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Motivation.

1) Understanding thermodynamics at the microscopic regime.
2) Size vs efficiency trade-off.

3) Quantum computing : Resetting of qubits.
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Outline of the talk.

1) Two-stroke heat engine in the microscopic regime.
A) Without Catalyst.
B) With Catalyst.

2) Thermodynamic framework.

3) Enhancements in the efficiency due to the catalyst.

4) Conclusion
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Two-stroke heat engine in the microscopic regime.

Initial state

Without catalyst
Wy w,
Th Tc
Hot Bath at inverse Cold Bath at inverse
temperature (5p) temperature (f.)
T ® T¢

Th :(1+e‘—2h“’h)((1) e‘ﬁ(i)lwh ) 0 Te = m((l) e—ﬁewc )
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Two-stroke heat engine in the microscopic regime.

Initial state

Th :(1+e‘—2h“’h)((1) e‘ﬁ(i)lwh ) 0 Te = m((l) e—ﬁewc )

I
Without catalyst | With catalyst
|
|
I
: N
|
|
Wh We | Ws Wc
I
T, T, : Th Ps Tc

Hot Bath at inverse Cold Bath at inverse | Hot Bath at inverse Cold Bath at inverse

temperature (5p) temperature (f3;) : temperature () temperature (f.)
|
I

Th ® T¢ : Ps Q& T,

|
I
I
|
|
I
I
|
|

—~_
1% Los Alamos



Two-stroke heat engine in the microscopic regime.

Work Stroke
Without catalyst

Wy w,
Th Tc
Hot Bath at inverse Unitary (U) Cold Bath at inverse
temperature (5p) temperature (f.)

U(th @ T)UT
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Two-stroke heat engine in the microscopic regime.

Work Stroke

Without catalyst With catalyst

Wy w,

Th

T¢

Hot Bath at inverse
temperature (Sy)
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Unitary (U)

U(th @ T)UT

Cold Bath at inverse
temperature (f3;)

Th

Ps

Tc

Hot Bath at inverse
temperature (Sy)

Unitary (U)

U(ps @ Th® TC)UT

Catalysis condition: Ty, U(ps @ T,&Q TC)U-I- = ps




Two-stroke heat engine in the microscopic regime.

Work Stroke
Without catalyst

Wy w,
Th Tc
Hot Bath at inverse Unitary (U) Cold Bath at inverse
temperature (5p) temperature (f.)

U(th @ T)UT

W = Tr[(Hy + H)(th ® 7o — Uty ® 7.)U )]
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Two-stroke heat engine in the microscopic regime.

Work Stroke

Without catalyst

Wy

Th

Wc

T¢

Hot Bath at inverse
temperature (Sy)

Unitary (U)

U(th @ T)UT

Cold Bath at inverse
temperature (f3;)

W = Tr[(Hy + H)(th ® 7o — Uty ® 7.)U )]
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With catalyst

Ps
Unitary (U)

Th Tc

Hot Bath at inverse
temperature (Sy)

U(ps @ Th® TC)UT

Catalysis condition: Ty, U(ps @ T,&Q TC)U-I- = ps

W = Tr[(Hs + Hy + Ho) (ps @ Th @ e — U(ps @ T, @ T)U )]



Two-stroke heat engine in the microscopic regime.

Work Stroke
Without catalyst

Wy

Pn c
Hot Bath at inverse Cold Bath at inverse

temperature (Sy) temperature (f3;)

Final state of hot qubit T7,(U(tp, ® TC)U+) = pp

Final state of cold qubit T7.(U(ty, ® ‘L'C)UT) = P,
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Two-stroke heat engine in the microscopic regime.

Work Stroke

Without catalyst With catalyst

w Wg
H Wc W¢
. Pn c . _ Ph Ds c .
Hot Bath at inverse Cold Bath atinverse ; Hot Bath at inverse Cold Bath at inverse
temperature (Sy) temperature (f3;) temperature (Sy) temperature (f3;)

Final state of hot qubit T7,(U(tp, ® TC)UJF) = pp Final state of hot qubit  T75,(U(ps @ T/ @ TC)UT) = pp

: : t
Final state of cold qubit Tr.(U(t;, ® T.)U") = p. Final state of cold qubit T7s,c(U(ps @ Tn @ T0)U ") = pc

Final state of the catalyst T7(U(ps @ 7 & TC)UT) = ps
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Two-stroke heat engine in the microscopic regime.

Heat Stroke
Without catalyst
Y Y
w w,
k Y=
Ph Pc
Hot Bath at inverse Cold Bath at inverse
temperature (5p) temperature (f.)

Rethermalization with respective baths
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Two-stroke heat engine in the microscopic regime.

Heat Stroke
Without catalyst
y
w w,
A
Pn c
Hot Bath at inverse Cold Bath at inverse
temperature (5p) temperature (f.)

Rethermalization with respective baths

Heat withdrawn from hot bath : Q, = Tr[H,(ty, — pn)]
Heat discharged into cold bath: Q. = Tr[H. (7. — p¢)]
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Two-stroke heat engine in the microscopic regime.

Heat Stroke
Without catalyst With catalyst
7  —
e w¢ @ & W
A v
. Pn c . Pn Ps c .
Hot Bath at inverse Cold Bath atinverse ; Hot Bath at inverse Cold Bath at inverse
temperature () temperature (f.) temperature (f3,) temperature (f.)

Rethermalization with respective baths Rethermalization with respective baths

Heat withdrawn from hot bath : Q, = Tr[H,(ty, — pn)] Heat withdrawn from hot bath : Q, = Tr[Hp(ty, — pn)]

Heat discharged into cold bath: Q. = Tr[H. (7. — p¢)] Heat discharged into cold bath: Q. = Tr[H (7. — p¢)]
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Two-stroke heat engine in the microscopic regime.

Closing the cycle

Without catalyst With catalyst
Wh We “s Wc
Th Tc Th Ps Tc .
Hot Bath at inverse Cold Bath atinverse ; Hot Bath at inverse Cold Bath at inverse
temperature () temperature (f.) temperature (f3,) temperature (f.)
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Thermodynamic framework.

Manifestation of First Law:

W=0Q,+0Q,
Heat withdrawn from hot bath := Q,

Heat discharged into cold bath:= Q..

Work produced by the engine := W
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Thermodynamic framework.

Manifestation of First Law:

W=0Q,+0Q,
Heat withdrawn from hot bath := Q,
Heat discharged into cold bath:= Q..
Work produced by the engine := W
Manifestation of Second Law:
Qc ﬁh
Efficiency :=n nN=—=1+—<1——=1¢ ¢
Qn Qn Be e
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Optimal performance without catalyst.

For a fixed value of w; and w,
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Optimal performance without catalyst.

For a fixed value of w; and w,

1

m (ah - aC)(wh - wc) ac = e_ﬁc(’)c

a, = e ~Brwn .

Optimal Work =
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Optimal performance without catalyst.

For a fixed value of w; and w,

. 1 = p PcWc
Optimal Work = Cranaiay (ap — ac)(wp — w,) ac = e P

a, = e ~Brwn .

Optimal Efficiency = 1 — =, (Otto Efficiency) W Wy

Wh
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Optimal performance without catalyst.

For a fixed value of w; and w,

. 1 — p P
Optimal Work = Cranaiay (ap — ac)(wp — w,) ac = ¢ Bew

ay = e Pron E—

. . _ 4 ¢ .
Optimal Efficiency = 1 o (Otto Efficiency) W Wy

When Z))_; = /;,—’Cl then ap =a.,.  Thisimplies optimal work is 0
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Catalytic enhancement

For a fixed value of w; and w,

. Wc We
Efficiency: N =1- > >1-—
wp Wp 1011) 5 |111)g 5,
= Optimal efficiency without catalyst
IO 1O)s,h,c ;l 1 10>s,h,c
|001>5,h,c | 1Ol)s,h,c
Wh
|000>s,h,c ' |100)s,h,c

Catalysis condition: Try, U(ps @ 7, & TC)U-I- = ps
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Catalytic enhancement
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Catalytic enhancement

For a fixed value of w; and w,

w w
c>1-=
Z(Uh Wp

Efficiency: n=1-

= Optimal efficiency without catalyst

Catalysis condition: Try, U(ps @ 7, & TC)U-I- = ps
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Catalytic enhancement

For a fixed value of w; and w,

w w
c>1-=
Z(Uh Wp

Efficiency: n=1-

= Optimal efficiency without catalyst

Qn = Tr[Hyp(tp — pp)] = APwy,
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Catalytic enhancement

For a fixed value of w; and w,

w w
c>1-=
Z(L)h Wp

Efficiency: n=1-

= Optimal efficiency without catalyst

Qn = Tr[Hyp(tp — pp)] = APwy,

Qc = TT[HC(TC - pc)] =0
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Catalytic enhancement

For a fixed value of w; and w,
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Catalytic enhancement

For a fixed value of w; and w,
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Catalytic enhancement

For a fixed value of w; and w,

w w
c>1-=
Z(L)h Wp

Efficiency: n=1-

= Optimal efficiency without catalyst

Qn = Tr[Hp(tp — pr)] = 2APwy,

Qc =Tr[H.(tc — p)] = —APw,
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Catalytic enhancement

For a fixed value of w; and w,

w w
c>1-=
Z(L)h Wp

Efficiency: n=1-

= Optimal efficiency without catalyst

Qn = Tr[Hp(tp — pr)] = 2APwy,

Qc =Tr[H.(tc — p)] = —APw,
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Catalytic enhancement

For a fixed value of w; and w,

Wc We
Efficiency: N =1- > >1-—

Wp Wp

= Optimal efficiency without catalyst

Nnwc
d(,()h

For a d-dimensional catalyst :ng =1 — n€{l,..,d}

Pm Pm+1 Pm+2 Pm+3

Ps ®1p Q 1,
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Catalytic enhancement

For a fixed value of w; and w,

We

=1-—
N2 2

Efficiency: >
h

)
>1-——=
Wp

= Optimal efficiency without catalyst

nwe

Ncarnot

For a d-dimensional catalyst : g =1 — . nEefl..d}
h
Non-catalytic Catalytic
A A
o o S
0 1— We
Wh
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Catalytic enhancement

If w, > wp, , then 1 — 2£ < 0;
wp

But efficiency in catalytic scenario can still be
nw;
>0

positive dependingonnandd:n =1 —
dwh

Pm+2 Pm+3
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Catalytic enhancement

If w. > wy, , then 1-2<o;
Wp

But efficiency in catalytic scenario can still be

i+ : nw
positive dependingonnandd:n =1 — dwc >0
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Work extraction (

Wh

Catalytic enhancement

For a fixed value of w; and w,

W (e—ﬁhwh(m+n) _ e—nﬁcwc) — (e—ﬁhwhd _

0.08- 1
0.06
0.04]

0.02}

0.00.
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= Brwy =0.05, fow, =04 !

—_— B,,wh =0.1 ,Bcwc =0.8
_— ﬁhwh =0.5, Bcwc =4

— Brwp =1, B w;=8
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Conclusion and Outlooks.

1) Describing the catalyst assisted two-stroke engine.
2) We have shown the efficiency and work per cycle can be enhanced by incorporating a catalyst.
3) Exploring the roles of catalysis in cooling of qubits.

4) Bridging the gap between the catalyst assisted stroke-based and continuous thermal machines.
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