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Road map for today

" Imbalanced Fermi gases in 2d
* Breakdown of homogeneous superfluidity

= Effective potential flow with fermionic
mean-field as initial condition

* Potential quantum criticality toward Sarma-
Liu-Wilczek phase

= Qutlook on Larkin-Ovchinikov transitions
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= KPZ interfaces dual to attractive Lieb-
Liniger bosons in 1d

* Break Galilean invariance/integrability

* 1-loop flow with frequency cutoff
technique

= Hyperthermal, self-organized phase
= Qutlook on equilibration after quench
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Interacting Fermi systems in two dimensions with ultracold atoms

" Prepare and inform correlated electron o fo
problems (high-T_’s, quantum Hall) . \ /',

= Designer Hamiltonians )\yli

* |solated systems (no phonons) '

* Preparation and dynamics of (many- o R == lasm
body) states T

. . (d) 150'
— Quantum degeneracy regime T/T; ~
1-5% in reach '
\ + _~Tnicritical point

= Advances in homogeneous trapping

Temperatur
o

= Electrically neutral particles, sometimes

good (no Coulomb, gauge fields) Superfluid
= Atoms are still heavy and slow ] t;‘;f*—’
= Coupling to optics/many-body photonics —

* Explore beyond solid-state Hilbert space ,,. - —

! L I

(SU(N) magnets, spin imbalance) 00 @1 ' oo

Spin polarization

Shin, et al., Nature (2008); Zwierlein Group, CUA; Hadzibabic Group, Oxford (2013); Dalibard Group (Paris); Chin Group
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See also

* Today, Session VI A:

— 18:10 — 18:30 Herbst: Sarma phase in
relativistic and non-relativistic systems

— 18:50 — 19:10 Roscher: Phases of
unitary imbalanced Fermi gases
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Controversy: Sarma-Liu-Wilczek superfluids unstable at mean-field

= Designer Hamiltonian e | o g
T ) BKT transition (not computed heSS; .
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= Generically first order at mean-field when gap ~ imbalance (as are
many magnetic metals)

* In 2d, mean-field qualitatively incorrect

Liu, Wilczek, PRL (2003); Strack, Jakubczyk, PRX (2014) Philipp Strack | 4



Order parameter fluctuations qualitatively crucial in 2d: capture with full
potential flow, link to fermionic initial conditions

........................

[ Example r=6.67 hier = 02202 |
mean'ﬁeld -23.86 T =0.0001 ] A
potential at ==
firstorder ~ .,/
transition at Fermionic
small T mean-field
ik + ko + &y ) + @?/2
UNP@) = —a? T Y In —iko + éicr) (ko + éoxqy) + 02/ ] \
fok lko + fkT) (lko + f—kl) 0
= Goldstone and amplitude Fu{l tial
fluctuations drive flow: potentia
; flow
a4 A 5A [(2)A INRL
T o7 = 2Tr{R [r [onn] +R ] } A =0
* Combined frequency and momentum cutoff N
2 2 ZQ 2 2 ZQ 0 aAUA[a/] :%/ﬁ[a’] +'\I\ ,)[a’]
RA(QTa‘l):Zq(A —q —Z—qT)G(A ~ ¢ > qT) N
q q

Strack, Jakubczyk, PRX (2014); Jakubczyk, Metzner, Yamase PRL (2009) Philipp Strack | 5



Obtain initial values of propagators from fermionic contractions

= X, and Z factors evaluated at potential minimum

A [ . . I'oo(q;a) Ton(q;a)
'@ = yg0) Teng,@ )L
_ Zolaolg] + Zglaplq® + U'le] + a*U”[a] —X[aolqo )
X[olqo Zolaolgg + Zglaglg” + U'[]

* |nitial values from fermionic normal and anomalous particle-particle ladder

T—g0r (2m)? 7N
Sl 7, 0] = f 194 (0 (g ) + U'[]) + ZUla] |
) ( ) T K: lyl
¥ f ”‘gﬂ" (an(q;a)+éU’[a])
. T_gTg . T_q0yg - _ 7§
+ ( > Qonlq; @) + > Qo qaa’)) , L: B []
q

X

Qoo(q) = K(g) + L(g) — (K(0) + L(0))
Onn(q) = K(q) — L(q) — (K(0) — L(0))
Qor(q) = iK% (g)
Goldstone’s theorem respected and not broken during flow

Strack, Jakubczyk, PRX (2014); Jakubczyk, Dupuis, Delemotte arXiv:1409.1374 Philipp Strack | 6



Quantum fluctuations smoothen effective potential
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= Coupling to fermions including their self-energies in flow

Strack, Jakubczyk, PRX (2014)
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Fluctuation-corrected phase diagram of imbalanced fermions in 2d

= Mean-field tri-critical points | | " Ist order wrT ¥
. | 2nd order MFT X |
renormallzed to T=O, hc 02 BKT transition (not computed heggr), .
. : «
= New qua.nturr.\ critical points to 0.15 xxxxxxx">< XXXxxxxxx —
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= at least substantial suppression of
tri-critical point
= potentially anomalous
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Strack, Jakubczyk, PRX (2014); Exp.: Ketterle, Zwierlein, Koehl,... Philipp Strack | 8



Non-Fermi liquid criticality at onset of Larkin-Ovchinikov pairing

Piazza, Zwerger, Strack, |
to appear (2014)

=<
83

k2
" Coupled wires: ¢&5(k) = ﬁ —2t, cos(dk,) —u—oh 1—

= Cooper pairing susceptibility maximal at Q,
* Amplitude-modulated pairing field: A(x) o< cos(Qp - x)
* Transition continuous on mean-field level

= Low-energy Lagrangian around two hot spots:

2 . o 32 :
LiE =§A%0 + Z 7 ((97 — g0 + i) Vi

o=T,]
j=R.L
- 80 (Wt +ufuf + o)
i 7
= Compute quasi-particle scattering rates
= Non-analyticities in pairing channel ! }

Larkin, Ovchinikov (1965); see also Altshuler, loffe, Millis, PRB (1994) Philipp Strack | 9



Established imbalanced superfluids in 2d as plain-vanilla! non-Fermi liquid
‘metal’ quantum phase transitions at finite fermion density

Broken Collective Effective Bare collective
symmetry momentum model dynamics
_ _ SU(2) spin Commensurate Hot spots on Fermi  [Q)|, z =2
Spin-density  (otation Q=(1T,™) particle- surface coupled to
wave hole pair magnon 2 Goldstone
(Ferromagnet at modes
________________________ Q=00)alsopossible)
Nematic C, lattice Forward scattered  One Fermi Ql/lql, z=3
Fermi surface | ,icntation Q=(0,0) particle- surface coupled No Goldstone
deformation hole pair to photon mode
U(1) number  Homogeneous Two mismatched Q, z=2
Imbalanced | conservation  Q=(0,0) particle- Fermi surfaces 1 Goldstone
superfluids particle pair coupled to Cooperon mode

(LOFF at finite Q also
possible)

(Landau damping
also possible)

'Excluding fractionalization/emergent gauge field scenarios and insulating states

= Larkin-Ovchinikov QCP candidate for “almost naked” QCP?
= Weak violation of cosmic censorship of metals?

Strack, Jakubczyk, PRX (2014); Piazza, Zwerger, and Strack to appear (2014) Philipp Strack | 10



Road map for today

" Imbalanced Fermi gases in 2d

"1 aen emmseion o comes sl © | ® Breakdown of homogeneous superfluidity
Nm” | = Effective potential flow with fermionic
Toeal X ] mean-field as initial condition

¢ 7 1 * Potential quantum criticality toward Sarma-

i s Liu-Wilczek phase
7 w7 = Qutlook on Larkin-Ovchinikov transitions
o = KPZ interfaces dual to attractive Lieb-
 oofimassive Liniger bosons in 1d

* Break Galilean invariance/integrability

T = 1-loop flow with frequency cutoff
technique

o 1 2 3 4 5 6 71 ™Hyperthermal, self-organized phase
A = Qutlook on equilibration after quench

Strack and Jakubczyk, PRX (2014); Strack, arXiv:1408.1405 Philipp Strack | 11



Hyperthermal matter?

Hyperthermia

From Wikipedia, the free encyclopedia

Hyperthermia is elevated body temperature due to failed thermoregulation that
occurs when a body produces or absorbs more heat than it dissipates. Extreme
temperature elevation then becomes a medical emergency requiring immediate
treatment to prevent disability or death.

Turbulence: Berges, Canet, next session
KPZ: Mathey, Kloss in parallel session VIA
Dynamic criticality: Diehl, next session

Wikipedia, the Internet Philipp Strack | 12



KPZ interfaces dual to ground state (T=0) of attractive Lieb-Liniger bosons

Oh

= V2h+ Vh)? +
o 0 ( ) +n

mage from K. A Takewchi ef al. Sci. Rep. 1, 34 (2011)

= Noisy height fluctuations in space = Bosons in 1d optical lattice; photons
and time around growing base in Rydberg quantum wires
= Archetype of dynamic criticality = Archetype of interacting quantum
away from equilibrium many-body system
= Symmetries: Galilean, height shift, = |Integrability, many conserved
.. facilitate solutions in 1d quantities facilitate solutions (Bethe

Ansatz, CFT’s) for ground state

Kardar, Nucl. Phys. B (1987); Brunet, Derrida, PRE (2000); Calabrese, LeDoussal, PRL (2011); Strack, Choi, Demler,

Lukin, to appear (2014) Philipp Strack | 13



“Broken” KPZ equation as diffusion equation with multiplicative noise

* Physical reality:
— Integrability broken

— Less conserved quantities
(typically 3,4, or so)

* Break Galilean invariance/symmetries by temporal correlations in noise
= Map to diffusion equation with multiplicative noise

oh _ p, A 2 0.6 = vaV?2 A

== vV + 5 (V) 4 D 9 = V0V 9+ 3¢
&1, %) = exp [(1/2v)h(t, X)]

Noise spectrum n(w’, X" M(w,X) = Dy f(w)d(w + WD’ - x)

(scale-free inspired 1

by turbulence?) Dy f(w) = ol

= Compute fluctuations around growing average
= Compare to known KPZ results

'See e.g. Yakhot and Orszag, PRL (1986)

Kardar, Parisi, Zhang, PRL (1986); Medina et al.,PRA (1989); Strack, arXiv:1408.1405 Philipp Strack | 14



Unified noise and field integration in Keldysh path integral d:¢ = vyV?¢ + 2%0@7

1
Random forces Gaussian: W(n] «< exp {—fddxfdwin(w,x)lwln(w,x)}

Unified Keldysh generating functional

7 = f DnWnlD(s, g,)ei<5¢[¢,¢3l—ft,x’7¢<75> - f D, ¢, §)elS o$:P1+S 1 +S 2161
1
iyw — vok?

~ A ~
Tri-linear noise vertex Sald, d,n] = — f dt f ddx?n(t, X)o(t, X)o(t, X)
t 0

Propagators (GK next slide) GR(w, k) =

C

s & b N
; /l/\: ) n

oh A
Compare with Frey, Tauber (1994) in terms of h-field: i voV2h + 3 (Vh)* + 17

= Effective Keldysh noise spectrum appears second order in noise vertex (not first)
= Vertices not momentum-dependent
= Temporal color in noise generate propagator corrections perturbatively

Frey, Tauber (1994); Forster, Nelson, Stephen, PRA (1977); Strack, arXiv:1408.1405 Philipp Strack | 15



Perform one-loop RG with frequency cutoff technique

= Wetterich equation on Keldysh contour

A
i R (33 Ko 0
ONL'Al$m] = STr | — R=[ R, 0 O
Ly (6] +R 0 0 R}

RY (@) = (—kol + A2)6[A2 - o] R (w) = ¥ (~iw + isgn(@)A*) 0 | A* - o] |
AR () = 280 (A% - |w]) RR (@) = O5RY (@) = 2Aiysgn(w)d [A° — o]

* Do not impose any fluctuation-dissipation relation on flow
= Derivative expansion plus mass term for broken Galilean invariance

~2id% —i ~
GR(w,k) = G (w) = Ff) == f ANNGP
|i7/Aa) — (AAK? + Ap) + RE (a))‘ w| + R (w) 1x

= Noise vertex relevant in d < 4, perturbative control only for € =4 — d small’
* fRG: crossover scales and flexibility to rescale frequencies/time

1See also more sophisticated truncations with fRG Kloss, Canet, Delamotte, Wschebor

Strack, arXiv:1408.1405; Sieberer et al, PRB (2014); Gezzi et al. PRB (2007); Berges et al. (2009,2013) Philipp Strack | 16



Truly far from equilibrium “rough phase” at high noise levels

* Rough phase: violation of thermal fluctuation dissipation relation

d=1 d=2 d=3 b
Smooth/massive
LK 15.68 8.30 5.56
& B N 23 Rough/turbulent
i
Chgper|  21.68 10.30 6.23
S T R SIS
Z 8 4 2.66 XAO
* Response and statistical Keldysh component can scale differently
1
R(w, k) = 2Im{¢(—w, -K)p(w,K))p = R(s°w, sk) « 7 R
s Chyper = {gk — &y
1
C(w,K) = i{(¢(~w, -K)p(w, k) = C(s‘w,sk) x C

A2+ K
= KPZ with Galilean invariance, exact exponent identity £y« = ¢y hyper =0

Strack, arXiv:1408.1405; Frey, Tauber (1994) Philipp Strack | 17



Roughening transition fulfills fluctuation-dissipation relation

= d=2, 3, fine tuned flows at roughening

transition
2d 16
1t 1t It 1t
= o — = 2 —_— - —
y = $ak 8 +d -z & 8+d

= Approaching the rough phase, FDT is
violated 2(d — 4)
T d

Sy

* In d=1, interface always rough

= KPZ with Galilean invariance
(Nattermann, PRA 1992; Frey, Tauber,
PRB 1994):

)\/\ rough phase 959,

smooth phase

0 1 é\é

C(x,t) = ([h(xo + X, to + t) — h(x0,10)]?)
— 2?XF(t/?)

Strack, arXiv:1408.1405
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Self-organized criticality in rough phase

* Rough phase: explicit cancellation in flow
equations a la QED:

AONA =(-2+ ) A+ 12D p[A]
- [(d-4 d
A@A/l = (T + Z
a=0
£k = A28 plA]
&y =G plAl = ¢,

~ d—4 d ~ 2(d — 4
m%ﬂ=(————@)l g =22

d ~
a+u—?5—QP

2 4

Strack, arXiv:1408.1405
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KPZ-Lieb-Liniger duality beyond integrability/different symmetries?

Interaction quench in a Lieb-Liniger model and the
KPZ equation with flat initial conditions

Pasquale Calabrese

Glimmers of a Quantum KAM Theorem: Insights from Quantum Quenches in One
Dimensional Bose Gases

G. P. Brandino,! J.-S. Caux,! and R. M. Konik?[*

! Institute for Theoretical Physics, University of Amsterdam,
Science Park 904, 1090 GL Amsterdam, The Netherlands
2CMPMS Dept. Bldg 734 Brookhaven National Laboratory, Upton NY 11973 USA

1] 6 Feb 2014

Real-time dynamics in a quantum many-body system are inherently complicated and hence diffi-
cult to predict. There are, however, a special set of systems where these dynamics are theoretically
tractable: integrable models. Such models possess non-trivial conserved quantities beyond energy
and momentum. These quantities are believed to control dynamics and thermalization in low di-
mensional atomic gases as well as in quantum spin chains. But what happens when the special
symmetries leading to the existence of the extra conserved quantities are broken? Is there any
memory of the quantities if the breaking is weak? Here, in the presence of weak integrability break-
ing, we show that it is possible to construct residual quasi-conserved quantities, so providing a
quantum analog to the KAM theorem and its attendant Nekhoreshev estimates. We demonstrate
this construction explicitly in the context of quantum quenches in one-dimensional Bose gases and
argue that these quasi-conserved quantities can be probed experimentally.

5 Jul 2014

week ending

PRL 110, 245301 (2013) PHYSICAL REVIEW LETTERS 14 JUNE 2013

Equilibration of a Tonks-Girardeau Gas Following a Trap Release

Mario Collura, Spyros Sotiriadis, and Pasquale Calabrese

Dipartimento di Fisica dell’Universita di Pisa and INFN, 56127 Pisa, Italy
(Received 21 March 2013; revised manuscript received 22 May 2013; published 14 June 2013)

Philipp Strack | 20



Summary

1st oraer MFT '+
2nd order MFT X
0.2 ocP ®
BKT transition (not computed here) -
0.15 xxxxXXxxxxxx
’ x X X« Normal
X X
X X
B x y
0.1 x %
0.05 + +
+ Superfluid » +
+ 4
0 i e s x i
-0.2 -0.1 0 0.1 0.2
h
4
Smooth/massive

Rough/turbulent
RV T S R S S
A,

" Imbalanced Fermi gases in 2d
* Breakdown of homogeneous superfluidity

= Effective potential flow with fermionic
mean-field as initial condition

* Potential quantum criticality toward Sarma-
Liu-Wilczek phase

= QOutlook on Larkin-Ovchinikov transitions

= KPZ interfaces dual to attractive Lieb-
Liniger bosons in 1d

* Break Galilean invariance/integrability

= 1-loop flow with frequency cutoff
technique

* Hyperthermal, self-organized phase
= Qutlook on equilibration after quench

Further info: http://users.physics.harvard.edu/~pstrack/

Strack and Jakubczyk, PRX (2014); Strack, arXiv:1408.1405
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