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Motivation |

VU
o For large superfluid fermionic systems (cold atoms, nuclear matter),

numerical ground-state preparation is a bottleneck with the
current standard approaches.

o We want a dynamical description of finite-temperature effects via
dissipation and stochastic models.
o Both of these are achieved by dissipative dynamics
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Standard Approaches ___ \VAYN]

The majority of many-body techniques used to study fluctuations and dissipation of
large quantum systems operate directly on wave functions:

L0 .
! % = Hopp + (S), — iW, o) + ; Akt P1- (1)

W, — Dissipation (Breaks orthonormality)
S, — Fluctuations

A — Lagrangian multiplier that enforce (g |p;) = 0k

A. Bulgac, Phys. Rev. C 100, 014615 (2019).
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Why It’s Difficult (with the current
immplementations)?

Consider a single time step of the form (using .S, = 0)

Pt + At) = e WO g, (1),
applied to all M evolved wave functions, each of length NV

(2)
o ¢ H-W, )AL _y (M N log N) operations with spectral methods.
o Gram-Schmidt process — O (M?N).

For large many-body systems, where M >> log [V, this orthogonalization stage
dominates the computational cost, often by orders of magnitude.
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Goal |

\ALN]

To have a method that evolves an initial condition in time, and it:
o Keeps orthonormality

o Local in coordinate space so it can be seamlessly integrated into
time-dependent density functional theory frameworks.
Independently of the density functional.

o Selective on dissipation channel
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Method
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Quantum cooling

VU
Consider a system evolving with a single wavefunction: H = FEy
We evolve the system with a “cooling” Hamiltonian H, = H

The change in energy is

@W) = ih|y)

(IAN) + I Al) + W
_ ~ARA) I Ry _ (I R
ih
wleyTe (iR, ML) b R =

, 2026

|w><w|.
(Yl)
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Quantumcooling WAL N]

A A~ AT N
Why not choose H, = (z’[R, H]) = —i[R, H|?
This would lead to

nE = —(l)Tr (il HJH) = —(lo)Te (HUA) <0 (5)

We can even improve this by doing it locally in time and adding a
proportionality factor:

A~ A

H, = —ialR(t), H]

CIRY-. = E z 9ac
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_Quantum cooling: Bosonic Case ___\\/A§ '}

QOnsider the case of a macroscopic wavefunction ¥; and
H = —h*V?/2m + V(x), then:
H,= -2aIm(V;HV,;) = —2ahV - j = ahp

hE = 2m(U,|HH,|¥,) = —2a(Im(V,|H|T,))? < 0 (6)

CIRY-. = E z 9ac
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_Quantum cooling: Fermionic Case  \VA Y i}

R is changed for the generalized density matrix

K At A A
” :(—z* l—_g*>; puw = (@La), Ry = (i) (7)

Hig = H + He (8)

One can do dynamical evolution with energy dissipation taking into account:
¢ the intrinsic (TD-DFT) Hamiltonian, specific of the problem.

M x [#(t), #) = Z(t) the cooling potential (huge matrix) that can be separately
divided into:

e Diagonal terms (mean field)
Particle conserving

o Non-diagonal (pairing terms)
Non-Particle conserving
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Intiution of quantum cooling \

VU
Intuitive picture similar to that in laser cooling of atoms or optical molasses!'): the

introduced cooling potential is large where the generalized density changes, thereby
mitigating large changes and cooling the system.

#— F K0
) %:>E'\:O
X=0—FE=0

C. N. Cohen-Tannoudji and W. D. Phillips, Physics Today. 43, 33 (1990)
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DFT Framework

l '
We work with Superfluid Local Density Approximation (SLDA)-type functionals
where densities are parametrized via Bogoliubov quasiparticle functions
olr,t) =

o (r,t) = [tno(r,t), vn,a(r,t)]T, /‘P;ry(ra )‘Pn’ (r,t) = Opys 0= {t,4},{p,n}.

Quasiparticle ( hole and particle )+ orthonormality condition (Pauli)
(9)
EO[P: T, V] = / g(Pm Taajo-a Va)d3

Po = Z |Un,0|2f6’(_En)

|Ec|<En
Toe = Z |an,a|2fﬁ’(
|Ee|<E

|Eq|<En
, 2026

_En) - fﬁ’ (En)>
Z Im [v, »V

|Ec|<Eyn

*
- 2 E : u”ﬁvna fﬁ'(
n)
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DFT Framevork ___________\\A§ N}

Minimization of the SLDA-type functional leads to equations that are
mathematically equivalent to BdG or HFB equations

(85 ) (o) == (o) o

SBoc, 0y 1 {3k 5By
h, = — = A=— 12
e =V, Y o, 2{5 } s (12

g

=] 5 = E E DA
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TD-DFT Framework

VU1
Adiabatic approximation

(&0 ) () =)
(ba'(nt)

O'

4 (13)
A(r,t) ) (unva(r, t)) hﬁ <un o(r, t))
A* (I‘, t) _Ea (I‘, t) Un,o (I‘, t) ot \vn U( t)
Dynamics depend on densities (easier to manage than multiple wave functions)
SCALES 1st General meeting. Coimbra
June 22th, 2026
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Explicit formula for Quantum Cooling

h

\V U
WV o (7)
Y ho

A+ BAL +ivAy
(A + BA; + iVA2> —(hy — o —

A; = —Asin(fp —argA),

hﬁ-;g(F)) ) aaﬁ >0
Ay = A

2
N (t) = Nreg(t)

(14)
Op = arg B,
Nyeg(t)

h? N *
B = =03 (4 VPt + tnaV20ly) (f3r(~Fn) = fr(Fu),
n
@ Scheme 1: o > 0, 8 = 0, = 0 Kills non rotational currents.
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@ Scheme 2 o = 0,3 > 0,y = 0 Minimizes excitations on the pairing field (PC).
@ Scheme 3 o = 0, = 0,7 > 0(< 0) Eliminates (adds) particles up to Qfmq )
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W-SLDA Toolkit \V l ' T

Warsaw University | W-SLDA Toolkit
of Technology | W-3tik Toolkit

staticproblems: st-wslda

S (M i) (o) = e ()

o dependnt o - wlda o Static solver (self consistent)

ingg (i) = (e L) Gatred)

o O

@ Dynamic solver

o Different functionals
incorporated:
Bogoliubov-deGenes, Spin
Imbalanced configurations,
Nuclear matter

Mgt o E F':'al..l I:;: 7

Publications & Materials

Gallery of results

26e
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Test 1: Quench Setup £s0a VA JN]

@ Uniform UFG. Ny = N = 277
e Strong perturbation applied, System far from equilibrium.
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Test 2: Particle Number Evolution 55, AN/ 'Y

o UFG in a 1D harmonic trap w, /e(0) = 1.23 x 1072, N(t = 0) = 475
e Using a = 10,8 = 5,y = 0.1 at a constant rate Nreq = —2.86¢p

e Evaporative cooling-like

1.0 1.0 0.75
_ \_ _ 002
o |l e—m—— o
0.8 \ 1l o w0.50
_ﬂ‘ ............... 0 8: Y g
o \ = <Qo0.01 ]
L 0.6 S 0.25
0.6 0.00! ¢ 0.00 ] \
0 100 200 300 ' -100 0 100 ’ -100 0 100
ter xkr xke
—— NgM=427 —— N§™=499 —— N§"=570 —— N =640
=] 5 = E E DA
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Applications
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2D UFG N; = 1215 > N|.

Initial configurations obtained after a few SC iterations.

1 ) t=6126te
:

Application 1: Spin-Imbalanced & 1574 \V l ' T

a) C €) t=06126t¢H

S 000——
1 DRy

=-0.01 " "Te~o ]

o LT

=-0.02 . - rse > )
hrt —_ P=25%

L'I" P=35% -

—

—-0.03 p=85% 1 t=0 0)t=6126te;
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tegp

——————
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|A|/€F

[2IB. Tiizemen, et. al. , New J. Phys. 25, 033013 (2023).
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Neutron stars

Ocean

(Ions with electron gas)

Outer Crust
(Coulomb crystal with electron gas)

Inner Crust
(Neutron rich Coulomb
crystal with neutron gas and

electron gas)

Nuclear Pasta

R
Core

(Uniform nuclear matter

and electrons)

.__Neutron Drip Line

(p = 4x10" g/cm?)

« Nuclear Saturation
(po = 3x10' g/cm?)

10 km
M.E. Caplan and C.J. Horowitz. Rev. Mod. Phys. 89, 041002 (2017)
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Pasta phases \

(@) Gnocchi (b) Spaghetti (c) Waffles (d) Lasagna

(¢) Defects (f) Antispaghetti (g) Antignocchi

M.E. Caplan and C.J. Horowitz. Rev. Mod. Phys. 89, 041002 (2017)
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Application 2: Density Scan &psx

VU1

Protonic clusters in neutron star inner crust: Evolution of a single static solution, but
changing the background density pg,

0.10 — — neutrons 701 (b:0)
Z=40 protons £ Q
g0.0 =
,,,,,,,,,,,,,,,,,,,,,,,,,, = staticc  “neutrons protons ()
£10
<
5 -
15 (d.i)
=10 %
5 10 15 20 25 30 05 0.01 0.02 0.03 0.04  0.05 0.06 po
r [fm] Pan [fm~3] ( T
= = 7’) = —+
0.10 Z=5@| — neutrons TE 01 (b.ii) pO’ r—Rs pBU
"""" - protons = \ 1 =+ exp e
cg0,0 = o
= (c
77777777777777777 E 10 /m
<
El0
P et
5 10 15 20 25 30 ’ 0.01 0.02 0.03 0.04  0.05 0.06
r [fm] Pen [fm~3]
BI D. Pecak et al., Phys. Rev. X 14, 041054 (2024) e e e o
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Application 3:Nuclear Pasta 555

Uniform system + a brief cylindrical potential (breaks the symmetry) — one strand.

WU

a) el —
—_ namic = *
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Q
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Conclusions \

VU
o Takeaway message: Quantum cooling is an evolution scheme that
tracks energy minima states dynamically.

o Local quantum cooling is efficient for large systems.
systems.

o Pairing-channel cooling is essential, particularly for strongly paired

o Enables particle-number control and density scans.

SCALES 1st General meeting. Coimbra.
June 22th, 2026

o The generality of the method permits its use in any desired
functional within TDDFT.
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Outlook

U
o Vorticity in nuclear pasta

o Real-time dynamics with dynamical temperature description.

o Model particle—particle scattering processes that are otherwise
absent in mean-field approaches.
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DFT Framework: different formulae
For the Unitary Fermi Gas

r 3

. B2

5 TU5F

For spin-imbalanced systems, this is extended to

Wer(e) + -~ S,
2
Eastpalpr, pl,T,v) = h

VU1
Esrpalp, T,v) = <AT( )

(15)
2m

X 'ri(r
(41001000 2 + 441,00 52+ Dl ) ) + b0
For interacting nuclear matter, this is extended to ¢ = p,n

- R?
EwBSK (Pps VPpsTqs Vg, Jq) =

(16)
hZ
2m
&o(pq) + En,(Pq: Vq)

Tn + —Tp + & (pg, Tg, Jg)+
n 2my

+ ‘D@F(qu vl)qvq) + é()C'cml(l)p)a
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I = Q%U + ﬁ%cd + V%nd

Yy — —d (diag(A) 0 ) 7

0  diag(A)*
with
diag( [y 1, p..] 0 gD o
diag(A) = TS =T (d
o 0 diag([@hi’ﬁu]) = Ui( )

In the spatial coordinates, we have that Ul (r)=—-2V-j,(r)

In practice, this modifies the single-particle Hamiltonian as

(hy), = h, — 2 v. jo(r); with pg a characteristic density
mpg ~——
—po (1)

(20)



Main new contribution of this work

Un = —i ( 0 Btd) , (22)

— B(r) (_ 13(7») Bg“)) . (23)

Here, 3 (r) is a position-dependent proportionality coefficient. The corresponding
pairing cooling potential is then

where

AD(r) = iB(r)B(r),

the choice of B can make the evolution particle-conservative or not.



B = (Re(B) + Im(B))e! *5(5)
S—— =
N=0 N#0

In practice, this modifies the pairing field as

Op = arg (—ﬁ

- N(t)—Nyeq(t

V=TT Neeg (1)

Ayy(r) = A(r) (1 — Bsin(GB/ (r) — arg(A(r))) + :y),

>on [un V20l + 0 V2u,]),
)

= Controlled changes in particle number (or densities)

(24)

(25)



