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A simple question

@ A non-relativistic quantum particle is prepared with state g at t =0
inside some bounded region €2, and detectors are placed along the
boundary 0X2.
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A simple question

@ A non-relativistic quantum particle is prepared with state g at t =0
inside some bounded region €2, and detectors are placed along the
boundary 0X2.

@ The quantum particle evolves in Q until it is detected along 02, we
record the time and position of detection.
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A simple question

@ A non-relativistic quantum particle is prepared with state g at t =0
inside some bounded region €2, and detectors are placed along the
boundary 0X2.

@ The quantum particle evolves in Q until it is detected along 02, we
record the time and position of detection.

@ As the experiment is repeated: what is the distribution of times that
the particle is detected along 027
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@ There is no self-adjoint time operator f conjugate to A= —%.
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Soft Detectors

@ There is no self-adjoint time operator f conjugate to A= —%.

@ Soft detectors:

ihOp) = (—ﬁn - iv]ch> ¥ inR3 (1)
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Soft Detectors

@ There is no self-adjoint time operator f conjugate to A= —%.

@ Soft detectors:
. A . .3
ihopp = | —— —ivlge | inR (1)
2m

e We interpret HthfQ(W) as probability the particle remains undetected
in R3 at time t.

L. Frolov (Rutgers) Schrédinger operators that model hard detect August 15, 2025



Soft Detectors

A

@ There is no self-adjoint time operator t conjugate to H = —=--

@ Soft detectors:
. A . .3
ihopp = | —— —ivlge | inR (1)
2m

e We interpret HthfQ(W) as probability the particle remains undetected
in R3 at time t.

@ v > 0 leads to gradual loss of probability in Q¢

0:(10%) = =V - = T o1 ©)
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Soft Detectors

A

@ There is no self-adjoint time operator t conjugate to H = —=--

@ Soft detectors:
. A . .3
ihopp = | —— —ivlge | inR (1)
2m

e We interpret HthfQ(W) as probability the particle remains undetected
in R3 at time t.

@ v > 0 leads to gradual loss of probability in Q¢

0:(10%) = =V - = T o1 ©)

@ Allcock: For hard detector, take v — co. However, this returns
unitary dynamics for 1), with ||1/1t||%2(9) =1 for all time. The particle
is never detected along O€!
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@ Regard the particle+detector as a quantum system with wave
function W; in a Hilbert space of the form Hp ® Hfr
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@ Regard the particle+detector as a quantum system with wave
function W; in a Hilbert space of the form Hp ® Hfr

@ H g denotes the space of states where detector has “Fired”
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@ Regard the particle+detector as a quantum system with wave
function W; in a Hilbert space of the form Hp ® Hfr

@ H g denotes the space of states where detector has “Fired”

e Hp = L?(Q) ® Hp consists of states where particle resides in Q and
detector is “Primed”
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@ Regard the particle+detector as a quantum system with wave
function W; in a Hilbert space of the form Hp ® Hfr

@ H g denotes the space of states where detector has “Fired”

e Hp = L?(Q) ® Hp consists of states where particle resides in Q and
detector is “Primed”

@ System initially prepared in pure-product state

Vo =1%o ® ¢g € L2(Q)@'HD='HP
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@ Regard the particle+detector as a quantum system with wave
function W; in a Hilbert space of the form Hp ® Hfr

@ H g denotes the space of states where detector has “Fired”

e Hp = L?(Q) ® Hp consists of states where particle resides in Q and
detector is “Primed”

@ System initially prepared in pure-product state
Wy =Yy ® ¢g € Lz(Q)@'HD =Hp
@ VW, satisfies a norm-preserving Schrodinger evolution of the form

0,V = HsW
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Derivation 2: Hard Detectors

Assumption (ldealized Hard Detector)

Hard Detection: No interaction between the particle and detector while
the particle remains undetected in the interior of 2
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Derivation 2: Hard Detectors

Assumption (ldealized Hard Detector)

Hard Detection: No interaction between the particle and detector while
the particle remains undetected in the interior of €2

Condition (C0)

The projected particle-detector wave function remains a pure-product state

\Ut|HP = ® ¢¢. The dynamics of the quantum particle in 2 before
detection is given by the wave function ;.

L. Frolov (Rutgers) Schrédinger operators that model hard detect August 15, 2025



Derivation 2: Hard Detectors
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Condition (C0)

The projected particle-detector wave function remains a pure-product state

\Ut|HP = ® ¢¢. The dynamics of the quantum particle in 2 before
detection is given by the wave function ;.
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Derivation 2: Hard Detectors

Assumption (ldealized Hard Detector)

Hard Detection: No interaction between the particle and detector while
the particle remains undetected in the interior of 2

Remark

The wave function of the particle-detector system after detection, i.e
\IJt|HF is allowed to be (and will most certainly be) entangled.

L. Frolov (Rutgers)
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Derivation 2: Hard Detectors

Assumption (ldealized Hard Detector)

Hard Detection: No interaction between the particle and detector while
the particle remains undetected in the interior of Q)

Condition (C1)
1 weakly satisfies a Schrodinger equation inside Q.

;9

8t H1/1 in Q

Where H = —A + V is defined on D(H) = C(Q) with V € L®(Q) a
real valued potential depending on the experimental apparatus.
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Derivation 2: Detection Mechanism

@ Detection: An interaction which quickly transports probability from
Hp to HE.
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Derivation 2: Detection Mechanism

@ Detection: An interaction which quickly transports probability from
Hp to HE.

Assumption (Irreversibility)

Detection is taken to be an irreversible process:
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Derivation 2: Detection Mechanism

@ Detection: An interaction which quickly transports probability from
Hp to HE.

Assumption (Irreversibility)
Detection is taken to be an irreversible process:

@ Parts of V in Hf cannot propagate back and interfere with parts that
have not yet left Hp.
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Derivation 2: Detection Mechanism

@ Detection: An interaction which quickly transports probability from
Hp to HE.

Assumption (Irreversibility)
Detection is taken to be an irreversible process:

@ Parts of V in Hf cannot propagate back and interfere with parts that
have not yet left Hp.

@ The dynamics of Wf'?—tp = 1 ® ¢+ are norm-non-increasing and

autonomous, they are not affected by the dynamics of \Ut‘HF :
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Evolution Maps

Assumption (Time Independent Detection Mechanism) J

The mechanism of detection is independent of time
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Evolution Maps

Assumption (Time Independent Detection Mechanism)

The mechanism of detection is independent of time

Condition (C2)

For fixed ¢g, the evolution maps W; : 1pg — 1, defined for t > 0 forms a
strongly continuous semigroup on L%(Q):
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Evolution Maps

Assumption (Time Independent Detection Mechanism)

The mechanism of detection is independent of time

Condition (C2)
For fixed ¢g, the evolution maps W; : 1y — ¢, defined for t > 0 forms a
strongly continuous semigroup on L%(Q):

@ They form a semigroup under composition, i.e W Ws; = Wy for
t,s >0, with Wp = 1.
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Evolution Maps

Condition (C2)

For fixed ¢g, the evolution maps W; : 1o — ¢, defined for t > 0 forms a
strongly continuous semigroup on L%(Q):

© They form a semigroup under composition, i.e Wy Ws = W;, ¢ for
t,s >0, with Wy = 1.

@ The maps W; are linear.

© They are strongly continuous, lim:_¢, ||We) — Wtow]|L2(Q) =0 for all
Y € L%(Q), to > 0.

v
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Evolution Maps

Condition (C2)
For fixed ¢q, the evolution maps W; : 1pg — )¢, defined for t > 0 forms a
strongly continuous semigroup on L?():
© They form a semigroup under composition, i.e Wy W5 = Wi, for
t,s >0, with Wy = 1.
@ The maps W; are linear.

© They are strongly continuous, lim¢—¢, |[|Wih — Wiyl 2(q) = 0 for all
Y € L2(Q), to > 0.

Remark

We hope that W; does not depend on the fine details of the quantum
state ¢g, as it is not experimentally feasible to fine-tune the initial state of
a macroscopic object!
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Evolution Maps

Condition (C2)
For fixed ¢g, the evolution maps W; : 1y — ¢, defined for t > 0 forms a
strongly continuous semigroup on L?():
© They form a semigroup under composition, i.e W Ws = Wy for
t,s >0, with Wp = 1.
@ The maps W; are linear.

© They are strongly continuous, lim¢_¢, ||Wet) — Wt0¢||L2(Q) =0 for all
Y € L2(Q), to > 0.

o

Condition (C3)

W, are contractions, i.e ||Wi||2q) < |[¥]|12(q) for all ¢ € L2().
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Absorbing Boundary Conditions

@ R. Tumulka proposed that hard detection should be modeled by a
time-independent local absorbing boundary condition.
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Absorbing Boundary Conditions

@ He argues that v; should be governed by an IBVP

0 = (“A+ V) in Q
Y = o att =10 (4)
oy = ipY on 0Q

where 0, denotes the outwards normal derivative of €2, and 3 is a
function on 99 satisfying Re(3) > 0.
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Absorbing Boundary Conditions

@ He argues that v; should be governed by an IBVP

0 = (A + V)Y in Q
Y = o att =0 (4)
oy = ipyY on 99

where 0, denotes the outwards normal derivative of €2, and [ is a
function on 0 satisfying Re(3) > 0.
Proposal (Tumulka's Absorbing Boundary Rule)

For <. satisfying (4) with |[¢o||12(q) = 1, the probability of detecting the
quantum particle in ¥ C 02 between times t; and t, is

to .
Proby,(t; <t < t),x € ¥) :/ / A e dx"Ldt (5)
t1 N
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Absorbing Boundary Conditions

@ He argues that v; should be governed by an IBVP

iy = (—A+ V) in Q
Y = o att =10 (4)
8n1/} - /,61/1 on 69

Proposal (Tumulka's Absorbing Boundary Rule)

For 1 satisfying (4) with ||1o||12(q) = 1, the probability of detecting the
quantum particle in ¥ C OS2 between times t; and t is

t
Proby,(t < t < ta,x € ¥) :/ / QRe(B)I? dx™tdt (5
t1 N

v
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Absorbing Boundary Conditions

@ He argues that v; should be governed by an IBVP

0 = (—A+ V) in Q
Y = o att =0 (4)
oy = ipY on 99

Theorem (L.F, S.Teufel, R. Tumulka)

Let Q C R" be a bounded C? domain of dimension n > 1 and

B € CHOR) with Re(3) > 0 a.e. Then for g € H>(Q) initially satisfying
the boundary condition 0o = i1 on 0N, there exists a unique
global-in-time solution to (4).
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Absorbing Boundary Conditions

@ He argues that v; should be governed by an IBVP

v = 1y att=0 (4)
oy = ipyY on 0Q

Theorem (L.F, S.Teufel, R. Tumulka)

Let Q C R" be a bounded C? domain of dimension n > 1 and

B € CHORQ) with Re(3) > 0 a.e. Then for 1y € H*(Q) initially satisfying
the boundary condition Ontpg = i1y on 02, there exists a unique
global-in-time solution to (4).

In addition, the solution maps W; : 19 — 1 extend to a Cy contraction
semigroup on L?(Q).
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Is there a converse?

o If W, is a strongly continuous contraction semigroup which “weakly”
solves the Schrodinger equation, must W;: come from an IBVP?
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Is there a converse?

o If W, is a strongly continuous contraction semigroup which “weakly”
solves the Schrodinger equation, must W;: come from an IBVP?

Theorem (Lumer-Phillips)

Suppose W, is a strongly continuous contraction semigroup on a Hilbert
space H. Then there exists a linear operator L such that
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Is there a converse?

o If W, is a strongly continuous contraction semigroup which “weakly”
solves the Schrodinger equation, must W;: come from an IBVP?

Theorem (Lumer-Phillips)

Suppose W, is a strongly continuous contraction semigroup on a Hilbert
space H. Then there exists a linear operator L such that

o D(L):={¢ € H : limyyor Y= exists in H} is dense in H.
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Is there a converse?

o If W, is a strongly continuous contraction semigroup which “weakly”
solves the Schrodinger equation, must W;: come from an IBVP?

Theorem (Lumer-Phillips)

Suppose W, is a strongly continuous contraction semigroup on a Hilbert
space H. Then there exists a linear operator L such that

o D(L):={¢ € H : limyyor Y= exists in H} is dense in H.

o W, = exp(—itL) i.e. i&(Wip) = LWy for all p € D(L), t > 0.
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Is there a converse?

o If W, is a strongly continuous contraction semigroup which “weakly”
solves the Schrodinger equation, must W;: come from an IBVP?

Theorem (Lumer-Phillips)

Suppose W, is a strongly continuous contraction semigroup on a Hilbert
space H. Then there exists a linear operator L such that

o D(L):={¢ € H : limyyor Y= exists in H} is dense in H.

o W, = exp(—itL) i.e. i&(Wip) = LWy for all p € D(L), t > 0.
o W, :D(L) — D(L).
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Is there a converse?

o If W, is a strongly continuous contraction semigroup which “weakly”
solves the Schrodinger equation, must W;: come from an IBVP?

Theorem (Lumer-Phillips)

Suppose W, is a strongly continuous contraction semigroup on a Hilbert
space H. Then there exists a linear operator L such that

o D(L):={¢ € H : limyyor Y= exists in H} is dense in H.

o W, = exp(—itL) i.e. i&(Wip) = LWy for all p € D(L), t > 0.

o W, :D(L) — D(L).

o —iL is maximally dissipative; i.e Re{—il, )4 < 0 for all 1» € D(L);

and —iL has no dissipative extensions.
v
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Is there a converse?

o If W; is a strongly continuous contraction semigroup which “weakly”
solves the Schrodinger equation, must W; come from an IBVP?

Theorem (Lumer-Phillips)

Suppose W; is a strongly continuous contraction semigroup on a Hilbert
space H. Then there exists a linear operator L such that

o D(L):={¢ € H : limi_o+ Wf"’lfw exists in H} is dense in H.
o W, = exp(—itL) i.e. i%(Wyp) = LW, for all yp € D(L), t > 0.
o W;:D(L) = D(L).

o —ilL is maximally dissipative; i.e Re(—iL, )4 < 0 for all » € D(L);
and —iL has no dissipative extensions.

The converse is also true, if —iL is densely defined and maximally
dissipative on ‘H then it generates a Cy contraction semigroup.
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o Dissipativity: & exp(—itL)y|[3,|,_, = 2Re(—iLy, ¥) < 0.
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o Dissipativity: & exp(—itL)y|[3,|,_, = 2Re(—iLy, ¥) < 0.
o W, “weakly solving Schrodinger equation”: W; = exp(—itL) with

L c A*, where H=(—A + V)|COO(Q).
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o Dissipativity: & exp(—itL)y|[3,|,_, = 2Re(—iLy, ¥) < 0.
o W, “weakly solving Schrodinger equation”: W; = exp(—itL) with
L c H*, where H=(-A+ V)|COO(Q).

o If —iL = —iF*|{1) € D(H*) : ¢ satisfies some B.C} is maximally
dissipative, then Lumer-Phillips says that for 19 € D(L)

iy = H%9 in Q
v = o att =10 (5)
B.C on 00

has a unique global-in-time solution v, = exp(—itL)yo € D(L), and
the solution mappings extend continuously to L2().
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Parameterization of ABC in 1-D

Theorem ((Informal)) J

Let Q = (—o0,0], V € L®(Q,R), and A = (—92 + V)| coo(-
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Parameterization of ABC in 1-D

Theorem ((Informal))

Let Q = (—00,0], V € L®(Q,R), and H = (-2 + V)| ooy Then W is
a strongly continuous contraction semigroup on L%(Q) which “weakly”

satisfies the Schrodinger equation if and only if it is the solution mapping
for an IBVP
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Parameterization of ABC in 1-D

Theorem ((Informal))

Let Q = (—00,0], V € L°(Q,R), and H = (—82 + V)| coo (- Then Wi is
a strongly continuous contraction semigroup on L%(Q) which “weakly”

satisfies the Schrodinger equation if and only if it is the solution mapping
for an IBVP of the form

i) = (—i0%+ V)Y in Q
Y = o att =0 (6)
P(0) +i0xp(0) = P(¥(0) —idkp(0))  atx=0

where ® € C satisfies |®| < 1.
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Parameterization of ABC in 1-D

Theorem ((Informal))

Let Q = (—00,0], V € L®(Q,R), and H = (-2 + V)}COO(Q). Then W, is
a strongly continuous contraction semigroup on L?(Q2) which “weakly”

satisfies the Schrodinger equation if and only if it is the solution mapping
for an IBVP of the form

i0¢1)

(—id2+ V)Y in Q
(] Yo att=0 (6)
¥(0) + i0x1p(0) ®(¥(0) — i0x(0))  atx=0

where ® € C satisfies |®| < 1.W, is unitary if and only if |®| =1,
otherwise W; is norm-decreasing.
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Parameterization of ABC in 1-D

Theorem (Formal)

Let Q = (—o0,0], V € L®(Q,R), and A = (—92 + V)| coo(-
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Parameterization of ABC in 1-D

Theorem (Formal)

Let Q = (—o0,0], V € L®(Q,R), and A = (—d2 + V)| coog)-

is @ maximally dissipative restriction of —i A* if and only if it is

Then —il
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Parameterization of ABC in 1-D

Theorem (Formal)

Let Q = (—00,0], V € L®(Q,R), and A = (—92 + V)| coo(qy- Then —iL

is a maximally dissipative restriction of —iH* if and only if it is of the form

D(Le) = {¥ € H*(Q) : ¥(0) + i0x1b(0) = ®(1p(0) — idxy(0))}  (7)

where ® € C satisfies || < 1.
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Parameterization of ABC in 1-D

Theorem (Formal)

Let Q = (—00,0], V € L°(Q,R), and H = (—92 + V)| oo (- Then —iL

is a maximally dissipative restriction of —iH* if and only if it is of the form
D(Le) = {t € H*(Q) : 4(0) + idx1h(0) = ®(4(0) — idw(0))}  (7)

where ® € C satisfies |®| < 1.Le is self-adjoint if and only if |®| =1,
otherwise exp(—itL) is norm-decreasing.
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Quick Examples

(1+ ®)0x(0) = i(1 — ®)y(0)

e Dirichlet B.C: @ = —1 implies D(L_1) = {¢» € H*(Q) : ¢(0) = 0}
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Quick Examples

(1+ ®)0x(0) = i(1 — ®)y(0)

e Dirichlet B.C: @ = —1 implies D(L_1) = {¢» € H*(Q) : ¢(0) = 0}
@ Neumann B.C: ® = 1 implies D(L1) = {¢ € H*(Q) : 0x¢(0) = 0}
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Quick Examples

(1+ ®)0x(0) = i(1 — ®)y(0)

e Dirichlet B.C: @ = —1 implies D(L_1) = {¢» € H*(Q) : ¢(0) = 0}
@ Neumann B.C: ® = 1 implies D(L1) = {¢ € H*(Q) : 0x¢(0) = 0}
o |0 < 1implies D(Lo) = {1) € H*(Q) : 9,1(0) = iT73¢(0)}
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Sketch of Proof

@ Maximal domain of Schrodinger Hamiltonian in 1—-D is
D(H*) = H*((—o0,0]).
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Sketch of Proof

@ Maximal domain of Schrodinger Hamiltonian in 1—-D is
D(H*) = H*((—o0,0]).

@ By Sobolev embedding theorems, 1) and dy1 admit continuous
representatives on (—oo, 0].
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Sketch of Proof

@ Maximal domain of Schrodinger Hamiltonian in 1—-D is
D(H*) = H*((—o0,0]).

@ By Sobolev embedding theorems, 1) and dy1 admit continuous
representatives on (—oo, 0].

e We introduce G : D(A*) = C, Gt := ¥(0) % i8y1)(0) so that

2Re(—iH*1h, 1) 12((— o)) = J0(0) = [|G1tb| |2 — ||G_[[Z  (8)
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Sketch of Proof

@ Maximal domain of Schrodinger Hamiltonian in 1—-D is
D(H*) = H*((—o0,0]).

@ By Sobolev embedding theorems, 1) and dy1 admit continuous
representatives on (—oo, 0].

e We introduce G : D(A*) = C, Gt := ¥(0) % i8y1)(0) so that
2Re(—i A", ) 12((—oc)) = J(0) = |G ¥ lIE — [|G-¥IE (8)
e Taking —iL C —iA* maximally dissipative implies

1G49||2 — ||G_v[|2 = 2Re(—ilsp, ) <0, Vep € D(L)  (9)
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Sketch of Proof

@ Maximal domain of Schrodinger Hamiltonian in 1—-D is
D(H*) = H*((—o0,0]).

@ By Sobolev embedding theorems, 1) and dy1 admit continuous
representatives on (—oo, 0].

e We introduce G : D(A*) = C, Gt := ¥(0) % i8y1)(0) so that
2Re(— i), ) 12((—oe)) = J(0) = || G 0l|E — [|G_¥|IE (8)
e Taking —iL C —iA* maximally dissipative implies
1G+0|[2 = [|G-¢||2 = 2Re(—iLp,9) <0, Vi€ D(L)  (9)

@ Hence |G| < |G_9| for all ¢ € D(L), in particular G_v uniquely
determines G1.
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Main Results 1

Theorem (Absorbing Boundary Condition Derivation)

Let Q C R" be a bounded C? domain, and let W, be a Cy contraction
semigroup on L?(Q) weakly solving i0yp = H*1).
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Main Results 1

Theorem (Absorbing Boundary Condition Derivation)

Let Q C R" be a bounded C? domain, and let W; be a Cy contraction
semigroup on L?(Q) weakly solving iy = H*4). First, the maps

Gy D(/f/*) N L2(8§2) defined linearly in (v, anw)}ag

1
Gt 1= 5 (1= |oq £ 140000 o0) (10)
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Main Results 1

Theorem (Absorbing Boundary Condition Derivation)

Let Q C R" be a bounded C? domain, and Ift W; be a Cy contraction
semigroup on L?(Q) weakly solving i0y) = H*4). First, the maps

Gy : D(A*) — L%(09) defined linearly in (1, 0nt)] 5,

Gat) = 75 (1= o = Ot o) (10)

decomposes the probability leaving Q into a difference between the squares
of two norms

d
EHWﬂ/}H%Q(Q) = 1G9l F200) — 11 G=¥lli2(00): (11)
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Main Results 1

Theorem (Absorbing Boundary Condition Derivation)

Let Q C R” be a bounded C? domain, and let W; be a Cy contraction
semigroup on L?(Q) weakly solving idy1) = H*w. First, the maps

Gy : D(A*) — [2(09) defined linearly in (1), anw)}aﬂ decomposes the
probability leaving Q0 into a difference between the squares of two norms

d
EHWHDH%(Q) = |G+ ¥l f2a0) — 11 G=¥lli2a0): (10)

Associated to the evolution operator W; there exists a unique linear
contraction ® : 1%(0Q) — L2(0RQ) such that for all 1y € L?(Q), Wi
uniquely solves the initial-boundary value problem

iy = Hy in Q

v = o att=0 (11)
Gy = PGy on 02
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Main Results 2

Remark

Most linear contractions ® result in boundary conditions with highly
non-local dynamics. This is not surprising, given that conditions (C1),
(C2), and (C3) do not rule out cases where probability is instantly
transported from one part of the boundary to another.

L. Frolov (Rutgers) Schradinger operators that model hard detect August 15, 2025 16 /21



Main Results 2

Theorem (Robin Boundary Condition)

Let Q C R be a bounded C? domain, and let B € L>°(0RQ) satisfy
Re(3) > 0 a.e on 9. Then the initial-boundary value problem

i) = Hy in Q

Y = o att=0 (12)
oy = iBY on 00

admits a unique, global-in-time solution for each 1y € L?(Q).
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Main Results 2

Theorem (Robin Boundary Condition)

Let Q C R" be a bounded C? domain, and let 3 € L>®(0Q) satisfy
Re(3) > 0 a.e on 2. Then the initial-boundary value problem

i) = Hy in Q

Y = o att=0 (12)
oy = iBY on 00

admits a unique, global-in-time solution for each 1y € L?(Q).

We can prove this by explicitly constructing a contraction ®z such that

G+1/) SpG_ v = 8nw}39 ’ﬁ¢‘ag (13)
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Main Results 3

o (Energy-Time Uncertainty) For ) € C2°(2) and & linear contraction
on L2(0Q), set p =1 — lim;_ || exp(—itHe)1||. Then

p
O[O T > 2 (14)
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Main Results 3

o (Energy-Time Uncertainty) For ) € C2°(2) and & linear contraction
on L2(0Q), set p =1 — lim;_ || exp(—itHe)1||. Then

p
O[O T > 2 (14)

o (Finite time detection): If Q is C? and bounded, 3 € L*° with
Re(3) > 0 a.e on 0Q then p =1 — lim;_, || exp(—itHgy)|| = 0.
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Main Results 3

o (Energy-Time Uncertainty) For ) € C2°(2) and & linear contraction
on L2(0Q), set p =1 — lim;_ || exp(—itHe)1||. Then

p
O[O T > 2 (14)

o (Finite time detection): If Q is C? and bounded, 3 € L* with
Re(3) > 0 a.e on 0Q then p =1 — lim;_, || exp(—itHgy)|| = 0.

o (Continuity in §): If 3¢ is a sequence converging to /3 the detection
time distributions converge

29, 2Re(B) exp(—itHz)io
o

. 2 2
2Re(5,) |exp( it ) |

09
(15)

with respect to Li__([0,00) x 9Q) norm.

Loc
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@ We showed that for quantum particles undergoing irreversible hard
detection, the wave function of the particle before detection is
governed by a (y contraction semigroup W;.
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@ We showed that for quantum particles undergoing irreversible hard
detection, the wave function of the particle before detection is
governed by a (y contraction semigroup W;.

@ We applied the theory of boundary tuples to prove that W;
corresponds to some absorbing boundary condition

G+(¢’39,3n¢}39) = ¢G—(w|anva"¢‘asz)'

L. Frolov (Rutgers) Schrédinger operators that model hard detect August 15, 2025



@ We showed that for quantum particles undergoing irreversible hard
detection, the wave function of the particle before detection is
governed by a (y contraction semigroup W;.

@ We applied the theory of boundary tuples to prove that W;
corresponds to some absorbing boundary condition
G+(¢’39,3n¢}39) - ¢G—(w|anva"¢‘asz)'

@ Any such W; gives rise to a well-defined distribution of detection
times along 09).
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@ We showed that for quantum particles undergoing irreversible hard
detection, the wave function of the particle before detection is
governed by a (y contraction semigroup W;.

@ We applied the theory of boundary tuples to prove that W;
corresponds to some absorbing boundary condition
G+(¢’asz’8"¢}aﬂ) - ¢G—(w|anva"¢‘asz)'

@ Any such W; gives rise to a well-defined distribution of detection
times along 09).

@ We showed that these distributions are stable under small
perturbations.
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e For the N—particle case ¥, € L2(QV), hence we would like to
generalize this result to bounded Lipschitz regions.
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e For the N—particle case ¥, € L2(QV), hence we would like to
generalize this result to bounded Lipschitz regions.

o Relativistic setting: Parameterize all maximally dissipative restrictions
of Hj

irac
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e For the N—particle case ¥, € L2(QV), hence we would like to
generalize this result to bounded Lipschitz regions.

o Relativistic setting: Parameterize all maximally dissipative restrictions
of HBirac

@ Which ABC's for the non-relativistic Schrodinger equation are
derivable as a non-relativistic limit of the Dirac equation with some
ABC?

L. Frolov (Rutgers) Schradinger operators that model hard detect August 15, 2025 19/21



References

e G.R. Allcock, Ann. Phys. (N. Y.) 53 (1969) 253; 53 (1969) 286; 53
(1969) 311.

L. Frolov (Rutgers) Schrédinger operators that model hard detect August 15, 2025



References

e G.R. Allcock, Ann. Phys. (N. Y.) 53 (1969) 253; 53 (1969) 286; 53
(1969) 311.

@ R. Werner, Ann. Inst. Henri Poincare 47 (1987) 429.

L. Frolov (Rutgers) Schrédinger operators that model hard detect August 15, 2025



References

e G.R. Allcock, Ann. Phys. (N. Y.) 53 (1969) 253; 53 (1969) 286; 53
(1969) 311.

e R. Werner, Ann. Inst. Henri Poincare 47 (1987) 429.
o Jukka Kiukas et al 2012 J. Phys. A: Math. Theor. 45 185301

L. Frolov (Rutgers) Schrédinger operators that model hard detect August 15, 2025



References

@ R. Tumulka: Distribution of the Time at Which an Ideal Detector
Clicks. Annals of Physics 442: 168910 (2022)
http://arxiv.org/abs/1601.03715

L. Frolov (Rutgers) Schrédinger operators that model hard detect August 15, 2025



References

@ R. Tumulka: Distribution of the Time at Which an Ideal Detector
Clicks. Annals of Physics 442: 168910 (2022)
http://arxiv.org/abs/1601.03715

@ R. Tumulka: Detection Time Distribution for Several Quantum
Particles. Physical Review A 106: 042220 (2022)
http://arxiv.org/abs/1601.03871

L. Frolov (Rutgers) Schrédinger operators that model hard detect August 15, 2025



References

@ R. Tumulka: Distribution of the Time at Which an Ideal Detector
Clicks. Annals of Physics 442: 168910 (2022)
http://arxiv.org/abs/1601.03715

@ R. Tumulka: Detection Time Distribution for Several Quantum
Particles. Physical Review A 106: 042220 (2022)
http://arxiv.org/abs/1601.03871

@ R. Tumulka: Detection Time Distribution for the Dirac Equation.
Preprint (2016) http://arxiv.org/abs/1601.04571

L. Frolov (Rutgers) Schrédinger operators that model hard detect August 15, 2025



References

@ R. Tumulka: Distribution of the Time at Which an Ideal Detector
Clicks. Annals of Physics 442: 168910 (2022)
http://arxiv.org/abs/1601.03715

@ R. Tumulka: Detection Time Distribution for Several Quantum
Particles. Physical Review A 106: 042220 (2022)
http://arxiv.org/abs/1601.03871

@ R. Tumulka: Detection Time Distribution for the Dirac Equation.
Preprint (2016) http://arxiv.org/abs/1601.04571

@ R. Tumulka: Absorbing Boundary Condition as Limiting Case of
Imaginary Potentials. Communications in Theoretical Physics 75:
015103 (2023) http: //arxiv.org/abs/1911.12730

L. Frolov (Rutgers) Schradinger operators that model hard detect August 15, 2025 21/21



References

@ R. Tumulka: Distribution of the Time at Which an Ideal Detector
Clicks. Annals of Physics 442: 168910 (2022)
http://arxiv.org/abs/1601.03715

R. Tumulka: Detection Time Distribution for Several Quantum
Particles. Physical Review A 106: 042220 (2022)
http://arxiv.org/abs/1601.03871

@ R. Tumulka: Detection Time Distribution for the Dirac Equation.
Preprint (2016) http://arxiv.org/abs/1601.04571

@ R. Tumulka: Absorbing Boundary Condition as Limiting Case of
Imaginary Potentials. Communications in Theoretical Physics 75:
015103 (2023) http: //arxiv.org/abs/1911.12730

R. Tumulka: On a Derivation of the Absorbing Boundary Rule.
Physics Letters A 494: 129286 (2024)
http://arxiv.org/abs/2310.01343

L. Frolov (Rutgers) Schradinger operators that model hard detect August 15, 2025 21/21



