-sourced stellar remnants

» Realistic star - Include gravity:

* Near a dynamical transition?

How star dynamically restructures?

n<Ne=>N> N

How the system dissipates/fluctuates?

Symmetry based description ...
* Axion - broken U(1)
* Nucleon and electron density - unbroken U(1)

* Dynamical gravity = dynamical metric sources + EH action

» Axion potential 2> spurion analysis ‘—/

25 ~ \-/ \/ \./.
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g Axion-sourced stellar remnants

» Realistic star - Include gravity:

* Near a dynamical transition?

How star dynamically restructures?

n<Ne=>N> N

How the system dissipates/fluctuates?

Symmetry based description ...
* Axion - broken U(1)

* Nucleon and electron density - unbroken U(1) Dissipation effects

»
»

* Dynamical gravity = dynamical metric sources + EH action

» Axion potential 2> spurion analysis \/

25 - \-/ \/ \./.
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g Axion-sourced stellar remnants

» Realistic star - Include gravity:

* Near a dynamical transition?

How star dynamically restructures?

n<Ne=>N> N

How the system dissipates/fluctuates?

Symmetry based description ...
* Axion - broken U(1)

* Nucleon and electron density - unbroken U(1)

Dissipation effects

— | | | | _ | SK EFT
* Dynamical gravity = dynamical metric sources + EH action
» Axion potential - spurion analysis \/
25 \/ d \ /
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2 Conclusions and further outlooks ~
~ Redundancies vs physical
4 O symmetries (DKMS).

Coset construction in
dissipative SK, with spacetime

S symmetry breaking y Hydrodynamics of a finite T,
dissipative superfluid

Beyond thermal state...

26 ~ \-/ \/ V’ /
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Conclusions and further outlooks —/

/

N

Coset construction in
dissipative SK, with spacetime
symmetry breaking

~

J

Algorithmic procedure,
“easy” to generalise

26

Redundancies vs physical
symmetries (DKMS).
Beyond thermal state...

Hydrodynamics of a finite T,
dissipative superfluid

Non-abelian internal symmetries
Non-abelian superfluids, low-energy QCD ...

Hydrodynamics of astrophysical objects,
and axion-induced sourcing o

-/
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g Conclusions and further outlooks —/

Redundancies vs physical

4 ™ .
Coset construction in symmetries (DKMS).
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hermodynamics and Hydrodynamics in theoretical™",
) physics

« Many-body physics (and physics in general) relies on the concept of separation of
scales, between IR and UV variables.

« E.g. Multipole expansion in classical EF, or Effective Field Theories (EFTs) in Quantum Field
Theory (QFT).

« UV variables are averaged out: only the IR degrees of freedom survive!

« We want to study the hydrodynamics and thermodynamics of systems at finite
temperature, in a field-theoretical fashion.

« Hydrodynamics: long-distance field theory for conserved quantities (energy, momentum,
internal charges)

« Thermodynamics: equilibrium (zero-derivative) part of hydrodynamics

N U et )
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. Old-school hydrodynamics — more details

Kovtun 1205.5040

Nt

/ \ / Technicalities \
Inputs

« Kubo formulas: relate retarded correlation functions

- Initial state: p, = e7PH

; and transport coefficients
_ Linear
* Conservation laws for response « Onsager relations: correlation functions are related

energy-momentum and - reduces the number of independent transport

: theory
internal symmetry coefficients
currents
« Time reversal invariance * Local Il law of thermodynamics -> transport
\ / coefficients are non-negative
Punch line: ~/
it's difficult to describe temperature fluctuations in system L
involving hydrodynamical modes! Things get messy soon... Fluid 1 \/
Doesn’t capture quantum fluctuations!
pture g < | phenomenology o (Back)
o > \ /
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2 Unitarity constraints ~

ot
» Constraints derived from unitarity of time evolution operator Tell A0 5 € {1,2}

SEFT[¢r, Pa = 0, Ay, Ay = 0] =0
SEFT|Prs $as Aur, Apa] = —SEFT(0r, —Pas Aprs —Apal

Im SgrT [Qbr, Pa; Aur: Aua] >0

» They imply: presence of a-fields in each term, a-even terms being imaginary, and
positivity of imaginary terms

N (U < y
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2 Power counting argument ~

« Schematically, the SK EFT action (no spacetime symmetry breaking) can be written as:

E — E dt d3x [w—*gbaqu — Véavﬁbr + %(véa)2:|
» Unsuppressed field configuration satisfy:
Im S Imaainarv part Re S N Configurations
— S = ogscille?’t/igns B around saddle
h point
- This implies: @ < hw o
o~ T
¥ &
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Kubo-Martin-Schwinger (KMS) relations -~

time-reversal invariance
Z|J1,J2] invariant under a KMS transformation of the sources

po=e P
1
(J?(xu)) cosh (zg ) 5 smh( ﬂat) (Jr(y#)) p = T,
o = ne
Jo' (@ 2sinh g ) cosh ( 5@) Ja(y*) y=—2 Usually truncated at LO in hT—w
0
/
v <&
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3 Kubo-Martin-Schwinger (KMS) relations -~

time-reversal invariance

, } Z|J1, J2] invariant under a KMS transformation of the sources
—BH
pPo = €

(J@(g;#)) . ( cosh (z'g(‘?t) %sinh (zgat)) (Jr(y“))

7 (a#) 2sinh (150,) cosh (i53)

* This symmetry implies

Fluctuation-dissipation Onsager relations -/
theorem for transport coefficients

- Einstein relation v = %0,8

N U < )



3 Superfluid — more details ~

TOW — _ (A1BAP D, ug + Bob™0Pug +

©) (By) + ALo®) (8y)) A+ i =—(

- (Bzﬁﬁaﬁaa ug + AsBb0®) u, + ALINGy) + A40(0) (ﬂy)) b* b”
B

BA0qup + AyBb70)uq + AYOW (By) + A7O®) (By)) u¥
ALBAP O ug + Ayb* 0P s + ALOW (By) + ALO®) (By) ) b

— (GbLO8YB, + Bhda (By)) bHAM A
260075, + By0a (5y)) — (Bhby0) 87 + BY0a (By)) A0,

Onsager-type

/a

« If the superfluid velocity is almost parallel to the fluid velocity, only 5 independent coefficients:

.. _ . 7 . e —
Charge conductivity : ¢ = 8By > 0, Shear viscosity : n=BE >0 Coherent with Landau’s

= ' = BA; > description of Helium-4 i
Bulk viscosities : 8S = (C_ﬁAl ¢ —BAI) >0 escription of Helium-4 In

= BA, ¢ =BA! \ He-ll phase! ~

Unitarity constraints J

Y < - v (BLCK/)
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e Dispersion relations — more details/1 ~

» Consider small perturbations around equilibrium, and linearize conservation equations:

T(x)=To+0T(x), pa(x)= pedo +pua(x), v (x)=(1 w(x))"

r@’UJ'((-')»(J::()

(Cout — =0, 3= !
Jo. T =0 = Mi=0, 3= (6T op v)
8, T =0

one diffusive mode, associated tov| : w = —iDWVL) k2

e The roots of det M: one diffusive mode, associated to du : w = —iD(OK) k2

one propagating, attenuated mode, associated to v| and §T: w= tvek —iDOT) k2

Qualitative and /
quantitative agreement ‘-/

with literature! /

'

N - /
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e Dispersion relations — more details/2 ~

« Compared to charged fluid, now also the superfluid velocity field b" = (0 b)‘u

 We have an additional constraint (by construction), which closes the system:

8[u WV] —0 p=t , v=i , Fourier

k
— b=——9
5 K+ poV

i : RN W
. Roots of det M- one diffusive mode, associated to v W j

(up to) two propagating, attenuated mode = () 1.2
associated to v, 0T, and du W= :|:Vs(j)k — iDY’k

’
Again, qualitative and /
quantitative agreement \_/

with literature! ey
O S O, (Bac )/
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2 “Proving” the |l law of thermodynamics ~/

o’
 From the SK EFT action, entropy current: Glorioso & Liu, 1612.07705v2

£y 22M8dy £t i, Vi

st = Vg — (T8 + ) Buw — (5 + 1) B = sb' + st

DKMS,
Lo —— Lo

Bhattacharya et al., 1101.3332
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2 “Proving” the Il law of thermodynamics ~/

 From the SK EFT action, entropy current: Glorioso & Liu, 1612.07705v2
Bhattacharya et al., 1101.3332

st = Vg — (T8 + ) Buw — (5 + 1) B = sb' + st

Non-dissipative term

sy = pru* = su”

b
Ousy =

Noether current for (local) KMS
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2 “Proving” the Il law of thermodynamics ~/

 From the SK EFT action, entropy current: Glorioso & Liu, 1612.07705v2
Bhattacharya et al., 1101.3332

st = Vg — (T8 + ) Buw — (5 + 1) B = sb' + st

Non-dissipative term Dissipative terms
B _
sy = pru” = su” (9”8“ |EOMZ 0
ousy =0
- . ~/
Noether current for (local) KMS KMS + unitarity constraints
- local Il law of thermodynamics \_/

N (U L
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g Axion-sourced stellar remnants - NGS —/

» Energy/particle can develop a new minimum - New ground state

— no scalar field

— mnew ground state

phase transition

w | &
my
</
metastable ]unstablel stable
Ne n* /
. n
Bartnick et al. 2509.25305 N s (Back)

Balkin et al. 2211.02661 - ~
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