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Joint work with  
Lennart Bittel

Photo taken during a road trip in South Africa (Nov 2025), where we started thinking about the problem.



Antonio Anna Mele · FU Berlin PhD student · Optimal channel learning (arXiv:2512.10214)

Learn/estimate an unknown quantum channel  from black-box queries.Λ

How many uses of  are sufficient/necessary to estimate it within -accuracy in diamond distance?Λ ε

Quantum process tomography
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The diamond distance                   is the standard error metric for channels.
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Open problem
Optimal query complexity for channel tomography.



• This has been settled only for the special 
case of quantum state tomography.

• For channels, this was solved only for unitaries (Kraus rank ). r = 1

???

Classical computer
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•                                sufficient and necessary to learn an unknown -rank state .  r ρ
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[Hayashi (1998)] [O’Donnell, Wright (2015)]
[Haah, Harrow, Ji, Wu, Yu (2015)]

[Haah, Kothari, O’Donnell, Tang (2022)]

Pure states  (r = 1) Mixed states  (r ≤ d)

General channels  (r ≤ d2)Unitaries  (r = 1)
[This work]

Optimal number of queries for tomography
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N = O(d2/ω)

[Guta, Kahn, Kueng, Tropp (2018)]
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Quantum channel :  CPTP mapΛ
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(!̂↑ !)↓ id

)
(ω)
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1

= 4 · max
protocol

(
Pr[correctly distinguish !̂ vs. !]↑ 1

2

)
,
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→!̂↑ !→→ = sup
ω↑D(Cdin↓Cdin )
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(
(!̂↑ !)↓ id

)
(ω)

∥∥∥
1

= 4 · max
protocol

(
Pr[correctly distinguish !̂ vs. !]↑ 1

2

)
,

Kraus rank : minimum number of Kraus operators r
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!(ω) =
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i=1

KiωK
†
i ,

r∑

i=1

K†
iKi = Idin .
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→din/dout↑ ↓ r ↓ dindout
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• Previous channel-tomography query-complexity bounds were not tight. 
 (e.g.  , constant ):din = dout = d ε

Antonio Anna Mele · FU Berlin PhD student · Optimal channel learning (arXiv:2512.10214)
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Upper bound: N = O(d6),

Lower bound: N = !̃(d4).

• A Kraus rank-  channel can be described by  parameters.r Θ(r din dout)

• Natural conjecture (parameter counting):
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N
?
= !(r din dout)

We prove this and so close the gap.
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= O(rd2) = O(d4)

[Surawy-Stepney, Kahn, Kueng, Guta, 2021]
[Oufkir, 2023]

[Rosenthal, Aaronson, Subramanian, Datta, Gur, 2024]
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Upper bound: N = O(d6),

Lower bound: N = !̃(d4). quadratic gap
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Main Theorem (informal)
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! : L(Cdin) → L(Cdout)Let                                            be an unknown channel of Kraus rank .≤ r
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There exists a process-tomography algorithm that uses
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N = O

(
din dout r

ω2

)

•  For any fixed  constant,                                      queries are necessary.ε
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N = !(din dout r)
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<latexit sha1_base64="lsvuP59hfH2bZ6kRaW+nFlPPBXo=">AAACAHicbVC7TsNAEDzzDOEVoKQ5ESFRRTbiVUbQ0BEk8pBiE60vm3DK+WzdrZGikIavoIWKDtHyJxT8C05IAQlTjWZ2tbMTJkpact1PZ25+YXFpObeSX11b39gsbG3XbJwagVURq9g0QrCopMYqSVLYSAxCFCqsh72LkV+/R2NlrG+on2AQQVfLjhRAmXT74F9F2AXfgO4qbBWKbskdg88Sb0KKbIJKq/Dlt2ORRqhJKLC26bkJBQMwJIXCYd5PLSYgetDFZkY1RGiDwTj1kO+nFijmCRouFR+L+HtjAJG1/SjMJiOgOzvtjcT/vGZKnbNgIHWSEmoxOkRS4fiQFUZmdSBvS4NEMEqOXGouwAARGslBiExMs37yWR/e9PezpHZY8k5Kx9dHxfL5pJkc22V77IB57JSV2SWrsCoTzLAn9sxenEfn1Xlz3n9G55zJzg77A+fjG4j5lys=</latexit>

|⌦i
<latexit sha1_base64="BXi7Cu4Se2F2UQqGQSAs4RFNvUE=">AAAB+XicbVC7TsNAEDyHVwivACXNiQiJKrIRrzKChoIiSOQhJVa0vmzCKeeH7tZIkZWPoIWKDtHyNRT8C7ZxAQlTjWZmtbvjRUoasu1Pq7S0vLK6Vl6vbGxube9Ud/faJoy1wJYIVai7HhhUMsAWSVLYjTSC7ynseJPrzO88ojYyDO5pGqHrwziQIymAUqnTv02jQxhUa3bdzsEXiVOQGivQHFS/+sNQxD4GJBQY03PsiNwENEmhcFbpxwYjEBMYYy+lAfho3CQ/d8aPYgMU8gg1l4rnIv6eSMA3Zup7adIHejDzXib+5/ViGl26iQyimDAQ2SKSCvNFRmiZ9oB8KDUSQXY5chlwARqIUEsOQqRinBZTSftw5r9fJO2TunNeP7s7rTWuimbK7IAdsmPmsAvWYDesyVpMsAl7Ys/sxUqsV+vNev+JlqxiZp/9gfXxDcb/k+w=</latexit>

⇤

<latexit sha1_base64="lsvuP59hfH2bZ6kRaW+nFlPPBXo=">AAACAHicbVC7TsNAEDzzDOEVoKQ5ESFRRTbiVUbQ0BEk8pBiE60vm3DK+WzdrZGikIavoIWKDtHyJxT8C05IAQlTjWZ2tbMTJkpact1PZ25+YXFpObeSX11b39gsbG3XbJwagVURq9g0QrCopMYqSVLYSAxCFCqsh72LkV+/R2NlrG+on2AQQVfLjhRAmXT74F9F2AXfgO4qbBWKbskdg88Sb0KKbIJKq/Dlt2ORRqhJKLC26bkJBQMwJIXCYd5PLSYgetDFZkY1RGiDwTj1kO+nFijmCRouFR+L+HtjAJG1/SjMJiOgOzvtjcT/vGZKnbNgIHWSEmoxOkRS4fiQFUZmdSBvS4NEMEqOXGouwAARGslBiExMs37yWR/e9PezpHZY8k5Kx9dHxfL5pJkc22V77IB57JSV2SWrsCoTzLAn9sxenEfn1Xlz3n9G55zJzg77A+fjG4j5lys=</latexit>

|⌦i

Choi state 	
preparation 

<latexit sha1_base64="BXi7Cu4Se2F2UQqGQSAs4RFNvUE=">AAAB+XicbVC7TsNAEDyHVwivACXNiQiJKrIRrzKChoIiSOQhJVa0vmzCKeeH7tZIkZWPoIWKDtHyNRT8C7ZxAQlTjWZmtbvjRUoasu1Pq7S0vLK6Vl6vbGxube9Ud/faJoy1wJYIVai7HhhUMsAWSVLYjTSC7ynseJPrzO88ojYyDO5pGqHrwziQIymAUqnTv02jQxhUa3bdzsEXiVOQGivQHFS/+sNQxD4GJBQY03PsiNwENEmhcFbpxwYjEBMYYy+lAfho3CQ/d8aPYgMU8gg1l4rnIv6eSMA3Zup7adIHejDzXib+5/ViGl26iQyimDAQ2SKSCvNFRmiZ9oB8KDUSQXY5chlwARqIUEsOQqRinBZTSftw5r9fJO2TunNeP7s7rTWuimbK7IAdsmPmsAvWYDesyVpMsAl7Ys/sxUqsV+vNev+JlqxiZp/9gfXxDcb/k+w=</latexit>

⇤

<latexit sha1_base64="BXi7Cu4Se2F2UQqGQSAs4RFNvUE=">AAAB+XicbVC7TsNAEDyHVwivACXNiQiJKrIRrzKChoIiSOQhJVa0vmzCKeeH7tZIkZWPoIWKDtHyNRT8C7ZxAQlTjWZmtbvjRUoasu1Pq7S0vLK6Vl6vbGxube9Ud/faJoy1wJYIVai7HhhUMsAWSVLYjTSC7ynseJPrzO88ojYyDO5pGqHrwziQIymAUqnTv02jQxhUa3bdzsEXiVOQGivQHFS/+sNQxD4GJBQY03PsiNwENEmhcFbpxwYjEBMYYy+lAfho3CQ/d8aPYgMU8gg1l4rnIv6eSMA3Zup7adIHejDzXib+5/ViGl26iQyimDAQ2SKSCvNFRmiZ9oB8KDUSQXY5chlwARqIUEsOQqRinBZTSftw5r9fJO2TunNeP7s7rTWuimbK7IAdsmPmsAvWYDesyVpMsAl7Ys/sxUqsV+vNev+JlqxiZp/9gfXxDcb/k+w=</latexit>

⇤

<latexit sha1_base64="mjBHn1GKwxUHPLby9o1mYJ2criM=">AAAB/3icbVC7TsNAEDyHVwivACXNiQiJKrIRrzKChoIiSOQhxVa0vmySU84P7tZIkZWCr6CFig7R8ikU/At2SAGBqUYzs9rd8WMlDdn2h1VYWFxaXimultbWNza3yts7TRMlWmBDRCrSbR8MKhligyQpbMcaIfAVtvzRZe637lEbGYW3NI7RC2AQyr4UQJnkuUOg1L3O8j2YdMsVu2pPwf8SZ0YqbIZ6t/zp9iKRBBiSUGBMx7Fj8lLQJIXCSclNDMYgRjDATkZDCNB46fToCT9IDFDEY9RcKj4V8edECoEx48DPkgHQ0Mx7ufif10mof+6lMowTwlDki0gqnC4yQsusDeQ9qZEI8suRy5AL0ECEWnIQIhOTrJ5S1ocz//1f0jyqOqfVk5vjSu1i1kyR7bF9dsgcdsZq7IrVWYMJdsce2RN7th6sF+vVevuOFqzZzC77Bev9C7xklrk=</latexit>

⇤̂

<latexit sha1_base64="Hh8p93nXHmu0TRc1h+tYJY43RVQ="></latexit>

k⇤̂� ⇤k⇧  "

Optimal  
quantum state  
tomography  

Our idea for the optimal algorithm
What is the first guess you’d make as a student learning basics of quantum channels?

(HINT: Choi isomorphism)

  Let’s run optimal state tomography on the Choi state.    

Spoiler, it suffices:
Optimal channel tomography  Optimal state tomography on Choi-state=

(Assuming the existence of an optimal state tomography algorithm)

Antonio Anna Mele · FU Berlin PhD student · Optimal channel learning (arXiv:2512.10214)



Choi-state tomography suffices.

Take-home message

<latexit sha1_base64="lsvuP59hfH2bZ6kRaW+nFlPPBXo=">AAACAHicbVC7TsNAEDzzDOEVoKQ5ESFRRTbiVUbQ0BEk8pBiE60vm3DK+WzdrZGikIavoIWKDtHyJxT8C05IAQlTjWZ2tbMTJkpact1PZ25+YXFpObeSX11b39gsbG3XbJwagVURq9g0QrCopMYqSVLYSAxCFCqsh72LkV+/R2NlrG+on2AQQVfLjhRAmXT74F9F2AXfgO4qbBWKbskdg88Sb0KKbIJKq/Dlt2ORRqhJKLC26bkJBQMwJIXCYd5PLSYgetDFZkY1RGiDwTj1kO+nFijmCRouFR+L+HtjAJG1/SjMJiOgOzvtjcT/vGZKnbNgIHWSEmoxOkRS4fiQFUZmdSBvS4NEMEqOXGouwAARGslBiExMs37yWR/e9PezpHZY8k5Kx9dHxfL5pJkc22V77IB57JSV2SWrsCoTzLAn9sxenEfn1Xlz3n9G55zJzg77A+fjG4j5lys=</latexit>

|⌦i

<latexit sha1_base64="lsvuP59hfH2bZ6kRaW+nFlPPBXo=">AAACAHicbVC7TsNAEDzzDOEVoKQ5ESFRRTbiVUbQ0BEk8pBiE60vm3DK+WzdrZGikIavoIWKDtHyJxT8C05IAQlTjWZ2tbMTJkpact1PZ25+YXFpObeSX11b39gsbG3XbJwagVURq9g0QrCopMYqSVLYSAxCFCqsh72LkV+/R2NlrG+on2AQQVfLjhRAmXT74F9F2AXfgO4qbBWKbskdg88Sb0KKbIJKq/Dlt2ORRqhJKLC26bkJBQMwJIXCYd5PLSYgetDFZkY1RGiDwTj1kO+nFijmCRouFR+L+HtjAJG1/SjMJiOgOzvtjcT/vGZKnbNgIHWSEmoxOkRS4fiQFUZmdSBvS4NEMEqOXGouwAARGslBiExMs37yWR/e9PezpHZY8k5Kx9dHxfL5pJkc22V77IB57JSV2SWrsCoTzLAn9sxenEfn1Xlz3n9G55zJzg77A+fjG4j5lys=</latexit>

|⌦i
<latexit sha1_base64="BXi7Cu4Se2F2UQqGQSAs4RFNvUE=">AAAB+XicbVC7TsNAEDyHVwivACXNiQiJKrIRrzKChoIiSOQhJVa0vmzCKeeH7tZIkZWPoIWKDtHyNRT8C7ZxAQlTjWZmtbvjRUoasu1Pq7S0vLK6Vl6vbGxube9Ud/faJoy1wJYIVai7HhhUMsAWSVLYjTSC7ynseJPrzO88ojYyDO5pGqHrwziQIymAUqnTv02jQxhUa3bdzsEXiVOQGivQHFS/+sNQxD4GJBQY03PsiNwENEmhcFbpxwYjEBMYYy+lAfho3CQ/d8aPYgMU8gg1l4rnIv6eSMA3Zup7adIHejDzXib+5/ViGl26iQyimDAQ2SKSCvNFRmiZ9oB8KDUSQXY5chlwARqIUEsOQqRinBZTSftw5r9fJO2TunNeP7s7rTWuimbK7IAdsmPmsAvWYDesyVpMsAl7Ys/sxUqsV+vNev+JlqxiZp/9gfXxDcb/k+w=</latexit>

⇤

<latexit sha1_base64="lsvuP59hfH2bZ6kRaW+nFlPPBXo=">AAACAHicbVC7TsNAEDzzDOEVoKQ5ESFRRTbiVUbQ0BEk8pBiE60vm3DK+WzdrZGikIavoIWKDtHyJxT8C05IAQlTjWZ2tbMTJkpact1PZ25+YXFpObeSX11b39gsbG3XbJwagVURq9g0QrCopMYqSVLYSAxCFCqsh72LkV+/R2NlrG+on2AQQVfLjhRAmXT74F9F2AXfgO4qbBWKbskdg88Sb0KKbIJKq/Dlt2ORRqhJKLC26bkJBQMwJIXCYd5PLSYgetDFZkY1RGiDwTj1kO+nFijmCRouFR+L+HtjAJG1/SjMJiOgOzvtjcT/vGZKnbNgIHWSEmoxOkRS4fiQFUZmdSBvS4NEMEqOXGouwAARGslBiExMs37yWR/e9PezpHZY8k5Kx9dHxfL5pJkc22V77IB57JSV2SWrsCoTzLAn9sxenEfn1Xlz3n9G55zJzg77A+fjG4j5lys=</latexit>

|⌦i

Choi state 	
preparation 

<latexit sha1_base64="BXi7Cu4Se2F2UQqGQSAs4RFNvUE=">AAAB+XicbVC7TsNAEDyHVwivACXNiQiJKrIRrzKChoIiSOQhJVa0vmzCKeeH7tZIkZWPoIWKDtHyNRT8C7ZxAQlTjWZmtbvjRUoasu1Pq7S0vLK6Vl6vbGxube9Ud/faJoy1wJYIVai7HhhUMsAWSVLYjTSC7ynseJPrzO88ojYyDO5pGqHrwziQIymAUqnTv02jQxhUa3bdzsEXiVOQGivQHFS/+sNQxD4GJBQY03PsiNwENEmhcFbpxwYjEBMYYy+lAfho3CQ/d8aPYgMU8gg1l4rnIv6eSMA3Zup7adIHejDzXib+5/ViGl26iQyimDAQ2SKSCvNFRmiZ9oB8KDUSQXY5chlwARqIUEsOQqRinBZTSftw5r9fJO2TunNeP7s7rTWuimbK7IAdsmPmsAvWYDesyVpMsAl7Ys/sxUqsV+vNev+JlqxiZp/9gfXxDcb/k+w=</latexit>

⇤

<latexit sha1_base64="BXi7Cu4Se2F2UQqGQSAs4RFNvUE=">AAAB+XicbVC7TsNAEDyHVwivACXNiQiJKrIRrzKChoIiSOQhJVa0vmzCKeeH7tZIkZWPoIWKDtHyNRT8C7ZxAQlTjWZmtbvjRUoasu1Pq7S0vLK6Vl6vbGxube9Ud/faJoy1wJYIVai7HhhUMsAWSVLYjTSC7ynseJPrzO88ojYyDO5pGqHrwziQIymAUqnTv02jQxhUa3bdzsEXiVOQGivQHFS/+sNQxD4GJBQY03PsiNwENEmhcFbpxwYjEBMYYy+lAfho3CQ/d8aPYgMU8gg1l4rnIv6eSMA3Zup7adIHejDzXib+5/ViGl26iQyimDAQ2SKSCvNFRmiZ9oB8KDUSQXY5chlwARqIUEsOQqRinBZTSftw5r9fJO2TunNeP7s7rTWuimbK7IAdsmPmsAvWYDesyVpMsAl7Ys/sxUqsV+vNev+JlqxiZp/9gfXxDcb/k+w=</latexit>

⇤

<latexit sha1_base64="mjBHn1GKwxUHPLby9o1mYJ2criM=">AAAB/3icbVC7TsNAEDyHVwivACXNiQiJKrIRrzKChoIiSOQhxVa0vmySU84P7tZIkZWCr6CFig7R8ikU/At2SAGBqUYzs9rd8WMlDdn2h1VYWFxaXimultbWNza3yts7TRMlWmBDRCrSbR8MKhligyQpbMcaIfAVtvzRZe637lEbGYW3NI7RC2AQyr4UQJnkuUOg1L3O8j2YdMsVu2pPwf8SZ0YqbIZ6t/zp9iKRBBiSUGBMx7Fj8lLQJIXCSclNDMYgRjDATkZDCNB46fToCT9IDFDEY9RcKj4V8edECoEx48DPkgHQ0Mx7ufif10mof+6lMowTwlDki0gqnC4yQsusDeQ9qZEI8suRy5AL0ECEWnIQIhOTrJ5S1ocz//1f0jyqOqfVk5vjSu1i1kyR7bF9dsgcdsZq7IrVWYMJdsce2RN7th6sF+vVevuOFqzZzC77Bev9C7xklrk=</latexit>

⇤̂

<latexit sha1_base64="Hh8p93nXHmu0TRc1h+tYJY43RVQ="></latexit>

k⇤̂� ⇤k⇧  "

Optimal  
quantum state  
tomography  

Common objection: doesn't this incur a dimensional overhead?
Answer: No (if you analyze the ‘error state’ directly in diamond norm)

Antonio Anna Mele · FU Berlin PhD student · Optimal channel learning (arXiv:2512.10214)



The optimal state-tomography algorithm we use

arXiv:2511.15806

<latexit sha1_base64="FKPa0ROrdVKWPjKQRDsilzzoE3E=">AAAB/HicbVC7TsNAEDyHVwivACXNiQiJKrIRrzKChjJI5CGSKFpfNskp57N1t0aKrPAVtFDRIVr+hYJ/wTEpIGGq0cyudnb8SElLrvvp5JaWV1bX8uuFjc2t7Z3i7l7dhrERWBOhCk3TB4tKaqyRJIXNyCAEvsKGP7qe+o0HNFaG+o7GEXYCGGjZlwIole7bQ6CkbYbhpFssuWU3A18k3oyU2AzVbvGr3QtFHKAmocDaludG1EnAkBQKJ4V2bDECMYIBtlKqIUDbSbLEE34UW6CQR2i4VDwT8fdGAoG148BPJwOgoZ33puJ/Xium/mUnkTqKCbWYHiKpMDtkhZFpFch70iARTJMjl5oLMECERnIQIhXjtJtC2oc3//0iqZ+UvfPy2e1pqXI1aybPDtghO2Yeu2AVdsOqrMYE0+yJPbMX59F5dd6c95/RnDPb2Wd/4Hx8A75KlaM=</latexit>

ω̂

<latexit sha1_base64="yiF0+3RupswZIL3uHZXGilU+COg=">AAACGnicbVC7TsNAEDzzDOFloKQ5EYFoiGzEq0TQUAaJJEhxFK2PJTnlfLbu1kiRyR/wCXwFLVR0iJaGgn/BDil4TXEazexqbyZMlLTkee/OxOTU9Mxsaa48v7C4tOyurDZsnBqBdRGr2FyGYFFJjXWSpPAyMQhRqLAZ9k8Lv3mDxspYX9AgwXYEXS2vpQDKpY67FdwGPaAsML14uFO8wW3H54FCHtyAwcRKFWvecSte1RuB/yX+mFTYGLWO+xFcxSKNUJNQYG3L9xJqZ2BICoXDcpBaTED0oYutnGqI0LazUZ4h30wtUMwTNFwqPhLx+0YGkbWDKMwnI6Ce/e0V4n9eK6Xro3YmdZISalEcIpknLQ5ZYWReFPIraZAIip8jl5oLMECERnIQIhfTvLly3of/O/1f0tit+gfV/fO9yvHJuJkSW2cbbJv57JAdszNWY3Um2B17YI/sybl3np0X5/VrdMIZ76yxH3DePgFAPqEq</latexit>

→ω̂↑ ω→1 ↓ ε

Classical computer

|ρ⟩

<latexit sha1_base64="aP/JZ0SmjeFQcWNdrUYsZbRf1Vc=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2NADx4jGBNIljA7mc0OmccyMyuEkF/w4kERr/6QN//G2WQPmljQUFR1090VpZwZ6/vfXmlldW19o7xZ2dre2d2r7h88GpVpQltEcaU7ETaUM0lblllOO6mmWESctqPRTe63n6g2TMkHO05pKPBQspgRbHOppxPVr9b8uj8DWiZBQWpQoNmvfvUGimSCSks4NqYb+KkNJ1hbRjidVnqZoSkmIzykXUclFtSEk9mtU3TilAGKlXYlLZqpvycmWBgzFpHrFNgmZtHLxf+8bmbj63DCZJpZKsl8UZxxZBXKH0cDpimxfOwIJpq5WxFJsMbEungqLoRg8eVl8nhWDy7rF/fntcZtEUcZjuAYTiGAK2jAHTShBQQSeIZXePOE9+K9ex/z1pJXzBzCH3ifPyOGjlM=</latexit>⇢
Random 

purification
channel

Pure state 
tomography	
algorithm

ρ

ρ

|ρ⟩

ρ

|ρ⟩
Optimal (mixed) state tomography 

[PSTW25] 

Antonio Anna Mele · FU Berlin PhD student · Optimal channel learning (arXiv:2512.10214)



ρ

ρ

ρ

<latexit sha1_base64="FKPa0ROrdVKWPjKQRDsilzzoE3E=">AAAB/HicbVC7TsNAEDyHVwivACXNiQiJKrIRrzKChjJI5CGSKFpfNskp57N1t0aKrPAVtFDRIVr+hYJ/wTEpIGGq0cyudnb8SElLrvvp5JaWV1bX8uuFjc2t7Z3i7l7dhrERWBOhCk3TB4tKaqyRJIXNyCAEvsKGP7qe+o0HNFaG+o7GEXYCGGjZlwIole7bQ6CkbYbhpFssuWU3A18k3oyU2AzVbvGr3QtFHKAmocDaludG1EnAkBQKJ4V2bDECMYIBtlKqIUDbSbLEE34UW6CQR2i4VDwT8fdGAoG148BPJwOgoZ33puJ/Xium/mUnkTqKCbWYHiKpMDtkhZFpFch70iARTJMjl5oLMECERnIQIhXjtJtC2oc3//0iqZ+UvfPy2e1pqXI1aybPDtghO2Yeu2AVdsOqrMYE0+yJPbMX59F5dd6c95/RnDPb2Wd/4Hx8A75KlaM=</latexit>

ω̂

<latexit sha1_base64="yiF0+3RupswZIL3uHZXGilU+COg=">AAACGnicbVC7TsNAEDzzDOFloKQ5EYFoiGzEq0TQUAaJJEhxFK2PJTnlfLbu1kiRyR/wCXwFLVR0iJaGgn/BDil4TXEazexqbyZMlLTkee/OxOTU9Mxsaa48v7C4tOyurDZsnBqBdRGr2FyGYFFJjXWSpPAyMQhRqLAZ9k8Lv3mDxspYX9AgwXYEXS2vpQDKpY67FdwGPaAsML14uFO8wW3H54FCHtyAwcRKFWvecSte1RuB/yX+mFTYGLWO+xFcxSKNUJNQYG3L9xJqZ2BICoXDcpBaTED0oYutnGqI0LazUZ4h30wtUMwTNFwqPhLx+0YGkbWDKMwnI6Ce/e0V4n9eK6Xro3YmdZISalEcIpknLQ5ZYWReFPIraZAIip8jl5oLMECERnIQIhfTvLly3of/O/1f0tit+gfV/fO9yvHJuJkSW2cbbJv57JAdszNWY3Um2B17YI/sybl3np0X5/VrdMIZ76yxH3DePgFAPqEq</latexit>

→ω̂↑ ω→1 ↓ ε

Classical computer

<latexit sha1_base64="aP/JZ0SmjeFQcWNdrUYsZbRf1Vc=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2NADx4jGBNIljA7mc0OmccyMyuEkF/w4kERr/6QN//G2WQPmljQUFR1090VpZwZ6/vfXmlldW19o7xZ2dre2d2r7h88GpVpQltEcaU7ETaUM0lblllOO6mmWESctqPRTe63n6g2TMkHO05pKPBQspgRbHOppxPVr9b8uj8DWiZBQWpQoNmvfvUGimSCSks4NqYb+KkNJ1hbRjidVnqZoSkmIzykXUclFtSEk9mtU3TilAGKlXYlLZqpvycmWBgzFpHrFNgmZtHLxf+8bmbj63DCZJpZKsl8UZxxZBXKH0cDpimxfOwIJpq5WxFJsMbEungqLoRg8eVl8nhWDy7rF/fntcZtEUcZjuAYTiGAK2jAHTShBQQSeIZXePOE9+K9ex/z1pJXzBzCH3ifPyOGjlM=</latexit>⇢

The optimal state-tomography algorithm we use

arXiv:2511.15806

Random 
purification
channel

Optimal 
pure-state 
tomography	

Antonio Anna Mele · FU Berlin PhD student · Optimal channel learning (arXiv:2512.10214)



ρ

ρ

ρ

<latexit sha1_base64="FKPa0ROrdVKWPjKQRDsilzzoE3E=">AAAB/HicbVC7TsNAEDyHVwivACXNiQiJKrIRrzKChjJI5CGSKFpfNskp57N1t0aKrPAVtFDRIVr+hYJ/wTEpIGGq0cyudnb8SElLrvvp5JaWV1bX8uuFjc2t7Z3i7l7dhrERWBOhCk3TB4tKaqyRJIXNyCAEvsKGP7qe+o0HNFaG+o7GEXYCGGjZlwIole7bQ6CkbYbhpFssuWU3A18k3oyU2AzVbvGr3QtFHKAmocDaludG1EnAkBQKJ4V2bDECMYIBtlKqIUDbSbLEE34UW6CQR2i4VDwT8fdGAoG148BPJwOgoZ33puJ/Xium/mUnkTqKCbWYHiKpMDtkhZFpFch70iARTJMjl5oLMECERnIQIhXjtJtC2oc3//0iqZ+UvfPy2e1pqXI1aybPDtghO2Yeu2AVdsOqrMYE0+yJPbMX59F5dd6c95/RnDPb2Wd/4Hx8A75KlaM=</latexit>

ω̂

<latexit sha1_base64="yiF0+3RupswZIL3uHZXGilU+COg=">AAACGnicbVC7TsNAEDzzDOFloKQ5EYFoiGzEq0TQUAaJJEhxFK2PJTnlfLbu1kiRyR/wCXwFLVR0iJaGgn/BDil4TXEazexqbyZMlLTkee/OxOTU9Mxsaa48v7C4tOyurDZsnBqBdRGr2FyGYFFJjXWSpPAyMQhRqLAZ9k8Lv3mDxspYX9AgwXYEXS2vpQDKpY67FdwGPaAsML14uFO8wW3H54FCHtyAwcRKFWvecSte1RuB/yX+mFTYGLWO+xFcxSKNUJNQYG3L9xJqZ2BICoXDcpBaTED0oYutnGqI0LazUZ4h30wtUMwTNFwqPhLx+0YGkbWDKMwnI6Ce/e0V4n9eK6Xro3YmdZISalEcIpknLQ5ZYWReFPIraZAIip8jl5oLMECERnIQIhfTvLly3of/O/1f0tit+gfV/fO9yvHJuJkSW2cbbJv57JAdszNWY3Um2B17YI/sybl3np0X5/VrdMIZ76yxH3DePgFAPqEq</latexit>

→ω̂↑ ω→1 ↓ ε

Classical computer

<latexit sha1_base64="aP/JZ0SmjeFQcWNdrUYsZbRf1Vc=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2NADx4jGBNIljA7mc0OmccyMyuEkF/w4kERr/6QN//G2WQPmljQUFR1090VpZwZ6/vfXmlldW19o7xZ2dre2d2r7h88GpVpQltEcaU7ETaUM0lblllOO6mmWESctqPRTe63n6g2TMkHO05pKPBQspgRbHOppxPVr9b8uj8DWiZBQWpQoNmvfvUGimSCSks4NqYb+KkNJ1hbRjidVnqZoSkmIzykXUclFtSEk9mtU3TilAGKlXYlLZqpvycmWBgzFpHrFNgmZtHLxf+8bmbj63DCZJpZKsl8UZxxZBXKH0cDpimxfOwIJpq5WxFJsMbEungqLoRg8eVl8nhWDy7rF/fntcZtEUcZjuAYTiGAK2jAHTShBQQSeIZXePOE9+K9ex/z1pJXzBzCH3ifPyOGjlM=</latexit>⇢

The optimal state-tomography algorithm we use

arXiv:2511.15806

<latexit sha1_base64="lhJPvUmvt8COWoqKKEJsDANapbo=">AAACBXicbVC7TsNAEDzzDOHlQElzIkKiimzEq4ygoUJBIg8pNtH5sklOOT90twZFVmq+ghYqOkTLd1DwL9jGBSRMNZrZ1eyOF0mh0bI+jYXFpeWV1dJaeX1jc2vbrOy0dBgrDk0eylB1PKZBigCaKFBCJ1LAfE9C2xtfZn77HpQWYXCLkwhcnw0DMRCcYSr1zIqjRuFd4oQofND0elrumVWrZuWg88QuSJUUaPTML6cf8tiHALlkWndtK0I3YQoFlzAtO7GGiPExG0I3pQFLg9wkP31KD2LNMKQRKCokzUX4vZEwX+uJ76WTPsORnvUy8T+vG+Pg3E1EEMUIAc+CUEjIgzRXIu0EaF8oQGTZ5UBFQDlTDBGUoIzzVIzTkrI+7Nnv50nrqGaf1k5ujqv1i6KZEtkj++SQ2OSM1MkVaZAm4eSBPJFn8mI8Gq/Gm/H+M7pgFDu75A+Mj2+/eZhE</latexit>

ω→N <latexit sha1_base64="zLF32hIIuHbAjw8b0RinJjg9IGI=">AAACA3icbVC7TsNAEDzzDOGRACXNiQiJKrIRrzKChjJI5CElUbS+bJJTzmfrbg2KopR8BS1UdIiWD6HgX3CMC0iYajSzq50dP1LSkut+OkvLK6tr67mN/ObW9k6huLtXt2FsBNZEqELT9MGikhprJElhMzIIga+w4Y+uZ37jHo2Vob6jcYSdAAZa9qUASqRusdBWoR4YORgSGBM+dIslt+ym4IvEy0iJZah2i1/tXijiADUJBda2PDeizgQMSaFwmm/HFiMQIxhgK6EaArSdSRp8yo9iCxTyCA2Xiqci/t6YQGDtOPCTyQBoaOe9mfif14qpf9mZSB3FhFrMDpFUmB6ywsikEeQ9aZAIZsmRS80FGCBCIzkIkYhxUlE+6cOb/36R1E/K3nn57Pa0VLnKmsmxA3bIjpnHLliF3bAqqzHBYvbEntmL8+i8Om/O+8/okpPt7LM/cD6+AVg2mCU=</latexit>→↑ <latexit sha1_base64="kyXm/QAbrXR1sdHeAYsRXLYPGSY=">AAACDnicbVC7TsNAEDyHd3gZ6KA5ESFRRTbiVUbQUCGQCCDFIVofm+SU89m6WyNFJhKfwFfQQkWHaPkFCv4FO6TgNdVoZlezO2GipCXPe3dKY+MTk1PTM+XZufmFRXdp+dzGqRFYF7GKzWUIFpXUWCdJCi8TgxCFCi/C3mHhX9ygsTLWZ9RPsBlBR8u2FEC51HJXy7eB6caBAd1ReJUFMckILT8elFtuxat6Q/C/xB+RChvhpOV+BNexSCPUJBRY2/C9hJoZGJJC4aAcpBYTED3oYCOnGvKgZjb8YcA3UgsU8wQNl4oPRfy+kUFkbT8K88kIqGt/e4X4n9dIqb3fzKROUkItiiCSCodBVhiZl4P8WhokguJy5FJzAQaI0EgOQuRimrdV9OH//v4vOd+q+rvVndPtSu1g1Mw0W2PrbJP5bI/V2BE7YXUm2B17YI/sybl3np0X5/VrtOSMdlbYDzhvn471m/k=</latexit>

|ω→→N <latexit sha1_base64="vhAyfKrvXN+PSunu2sdsq2oLZlY=">AAACDHicbVC7TsNAEDyHd3gFaJBoTkRIFCiyEa8ygoYSJAJIcRStL0tyyvls3a1BkQmfwFfQQkWHaPkHCv4Fx7jgNdVoZle7M0GspCXXfXdKY+MTk1PTM+XZufmFxcrS8rmNEiOwISIVmcsALCqpsUGSFF7GBiEMFF4E/aORf3GNxspIn9EgxlYIXS2vpADKpHZl9da/kR3sAaW+6UVDf8s3oLsK25WqW3Nz8L/EK0iVFThpVz78TiSSEDUJBdY2PTemVgqGpFA4LPuJxRhEH7rYzKiGEG0rzRMM+UZigSIeo+FS8VzE7xsphNYOwiCbDIF69rc3Ev/zmgldHbRSqeOEUIvRIZIK80NWGJlVg7wjDRLB6HPkUnMBBojQSA5CZGKSdVXO+vB+p/9Lzrdr3l5t93SnWj8smplma2ydbTKP7bM6O2YnrMEEu2MP7JE9OffOs/PivH6NlpxiZ4X9gPP2CTT2m+I=</latexit>

|ω̂ → <latexit sha1_base64="d/Hox1nwH0QFHBfPjuSaaR0GLIQ="></latexit>

ω̂ = TrCr (|ω̂ →↑ω̂ |)<latexit sha1_base64="zLF32hIIuHbAjw8b0RinJjg9IGI=">AAACA3icbVC7TsNAEDzzDOGRACXNiQiJKrIRrzKChjJI5CElUbS+bJJTzmfrbg2KopR8BS1UdIiWD6HgX3CMC0iYajSzq50dP1LSkut+OkvLK6tr67mN/ObW9k6huLtXt2FsBNZEqELT9MGikhprJElhMzIIga+w4Y+uZ37jHo2Vob6jcYSdAAZa9qUASqRusdBWoR4YORgSGBM+dIslt+ym4IvEy0iJZah2i1/tXijiADUJBda2PDeizgQMSaFwmm/HFiMQIxhgK6EaArSdSRp8yo9iCxTyCA2Xiqci/t6YQGDtOPCTyQBoaOe9mfif14qpf9mZSB3FhFrMDpFUmB6ywsikEeQ9aZAIZsmRS80FGCBCIzkIkYhxUlE+6cOb/36R1E/K3nn57Pa0VLnKmsmxA3bIjpnHLliF3bAqqzHBYvbEntmL8+i8Om/O+8/okpPt7LM/cD6+AVg2mCU=</latexit>→↑
<latexit sha1_base64="zLF32hIIuHbAjw8b0RinJjg9IGI=">AAACA3icbVC7TsNAEDzzDOGRACXNiQiJKrIRrzKChjJI5CElUbS+bJJTzmfrbg2KopR8BS1UdIiWD6HgX3CMC0iYajSzq50dP1LSkut+OkvLK6tr67mN/ObW9k6huLtXt2FsBNZEqELT9MGikhprJElhMzIIga+w4Y+uZ37jHo2Vob6jcYSdAAZa9qUASqRusdBWoR4YORgSGBM+dIslt+ym4IvEy0iJZah2i1/tXijiADUJBda2PDeizgQMSaFwmm/HFiMQIxhgK6EaArSdSRp8yo9iCxTyCA2Xiqci/t6YQGDtOPCTyQBoaOe9mfif14qpf9mZSB3FhFrMDpFUmB6ywsikEeQ9aZAIZsmRS80FGCBCIzkIkYhxUlE+6cOb/36R1E/K3nn57Pa0VLnKmsmxA3bIjpnHLliF3bAqqzHBYvbEntmL8+i8Om/O+8/okpPt7LM/cD6+AVg2mCU=</latexit>→↑

Random 
purification
channel

Optimal 
pure-state 
tomography	

Rank-  
mixed state

r
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Random purification channel

<latexit sha1_base64="aP/JZ0SmjeFQcWNdrUYsZbRf1Vc=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2NADx4jGBNIljA7mc0OmccyMyuEkF/w4kERr/6QN//G2WQPmljQUFR1090VpZwZ6/vfXmlldW19o7xZ2dre2d2r7h88GpVpQltEcaU7ETaUM0lblllOO6mmWESctqPRTe63n6g2TMkHO05pKPBQspgRbHOppxPVr9b8uj8DWiZBQWpQoNmvfvUGimSCSks4NqYb+KkNJ1hbRjidVnqZoSkmIzykXUclFtSEk9mtU3TilAGKlXYlLZqpvycmWBgzFpHrFNgmZtHLxf+8bmbj63DCZJpZKsl8UZxxZBXKH0cDpimxfOwIJpq5WxFJsMbEungqLoRg8eVl8nhWDy7rF/fntcZtEUcZjuAYTiGAK2jAHTShBQQSeIZXePOE9+K9ex/z1pJXzBzCH3ifPyOGjlM=</latexit>⇢
Random 

purification
channel

ρ

ρ

ρ

=

<latexit sha1_base64="OEPA7YALOnKV50VaQ5qPnQgfjvs="></latexit>

!d,r
Purify

(
ω→n

)
= E|ω↑

[
|ω→↑ω|→n

]

U

U

U

, U ∼ Haar(r)

<latexit sha1_base64="dDxwuc27pXgE/uqAg7G+0loYzAc=">AAACA3icbVC7TsNAEDzzDOERAyXNiQiJKrIRrzKChjJI5CElUbS+bJJTzmfrbo0UhZR8BS1UdIiWD6HgX7BDCkiYajSzq52dIFbSkud9OkvLK6tr67mN/ObW9k7B3d2r2SgxAqsiUpFpBGBRSY1VkqSwERuEMFBYD4bXmV+/R2NlpO9oFGM7hL6WPSmAUqnjFh5aZhB1vJYB3VfIO27RK3lT8EXiz0iRzVDpuF+tbiSSEDUJBdY2fS+m9hgMSaFwkm8lFmMQQ+hjM6UaQrTt8TT4hB8lFijiMRouFZ+K+HtjDKG1ozBIJ0OggZ33MvE/r5lQ77I9ljpOCLXIDpFMv8sOWWFk2gjyrjRIBFly5FJzAQaI0EgOQqRiklaUT/vw579fJLWTkn9eOrs9LZavZs3k2AE7ZMfMZxeszG5YhVWZYAl7Ys/sxXl0Xp035/1ndMmZ7eyzP3A+vgFEE5d1</latexit>

|ω0→
<latexit sha1_base64="dDxwuc27pXgE/uqAg7G+0loYzAc=">AAACA3icbVC7TsNAEDzzDOERAyXNiQiJKrIRrzKChjJI5CElUbS+bJJTzmfrbo0UhZR8BS1UdIiWD6HgX7BDCkiYajSzq52dIFbSkud9OkvLK6tr67mN/ObW9k7B3d2r2SgxAqsiUpFpBGBRSY1VkqSwERuEMFBYD4bXmV+/R2NlpO9oFGM7hL6WPSmAUqnjFh5aZhB1vJYB3VfIO27RK3lT8EXiz0iRzVDpuF+tbiSSEDUJBdY2fS+m9hgMSaFwkm8lFmMQQ+hjM6UaQrTt8TT4hB8lFijiMRouFZ+K+HtjDKG1ozBIJ0OggZ33MvE/r5lQ77I9ljpOCLXIDpFMv8sOWWFk2gjyrjRIBFly5FJzAQaI0EgOQqRiklaUT/vw579fJLWTkn9eOrs9LZavZs3k2AE7ZMfMZxeszG5YhVWZYAl7Ys/sxXl0Xp035/1ndMmZ7eyzP3A+vgFEE5d1</latexit>

|ω0→
<latexit sha1_base64="dDxwuc27pXgE/uqAg7G+0loYzAc=">AAACA3icbVC7TsNAEDzzDOERAyXNiQiJKrIRrzKChjJI5CElUbS+bJJTzmfrbo0UhZR8BS1UdIiWD6HgX7BDCkiYajSzq52dIFbSkud9OkvLK6tr67mN/ObW9k7B3d2r2SgxAqsiUpFpBGBRSY1VkqSwERuEMFBYD4bXmV+/R2NlpO9oFGM7hL6WPSmAUqnjFh5aZhB1vJYB3VfIO27RK3lT8EXiz0iRzVDpuF+tbiSSEDUJBdY2fS+m9hgMSaFwkm8lFmMQQ+hjM6UaQrTt8TT4hB8lFijiMRouFZ+K+HtjDKG1ozBIJ0OggZ33MvE/r5lQ77I9ljpOCLXIDpFMv8sOWWFk2gjyrjRIBFly5FJzAQaI0EgOQqRiklaUT/vw579fJLWTkn9eOrs9LZavZs3k2AE7ZMfMZxeszG5YhVWZYAl7Ys/sxXl0Xp035/1ndMmZ7eyzP3A+vgFEE5d1</latexit>

|ω0→

<latexit sha1_base64="hnKTSgA071jyA9Z2sPPsRQELss8="></latexit>

|ω→ ↑ Cd ↓ Cr

[Tang, Wright, Zhandry (2025)]
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Proof of correctness   
(mixed state tomography)

Naive approach doesn’t work for channels:

<latexit sha1_base64="1DqMxBDPfCL3+6gxRdN7N05WvkM="></latexit>

→ω̂↑ ω→1 =
∥∥∥TrCr

(
|ω̂↓↔ω̂|↑ |ω↓↔ω|

)∥∥∥
1
↗

∥∥|ω̂↓↔ω̂|↑ |ω↓↔ω|
∥∥
1
↗ ε.

<latexit sha1_base64="zLF32hIIuHbAjw8b0RinJjg9IGI=">AAACA3icbVC7TsNAEDzzDOGRACXNiQiJKrIRrzKChjJI5CElUbS+bJJTzmfrbg2KopR8BS1UdIiWD6HgX3CMC0iYajSzq50dP1LSkut+OkvLK6tr67mN/ObW9k6huLtXt2FsBNZEqELT9MGikhprJElhMzIIga+w4Y+uZ37jHo2Vob6jcYSdAAZa9qUASqRusdBWoR4YORgSGBM+dIslt+ym4IvEy0iJZah2i1/tXijiADUJBda2PDeizgQMSaFwmm/HFiMQIxhgK6EaArSdSRp8yo9iCxTyCA2Xiqci/t6YQGDtOPCTyQBoaOe9mfif14qpf9mZSB3FhFrMDpFUmB6ywsikEeQ9aZAIZsmRS80FGCBCIzkIkYhxUlE+6cOb/36R1E/K3nn57Pa0VLnKmsmxA3bIjpnHLliF3bAqqzHBYvbEntmL8+i8Om/O+8/okpPt7LM/cD6+AVg2mCU=</latexit>→↑
<latexit sha1_base64="EmMBOxnQ+tj2e3O9XpvamOPH1g0="></latexit>

N = O

(
rd

ω2

)

<latexit sha1_base64="1DqMxBDPfCL3+6gxRdN7N05WvkM="></latexit>

→ω̂↑ ω→1 =
∥∥∥TrCr

(
|ω̂↓↔ω̂|↑ |ω↓↔ω|

)∥∥∥
1
↗

∥∥|ω̂↓↔ω̂|↑ |ω↓↔ω|
∥∥
1
↗ ε.

<latexit sha1_base64="rWwP96Y/iuZ8/8oku6FDkxAijZw="></latexit>

|ω→ ↑ Cd ↓ Cr rank-   
mixed state

ρ r <latexit sha1_base64="zLF32hIIuHbAjw8b0RinJjg9IGI=">AAACA3icbVC7TsNAEDzzDOGRACXNiQiJKrIRrzKChjJI5CElUbS+bJJTzmfrbg2KopR8BS1UdIiWD6HgX3CMC0iYajSzq50dP1LSkut+OkvLK6tr67mN/ObW9k6huLtXt2FsBNZEqELT9MGikhprJElhMzIIga+w4Y+uZ37jHo2Vob6jcYSdAAZa9qUASqRusdBWoR4YORgSGBM+dIslt+ym4IvEy0iJZah2i1/tXijiADUJBda2PDeizgQMSaFwmm/HFiMQIxhgK6EaArSdSRp8yo9iCxTyCA2Xiqci/t6YQGDtOPCTyQBoaOe9mfif14qpf9mZSB3FhFrMDpFUmB6ywsikEeQ9aZAIZsmRS80FGCBCIzkIkYhxUlE+6cOb/36R1E/K3nn57Pa0VLnKmsmxA3bIjpnHLliF3bAqqzHBYvbEntmL8+i8Om/O+8/okpPt7LM/cD6+AVg2mCU=</latexit>→↑

<latexit sha1_base64="Umid+pzNkBO4p6ZX8bq61ghxu1c="></latexit>

N = O

(
rd

ω2

)
=→ ↑ε̂↓ ε↑1 ↔ ω.

<latexit sha1_base64="zLF32hIIuHbAjw8b0RinJjg9IGI=">AAACA3icbVC7TsNAEDzzDOGRACXNiQiJKrIRrzKChjJI5CElUbS+bJJTzmfrbg2KopR8BS1UdIiWD6HgX3CMC0iYajSzq50dP1LSkut+OkvLK6tr67mN/ObW9k6huLtXt2FsBNZEqELT9MGikhprJElhMzIIga+w4Y+uZ37jHo2Vob6jcYSdAAZa9qUASqRusdBWoR4YORgSGBM+dIslt+ym4IvEy0iJZah2i1/tXijiADUJBda2PDeizgQMSaFwmm/HFiMQIxhgK6EaArSdSRp8yo9iCxTyCA2Xiqci/t6YQGDtOPCTyQBoaOe9mfif14qpf9mZSB3FhFrMDpFUmB6ywsikEeQ9aZAIZsmRS80FGCBCIzkIkYhxUlE+6cOb/36R1E/K3nn57Pa0VLnKmsmxA3bIjpnHLliF3bAqqzHBYvbEntmL8+i8Om/O+8/okpPt7LM/cD6+AVg2mCU=</latexit>

→↑(Optimal pure-state  
tomography guarantees)

<latexit sha1_base64="1DqMxBDPfCL3+6gxRdN7N05WvkM="></latexit>

→ω̂↑ ω→1 =
∥∥∥TrCr

(
|ω̂↓↔ω̂|↑ |ω↓↔ω|

)∥∥∥
1
↗

∥∥|ω̂↓↔ω̂|↑ |ω↓↔ω|
∥∥
1
↗ ε.
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Classical computer
<latexit sha1_base64="mjBHn1GKwxUHPLby9o1mYJ2criM=">AAAB/3icbVC7TsNAEDyHVwivACXNiQiJKrIRrzKChoIiSOQhxVa0vmySU84P7tZIkZWCr6CFig7R8ikU/At2SAGBqUYzs9rd8WMlDdn2h1VYWFxaXimultbWNza3yts7TRMlWmBDRCrSbR8MKhligyQpbMcaIfAVtvzRZe637lEbGYW3NI7RC2AQyr4UQJnkuUOg1L3O8j2YdMsVu2pPwf8SZ0YqbIZ6t/zp9iKRBBiSUGBMx7Fj8lLQJIXCSclNDMYgRjDATkZDCNB46fToCT9IDFDEY9RcKj4V8edECoEx48DPkgHQ0Mx7ufif10mof+6lMowTwlDki0gqnC4yQsusDeQ9qZEI8suRy5AL0ECEWnIQIhOTrJ5S1ocz//1f0jyqOqfVk5vjSu1i1kyR7bF9dsgcdsZq7IrVWYMJdsce2RN7th6sF+vVevuOFqzZzC77Bev9C7xklrk=</latexit>

⇤̂

<latexit sha1_base64="aP/JZ0SmjeFQcWNdrUYsZbRf1Vc=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2NADx4jGBNIljA7mc0OmccyMyuEkF/w4kERr/6QN//G2WQPmljQUFR1090VpZwZ6/vfXmlldW19o7xZ2dre2d2r7h88GpVpQltEcaU7ETaUM0lblllOO6mmWESctqPRTe63n6g2TMkHO05pKPBQspgRbHOppxPVr9b8uj8DWiZBQWpQoNmvfvUGimSCSks4NqYb+KkNJ1hbRjidVnqZoSkmIzykXUclFtSEk9mtU3TilAGKlXYlLZqpvycmWBgzFpHrFNgmZtHLxf+8bmbj63DCZJpZKsl8UZxxZBXKH0cDpimxfOwIJpq5WxFJsMbEungqLoRg8eVl8nhWDy7rF/fntcZtEUcZjuAYTiGAK2jAHTShBQQSeIZXePOE9+K9ex/z1pJXzBzCH3ifPyOGjlM=</latexit>⇢

<latexit sha1_base64="aP/JZ0SmjeFQcWNdrUYsZbRf1Vc=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2NADx4jGBNIljA7mc0OmccyMyuEkF/w4kERr/6QN//G2WQPmljQUFR1090VpZwZ6/vfXmlldW19o7xZ2dre2d2r7h88GpVpQltEcaU7ETaUM0lblllOO6mmWESctqPRTe63n6g2TMkHO05pKPBQspgRbHOppxPVr9b8uj8DWiZBQWpQoNmvfvUGimSCSks4NqYb+KkNJ1hbRjidVnqZoSkmIzykXUclFtSEk9mtU3TilAGKlXYlLZqpvycmWBgzFpHrFNgmZtHLxf+8bmbj63DCZJpZKsl8UZxxZBXKH0cDpimxfOwIJpq5WxFJsMbEungqLoRg8eVl8nhWDy7rF/fntcZtEUcZjuAYTiGAK2jAHTShBQQSeIZXePOE9+K9ex/z1pJXzBzCH3ifPyOGjlM=</latexit>⇢

Random 
purification	
channel

Optimal 
pure-state 
tomography

<latexit sha1_base64="Hh8p93nXHmu0TRc1h+tYJY43RVQ="></latexit>

k⇤̂� ⇤k⇧  "
<latexit sha1_base64="UyqFjoK0RBny5WTG7SxlgE+w/9k=">AAACBnicbVC7TgJBFJ3FF+ILsbSZSEywIbvGV0m0McYCE3kkQMjd4YITZmc3M3eNBOn9Clut7Iytv2Hhv7gghaKnOjnn3Nx7jx8pacl1P5zU3PzC4lJ6ObOyura+kd3MVW0YG4EVEarQ1H2wqKTGCklSWI8MQuArrPn9s7Ffu0VjZaivaRBhK4Cell0pgBKpnc3dXxSal0m+A3tNA7qnsJ3Nu0V3Av6XeFOSZ1OU29nPZicUcYCahAJrG54bUWsIhqRQOMo0Y4sRiD70sJFQDQHa1nBy+4jvxhYo5BEaLhWfiPhzYgiBtYPAT5IB0I2d9cbif14jpu5Jayh1FBNqMV5EUuFkkRVGJqUg70iDRDC+HLnUXIABIjSSgxCJGCctZZI+vNnv/5LqftE7Kh5eHeRLp9Nm0myb7bAC89gxK7FzVmYVJtgde2RP7Nl5cF6cV+ftO5pypjNb7Bec9y8inZh3</latexit>

|J(⇤)i

<latexit sha1_base64="UyqFjoK0RBny5WTG7SxlgE+w/9k=">AAACBnicbVC7TgJBFJ3FF+ILsbSZSEywIbvGV0m0McYCE3kkQMjd4YITZmc3M3eNBOn9Clut7Iytv2Hhv7gghaKnOjnn3Nx7jx8pacl1P5zU3PzC4lJ6ObOyura+kd3MVW0YG4EVEarQ1H2wqKTGCklSWI8MQuArrPn9s7Ffu0VjZaivaRBhK4Cell0pgBKpnc3dXxSal0m+A3tNA7qnsJ3Nu0V3Av6XeFOSZ1OU29nPZicUcYCahAJrG54bUWsIhqRQOMo0Y4sRiD70sJFQDQHa1nBy+4jvxhYo5BEaLhWfiPhzYgiBtYPAT5IB0I2d9cbif14jpu5Jayh1FBNqMV5EUuFkkRVGJqUg70iDRDC+HLnUXIABIjSSgxCJGCctZZI+vNnv/5LqftE7Kh5eHeRLp9Nm0myb7bAC89gxK7FzVmYVJtgde2RP7Nl5cF6cV+ftO5pypjNb7Bec9y8inZh3</latexit>

|J(⇤)i

<latexit sha1_base64="UyqFjoK0RBny5WTG7SxlgE+w/9k=">AAACBnicbVC7TgJBFJ3FF+ILsbSZSEywIbvGV0m0McYCE3kkQMjd4YITZmc3M3eNBOn9Clut7Iytv2Hhv7gghaKnOjnn3Nx7jx8pacl1P5zU3PzC4lJ6ObOyura+kd3MVW0YG4EVEarQ1H2wqKTGCklSWI8MQuArrPn9s7Ffu0VjZaivaRBhK4Cell0pgBKpnc3dXxSal0m+A3tNA7qnsJ3Nu0V3Av6XeFOSZ1OU29nPZicUcYCahAJrG54bUWsIhqRQOMo0Y4sRiD70sJFQDQHa1nBy+4jvxhYo5BEaLhWfiPhzYgiBtYPAT5IB0I2d9cbif14jpu5Jayh1FBNqMV5EUuFkkRVGJqUg70iDRDC+HLnUXIABIjSSgxCJGCctZZI+vNnv/5LqftE7Kh5eHeRLp9Nm0myb7bAC89gxK7FzVmYVJtgde2RP7Nl5cF6cV+ftO5pypjNb7Bec9y8inZh3</latexit>

|J(⇤)i

Channel tomography reduces to pure state tomography!

<latexit sha1_base64="lsvuP59hfH2bZ6kRaW+nFlPPBXo=">AAACAHicbVC7TsNAEDzzDOEVoKQ5ESFRRTbiVUbQ0BEk8pBiE60vm3DK+WzdrZGikIavoIWKDtHyJxT8C05IAQlTjWZ2tbMTJkpact1PZ25+YXFpObeSX11b39gsbG3XbJwagVURq9g0QrCopMYqSVLYSAxCFCqsh72LkV+/R2NlrG+on2AQQVfLjhRAmXT74F9F2AXfgO4qbBWKbskdg88Sb0KKbIJKq/Dlt2ORRqhJKLC26bkJBQMwJIXCYd5PLSYgetDFZkY1RGiDwTj1kO+nFijmCRouFR+L+HtjAJG1/SjMJiOgOzvtjcT/vGZKnbNgIHWSEmoxOkRS4fiQFUZmdSBvS4NEMEqOXGouwAARGslBiExMs37yWR/e9PezpHZY8k5Kx9dHxfL5pJkc22V77IB57JSV2SWrsCoTzLAn9sxenEfn1Xlz3n9G55zJzg77A+fjG4j5lys=</latexit>

|⌦i

<latexit sha1_base64="lsvuP59hfH2bZ6kRaW+nFlPPBXo=">AAACAHicbVC7TsNAEDzzDOEVoKQ5ESFRRTbiVUbQ0BEk8pBiE60vm3DK+WzdrZGikIavoIWKDtHyJxT8C05IAQlTjWZ2tbMTJkpact1PZ25+YXFpObeSX11b39gsbG3XbJwagVURq9g0QrCopMYqSVLYSAxCFCqsh72LkV+/R2NlrG+on2AQQVfLjhRAmXT74F9F2AXfgO4qbBWKbskdg88Sb0KKbIJKq/Dlt2ORRqhJKLC26bkJBQMwJIXCYd5PLSYgetDFZkY1RGiDwTj1kO+nFijmCRouFR+L+HtjAJG1/SjMJiOgOzvtjcT/vGZKnbNgIHWSEmoxOkRS4fiQFUZmdSBvS4NEMEqOXGouwAARGslBiExMs37yWR/e9PezpHZY8k5Kx9dHxfL5pJkc22V77IB57JSV2SWrsCoTzLAn9sxenEfn1Xlz3n9G55zJzg77A+fjG4j5lys=</latexit>

|⌦i

<latexit sha1_base64="lsvuP59hfH2bZ6kRaW+nFlPPBXo=">AAACAHicbVC7TsNAEDzzDOEVoKQ5ESFRRTbiVUbQ0BEk8pBiE60vm3DK+WzdrZGikIavoIWKDtHyJxT8C05IAQlTjWZ2tbMTJkpact1PZ25+YXFpObeSX11b39gsbG3XbJwagVURq9g0QrCopMYqSVLYSAxCFCqsh72LkV+/R2NlrG+on2AQQVfLjhRAmXT74F9F2AXfgO4qbBWKbskdg88Sb0KKbIJKq/Dlt2ORRqhJKLC26bkJBQMwJIXCYd5PLSYgetDFZkY1RGiDwTj1kO+nFijmCRouFR+L+HtjAJG1/SjMJiOgOzvtjcT/vGZKnbNgIHWSEmoxOkRS4fiQFUZmdSBvS4NEMEqOXGouwAARGslBiExMs37yWR/e9PezpHZY8k5Kx9dHxfL5pJkc22V77IB57JSV2SWrsCoTzLAn9sxenEfn1Xlz3n9G55zJzg77A+fjG4j5lys=</latexit>

|⌦i

<latexit sha1_base64="U7pSdNXJDjHnSB7wtneno4pAupE=">AAAB/HicbVDLTgJBEJzFF+IL9ehlIjHBC9k1vo5EL8Z4wEQeEQjpHRqcMDu7mek1IQS/wquevBmv/osH/8Vl5aBonSpV1enu8iMlLbnuh5OZm19YXMou51ZW19Y38ptbNRvGRmBVhCo0DR8sKqmxSpIUNiKDEPgK6/7gfOLX79FYGeobGkbYDqCvZU8KoES6vSy2rpJwF/Y7+YJbclPwv8SbkgKbotLJf7a6oYgD1CQUWNv03IjaIzAkhcJxrhVbjEAMoI/NhGoI0LZH6cVjvhdboJBHaLhUPBXx58QIAmuHgZ8kA6A7O+tNxP+8Zky90/ZI6igm1GKyiKTCdJEVRiZVIO9Kg0QwuRy51FyAASI0koMQiRgn3eSSPrzZ7/+S2kHJOy4dXR8WymfTZrJsh+2yIvPYCSuzC1ZhVSaYZo/siT07D86L8+q8fUczznRmm/2C8/4FLiCUpQ==</latexit>

J(⇤)

<latexit sha1_base64="U7pSdNXJDjHnSB7wtneno4pAupE=">AAAB/HicbVDLTgJBEJzFF+IL9ehlIjHBC9k1vo5EL8Z4wEQeEQjpHRqcMDu7mek1IQS/wquevBmv/osH/8Vl5aBonSpV1enu8iMlLbnuh5OZm19YXMou51ZW19Y38ptbNRvGRmBVhCo0DR8sKqmxSpIUNiKDEPgK6/7gfOLX79FYGeobGkbYDqCvZU8KoES6vSy2rpJwF/Y7+YJbclPwv8SbkgKbotLJf7a6oYgD1CQUWNv03IjaIzAkhcJxrhVbjEAMoI/NhGoI0LZH6cVjvhdboJBHaLhUPBXx58QIAmuHgZ8kA6A7O+tNxP+8Zky90/ZI6igm1GKyiKTCdJEVRiZVIO9Kg0QwuRy51FyAASI0koMQiRgn3eSSPrzZ7/+S2kHJOy4dXR8WymfTZrJsh+2yIvPYCSuzC1ZhVSaYZo/siT07D86L8+q8fUczznRmm/2C8/4FLiCUpQ==</latexit>

J(⇤)

<latexit sha1_base64="U7pSdNXJDjHnSB7wtneno4pAupE=">AAAB/HicbVDLTgJBEJzFF+IL9ehlIjHBC9k1vo5EL8Z4wEQeEQjpHRqcMDu7mek1IQS/wquevBmv/osH/8Vl5aBonSpV1enu8iMlLbnuh5OZm19YXMou51ZW19Y38ptbNRvGRmBVhCo0DR8sKqmxSpIUNiKDEPgK6/7gfOLX79FYGeobGkbYDqCvZU8KoES6vSy2rpJwF/Y7+YJbclPwv8SbkgKbotLJf7a6oYgD1CQUWNv03IjaIzAkhcJxrhVbjEAMoI/NhGoI0LZH6cVjvhdboJBHaLhUPBXx58QIAmuHgZ8kA6A7O+tNxP+8Zky90/ZI6igm1GKyiKTCdJEVRiZVIO9Kg0QwuRy51FyAASI0koMQiRgn3eSSPrzZ7/+S2kHJOy4dXR8WymfTZrJsh+2yIvPYCSuzC1ZhVSaYZo/siT07D86L8+q8fUczznRmm/2C8/4FLiCUpQ==</latexit>

J(⇤)

<latexit sha1_base64="BXi7Cu4Se2F2UQqGQSAs4RFNvUE=">AAAB+XicbVC7TsNAEDyHVwivACXNiQiJKrIRrzKChoIiSOQhJVa0vmzCKeeH7tZIkZWPoIWKDtHyNRT8C7ZxAQlTjWZmtbvjRUoasu1Pq7S0vLK6Vl6vbGxube9Ud/faJoy1wJYIVai7HhhUMsAWSVLYjTSC7ynseJPrzO88ojYyDO5pGqHrwziQIymAUqnTv02jQxhUa3bdzsEXiVOQGivQHFS/+sNQxD4GJBQY03PsiNwENEmhcFbpxwYjEBMYYy+lAfho3CQ/d8aPYgMU8gg1l4rnIv6eSMA3Zup7adIHejDzXib+5/ViGl26iQyimDAQ2SKSCvNFRmiZ9oB8KDUSQXY5chlwARqIUEsOQqRinBZTSftw5r9fJO2TunNeP7s7rTWuimbK7IAdsmPmsAvWYDesyVpMsAl7Ys/sxUqsV+vNev+JlqxiZp/9gfXxDcb/k+w=</latexit>

⇤

Choi state 
preparation

<latexit sha1_base64="BXi7Cu4Se2F2UQqGQSAs4RFNvUE=">AAAB+XicbVC7TsNAEDyHVwivACXNiQiJKrIRrzKChoIiSOQhJVa0vmzCKeeH7tZIkZWPoIWKDtHyNRT8C7ZxAQlTjWZmtbvjRUoasu1Pq7S0vLK6Vl6vbGxube9Ud/faJoy1wJYIVai7HhhUMsAWSVLYjTSC7ynseJPrzO88ojYyDO5pGqHrwziQIymAUqnTv02jQxhUa3bdzsEXiVOQGivQHFS/+sNQxD4GJBQY03PsiNwENEmhcFbpxwYjEBMYYy+lAfho3CQ/d8aPYgMU8gg1l4rnIv6eSMA3Zup7adIHejDzXib+5/ViGl26iQyimDAQ2SKSCvNFRmiZ9oB8KDUSQXY5chlwARqIUEsOQqRinBZTSftw5r9fJO2TunNeP7s7rTWuimbK7IAdsmPmsAvWYDesyVpMsAl7Ys/sxUqsV+vNev+JlqxiZp/9gfXxDcb/k+w=</latexit>

⇤

<latexit sha1_base64="BXi7Cu4Se2F2UQqGQSAs4RFNvUE=">AAAB+XicbVC7TsNAEDyHVwivACXNiQiJKrIRrzKChoIiSOQhJVa0vmzCKeeH7tZIkZWPoIWKDtHyNRT8C7ZxAQlTjWZmtbvjRUoasu1Pq7S0vLK6Vl6vbGxube9Ud/faJoy1wJYIVai7HhhUMsAWSVLYjTSC7ynseJPrzO88ojYyDO5pGqHrwziQIymAUqnTv02jQxhUa3bdzsEXiVOQGivQHFS/+sNQxD4GJBQY03PsiNwENEmhcFbpxwYjEBMYYy+lAfho3CQ/d8aPYgMU8gg1l4rnIv6eSMA3Zup7adIHejDzXib+5/ViGl26iQyimDAQ2SKSCvNFRmiZ9oB8KDUSQXY5chlwARqIUEsOQqRinBZTSftw5r9fJO2TunNeP7s7rTWuimbK7IAdsmPmsAvWYDesyVpMsAl7Ys/sxUqsV+vNev+JlqxiZp/9gfXxDcb/k+w=</latexit>

⇤

Our channel-tomography algorithm

Antonio Anna Mele · FU Berlin PhD student · Optimal channel learning (arXiv:2512.10214)



Naive approach fails for channels:

<latexit sha1_base64="oblo16kPeurS93GW4Fc4BLI+/Xg="></latexit>

! Kraus rank-r →↑ J(!) rank-r →↑ |J(!)↓ ↔ Cdindout ↗ Cr →↑ N = O

(
r dindout

ω2

)
.

<latexit sha1_base64="oblo16kPeurS93GW4Fc4BLI+/Xg="></latexit>

! Kraus rank-r →↑ J(!) rank-r →↑ |J(!)↓ ↔ Cdindout ↗ Cr →↑ N = O

(
r dindout

ω2

)
.

<latexit sha1_base64="oblo16kPeurS93GW4Fc4BLI+/Xg="></latexit>

! Kraus rank-r →↑ J(!) rank-r →↑ |J(!)↓ ↔ Cdindout ↗ Cr →↑ N = O

(
r dindout

ω2

)
.

<latexit sha1_base64="oblo16kPeurS93GW4Fc4BLI+/Xg="></latexit>

! Kraus rank-r →↑ J(!) rank-r →↑ |J(!)↓ ↔ Cdindout ↗ Cr →↑ N = O

(
r dindout

ω2

)
.

<latexit sha1_base64="XjDwedxh8GU3c4QkgkuFSIqdiDs=">AAACIXicbVC7SgNBFJ31GeMramkzGAQtDLviqxTTiFhEMImQhHB3chOHzM4uM3dFWfIVfoJfYauVndiJ+C/uJil8nepwzn0eP1LSkuu+OxOTU9Mzs7m5/PzC4tJyYWW1ZsPYCKyKUIXmygeLSmqskiSFV5FBCHyFdb9fzvz6DRorQ31JdxG2Auhp2ZUCKJXahZ0m4S0l5etQcktAyAf8bKt5nk7owDYfudyA7u8MTL5dKLoldwj+l3hjUmRjVNqFz2YnFHGAmoQCaxueG1ErAUNSKBzkm7HFCEQfethIqYYAbSsZvjXgm7EFCnmEhkvFhyJ+70ggsPYu8NPKAOja/vYy8T+vEVP3qJVIHcWEWmSLSCocLrLCyDQv5B1pkAiyy5FLzQUYIEIjOQiRinEaYJaH9/v7v6S2W/IOSvsXe8Xjk3EyObbONtgW89ghO2anrMKqTLB79sie2LPz4Lw4r87bqHTCGfessR9wPr4ADPGi/w==</latexit>

Choi state J(!) rank-r
<latexit sha1_base64="Mpu11HsxtXaJL/g6gu3UqcWyTH8="></latexit>

J(!) → Cdindout→dindout
<latexit sha1_base64="QQa4Hih1SoAADcpRrfXHUutkzYA="></latexit>

! : L(Cdin) → L(Cdout)

Proof of correctness
(Not as easy as for mixed state tomography)

<latexit sha1_base64="zUEav85Oa5r5bSyVVC2xqOIqHD0="></latexit>

→!̂↑ !→→ ↓ din →Ĵ ↑ J(!)→1.
<latexit sha1_base64="qj9tDYfvMtE+Lwga75pVQ76bRdM="></latexit>

→Ĵ ↑ J(!)→1 ↓ ω ↔ →!̂↑ !→→ ↓ dinω.

<latexit sha1_base64="cGpoxTrowdL2pyin0prIkf25as4="></latexit>

→Ĵ ↑ J(!)→1 =
∥∥∥Trr

(
|Ĵ↓↔Ĵ |↑ |J(!)↓↔J(!)|

)∥∥∥
1
↗

∥∥∥|Ĵ↓↔Ĵ |↑ |J(!)↓↔J(!)|
∥∥∥
1
↗ ω

<latexit sha1_base64="zLF32hIIuHbAjw8b0RinJjg9IGI=">AAACA3icbVC7TsNAEDzzDOGRACXNiQiJKrIRrzKChjJI5CElUbS+bJJTzmfrbg2KopR8BS1UdIiWD6HgX3CMC0iYajSzq50dP1LSkut+OkvLK6tr67mN/ObW9k6huLtXt2FsBNZEqELT9MGikhprJElhMzIIga+w4Y+uZ37jHo2Vob6jcYSdAAZa9qUASqRusdBWoR4YORgSGBM+dIslt+ym4IvEy0iJZah2i1/tXijiADUJBda2PDeizgQMSaFwmm/HFiMQIxhgK6EaArSdSRp8yo9iCxTyCA2Xiqci/t6YQGDtOPCTyQBoaOe9mfif14qpf9mZSB3FhFrMDpFUmB6ywsikEeQ9aZAIZsmRS80FGCBCIzkIkYhxUlE+6cOb/36R1E/K3nn57Pa0VLnKmsmxA3bIjpnHLliF3bAqqzHBYvbEntmL8+i8Om/O+8/okpPt7LM/cD6+AVg2mCU=</latexit>

→↑(Optimal pure-state  
tomography guarantees)

<latexit sha1_base64="cGpoxTrowdL2pyin0prIkf25as4="></latexit>

→Ĵ ↑ J(!)→1 =
∥∥∥Trr

(
|Ĵ↓↔Ĵ |↑ |J(!)↓↔J(!)|

)∥∥∥
1
↗

∥∥∥|Ĵ↓↔Ĵ |↑ |J(!)↓↔J(!)|
∥∥∥
1
↗ ω

<latexit sha1_base64="VrJgSjsVGxGLeRts8utIZDWnX/U="></latexit>

The naive reduction introduces a din overhead.

Antonio Anna Mele · FU Berlin PhD student · Optimal channel learning (arXiv:2512.10214)



For Hermitian Choi matrices:

For positive Choi matrices:

Antonio Anna Mele · FU Berlin PhD student · Optimal channel learning (arXiv:2512.10214)

Proof of correctness
(Done well: via SDP equivalent definition of the diamond norm)



Key decomposition for pure-state tomography:

<latexit sha1_base64="m0Ng9NaJcPpNGwydBLL7CFbid/I="></latexit>

Ĵ = TrCr

(
|Ĵ→↑Ĵ |

)
, J(!) = TrCr

(
|J(!)→↑J(!)|

)
.

<latexit sha1_base64="0Ou4I6ouGUEwElnvLS9q1JylFy4="></latexit>

Kij := TrCr

(
|!i→↑!j |

)
, !1 := J(”), !2 := ωerr.

[Hayashi (1998)]
[Guta, Kahn, Kueng, Tropp, (2018)]

<latexit sha1_base64="38a4bAoeNsfZYuE5vdMlr2Nzzks="></latexit>

|Ĵ→ =
√

1↑ ω2pure |J(!)→+ ωpure |εerr→, ↓εerr|J(!)→ = 0, |εerr→ ↔ Haar.

Convert to Choi operators:

Choi difference:

Control the diamond norm of the Choi difference:

<latexit sha1_base64="DEQJIrCM0hveQZemaPaF/zhurlo="></latexit>

Ĵ → J(!) = ω2 K11 + ω
√
1→ ω2 (K12 +K21) + ω2 K22,

<latexit sha1_base64="tCfntWHJImzxUFax5cisTwzu+1I="></latexit>

|Ĵ→ =
√
1↑ ω2 |J(!)→+ ω |εerr→,

<latexit sha1_base64="PhuwYxFOgx89eCSiibUNuQ76sMY="></latexit>

Ĵ → J(!) = ω
√
1→ ω2(K12 +K21) + ω2(K22 →K11),

<latexit sha1_base64="AIvmofbii/A+wdAg9a0PhMR97cE="></latexit>

→!̂↑ !→→ ↓ →Ĵ ↑ J(!)→→ ↔ O(ω)
(
→K11→→ + →K12 +K21→→ + →K22→→

)
.

<latexit sha1_base64="MlE1HG7IWR+/Mjy4DRw8JB6t5ck="></latexit>

→K11→→ = 1, →K12 +K21→→ ↑ 2
√

→K22→→, →K22→→ = din
∥∥ω(err)in

∥∥
↑.

<latexit sha1_base64="NM8WrujAaGmhZXRyCBF3Yj91qm4="></latexit>∥∥∥Trout,r
(
|ωerr→↑ωerr|

))∥∥∥
→

= O(1/din).

<latexit sha1_base64="HyimpUUPlF9SJd6Ohq0zfnBUPtg=">AAAB+XicbVDLSsNAFJ3UV62vqks3g0WoICURXxuh6MadFewD2lAm09s6dDIJMzdCCf0It7pyJ279Ghf+i0nMQlvP6nDOvdxzjxdKYdC2P63CwuLS8kpxtbS2vrG5Vd7eaZkg0hyaPJCB7njMgBQKmihQQifUwHxPQtsbX6d++xG0EYG6x0kIrs9GSgwFZ5hI7cvSbdU5POqXK3bNzkDniZOTCsnR6Je/eoOARz4o5JIZ03XsEN2YaRRcwrTUiwyEjI/ZCLoJVcwH48ZZ3Ck9iAzDgIagqZA0E+H3Rsx8Yya+l0z6DB/MrJeK/3ndCIcXbixUGCEonh5CISE7ZLgWSQ9AB0IDIkuTAxWKcqYZImhBGeeJGCXFlJI+nNnv50nruOac1U7vTir1q7yZItkj+6RKHHJO6uSGNEiTcDImT+SZvFix9Wq9We8/owUr39klf2B9fAOpcpKT</latexit>

= O(1),
<latexit sha1_base64="Xx53d1eArhHkiMe7JPN5Ig2AeNQ="></latexit>

→K22→→ = din →Trout(K22)→↑ .

<latexit sha1_base64="MlE1HG7IWR+/Mjy4DRw8JB6t5ck="></latexit>

→K11→→ = 1, →K12 +K21→→ ↑ 2
√

→K22→→, →K22→→ = din
∥∥ω(err)in

∥∥
↑.

<latexit sha1_base64="HyimpUUPlF9SJd6Ohq0zfnBUPtg=">AAAB+XicbVDLSsNAFJ3UV62vqks3g0WoICURXxuh6MadFewD2lAm09s6dDIJMzdCCf0It7pyJ279Ghf+i0nMQlvP6nDOvdxzjxdKYdC2P63CwuLS8kpxtbS2vrG5Vd7eaZkg0hyaPJCB7njMgBQKmihQQifUwHxPQtsbX6d++xG0EYG6x0kIrs9GSgwFZ5hI7cvSbdU5POqXK3bNzkDniZOTCsnR6Je/eoOARz4o5JIZ03XsEN2YaRRcwrTUiwyEjI/ZCLoJVcwH48ZZ3Ck9iAzDgIagqZA0E+H3Rsx8Yya+l0z6DB/MrJeK/3ndCIcXbixUGCEonh5CISE7ZLgWSQ9AB0IDIkuTAxWKcqYZImhBGeeJGCXFlJI+nNnv50nruOac1U7vTir1q7yZItkj+6RKHHJO6uSGNEiTcDImT+SZvFix9Wq9We8/owUr39klf2B9fAOpcpKT</latexit>

= O(1),
<latexit sha1_base64="HyimpUUPlF9SJd6Ohq0zfnBUPtg=">AAAB+XicbVDLSsNAFJ3UV62vqks3g0WoICURXxuh6MadFewD2lAm09s6dDIJMzdCCf0It7pyJ279Ghf+i0nMQlvP6nDOvdxzjxdKYdC2P63CwuLS8kpxtbS2vrG5Vd7eaZkg0hyaPJCB7njMgBQKmihQQifUwHxPQtsbX6d++xG0EYG6x0kIrs9GSgwFZ5hI7cvSbdU5POqXK3bNzkDniZOTCsnR6Je/eoOARz4o5JIZ03XsEN2YaRRcwrTUiwyEjI/ZCLoJVcwH48ZZ3Ck9iAzDgIagqZA0E+H3Rsx8Yya+l0z6DB/MrJeK/3ndCIcXbixUGCEonh5CISE7ZLgWSQ9AB0IDIkuTAxWKcqYZImhBGeeJGCXFlJI+nNnv50nruOac1U7vTir1q7yZItkj+6RKHHJO6uSGNEiTcDImT+SZvFix9Wq9We8/owUr39klf2B9fAOpcpKT</latexit>

= O(1),

<latexit sha1_base64="eoLjfSjmpg1DZNiGUD91JVk1x+c="></latexit>

→!̂↑ !→→ ↓ O(ω)

<latexit sha1_base64="AIvmofbii/A+wdAg9a0PhMR97cE="></latexit>

→!̂↑ !→→ ↓ →Ĵ ↑ J(!)→→ ↔ O(ω)
(
→K11→→ + →K12 +K21→→ + →K22→→

)
.

<latexit sha1_base64="eoLjfSjmpg1DZNiGUD91JVk1x+c="></latexit>

→!̂↑ !→→ ↓ O(ω)

<latexit sha1_base64="AIvmofbii/A+wdAg9a0PhMR97cE="></latexit>

→!̂↑ !→→ ↓ →Ĵ ↑ J(!)→→ ↔ O(ω)
(
→K11→→ + →K12 +K21→→ + →K22→→

)
.

Diamond SDP definition + Haar concentration:( )

Proof of correctness (Why no dimensional overhead)



Theorem (upper bound)
<latexit sha1_base64="QQa4Hih1SoAADcpRrfXHUutkzYA="></latexit>

! : L(Cdin) → L(Cdout)

<latexit sha1_base64="mjBHn1GKwxUHPLby9o1mYJ2criM=">AAAB/3icbVC7TsNAEDyHVwivACXNiQiJKrIRrzKChoIiSOQhxVa0vmySU84P7tZIkZWCr6CFig7R8ikU/At2SAGBqUYzs9rd8WMlDdn2h1VYWFxaXimultbWNza3yts7TRMlWmBDRCrSbR8MKhligyQpbMcaIfAVtvzRZe637lEbGYW3NI7RC2AQyr4UQJnkuUOg1L3O8j2YdMsVu2pPwf8SZ0YqbIZ6t/zp9iKRBBiSUGBMx7Fj8lLQJIXCSclNDMYgRjDATkZDCNB46fToCT9IDFDEY9RcKj4V8edECoEx48DPkgHQ0Mx7ufif10mof+6lMowTwlDki0gqnC4yQsusDeQ9qZEI8suRy5AL0ECEWnIQIhOTrJ5S1ocz//1f0jyqOqfVk5vjSu1i1kyR7bF9dsgcdsZq7IrVWYMJdsce2RN7th6sF+vVevuOFqzZzC77Bev9C7xklrk=</latexit>

⇤̂queries to , and outputs      satisfyingΛ
<latexit sha1_base64="Hh8p93nXHmu0TRc1h+tYJY43RVQ="></latexit>

k⇤̂� ⇤k⇧  " with probability at least .1 − δ

Any channel tomography algorithm must use:

Let                                            be an unknown channel of Kraus rank .≤ r

There exists a channel-tomography protocol that uses
<latexit sha1_base64="BjIt9WNW6RQHvYc8j0ADAPtt/ns="></latexit>

N = O

(
dout din r

ω2
+

din

ω2
log

1

ε

)

<latexit sha1_base64="jBuivsHATzGpAMIsiIip9Oy1Fdk="></latexit>

N = !

(
dout din r

ωω
+

din
ω2

log
1

ε

)

Reduction to 
learning the bias of  

many classical coins  

Reduction to 
channel identification  

+ packing-net argument

(with Kraus rank  larger than minimal)r

Antonio Anna Mele · FU Berlin PhD student · Optimal channel learning (arXiv:2512.10214)



<latexit sha1_base64="Umid+pzNkBO4p6ZX8bq61ghxu1c="></latexit>

N = O

(
rd

ω2

)
=→ ↑ε̂↓ ε↑1 ↔ ω.

The unification of optimal tomography protocols

Optimal state tomography   

Optimal tomography of isometries (previously not known) and unitaries

Optimal binary POVMs tomography (previously not known) 
(i.e., channels diagonal in the computational basis)

<latexit sha1_base64="7cRXwtakPL/vtrk7KWH2k8niTfg="></latexit>

N = O

(
din dout r

ω2

)
<latexit sha1_base64="Hh8p93nXHmu0TRc1h+tYJY43RVQ="></latexit>

k⇤̂� ⇤k⇧  "

<latexit sha1_base64="QwbZj6kXXA2k8j0r7ZspxQpSxh4="></latexit>

(din = 1, → · →→ = → · →1)

<latexit sha1_base64="GtaGEpxMG1vy7daHF2d4m6gTMsU=">AAAB93icbVC7TsNAEDyHVwivACXNiQgpNJGNeDVIETSUQcJJpMSKzpdNOOV8tu7WSJGVb6CFig7R8jkU/Au2cQEJU41mdrWz40dSGLTtT6u0tLyyulZer2xsbm3vVHf32iaMNQeXhzLUXZ8ZkEKBiwIldCMNLPAldPzJTeZ3HkEbEap7nEbgBWysxEhwhqnk1vWVczyo1uyGnYMuEqcgNVKgNah+9YchjwNQyCUzpufYEXoJ0yi4hFmlHxuIGJ+wMfRSqlgAxkvysDN6FBuGIY1AUyFpLsLvjYQFxkwDP50MGD6YeS8T//N6MY4uvUSoKEZQPDuEQkJ+yHAt0haADoUGRJYlByoU5UwzRNCCMs5TMU5rqaR9OPPfL5L2ScM5b5zdndaa10UzZXJADkmdOOSCNMktaRGXcCLIE3kmL9bUerXerPef0ZJV7OyTP7A+vgFAp5Js</latexit>

(r = 1)
Choi-state already pure (purification step not needed). 

Heisenberg scaling  achievable for unitaries as well.ε−1
Thus, our protocol = single-copy Choi-state tomography. [Guta, Kahn, Kueng, Tropp (2018)]

<latexit sha1_base64="oVwpGm9dPerwilwbLFyB4l2FIEY=">AAACJnicbVDLSgNBEJyN7/iKevQyGAQFCbvB1yUgevGoYB6QDWF2to2Dsw9negJh2f/wE/wKr3ryJuJB8FPcXXPQaJ2Kqm66q7xYCo22/W6VpqZnZufmF8qLS8srq5W19ZaOjOLQ5JGMVMdjGqQIoYkCJXRiBSzwJLS927Pcbw9BaRGFVziKoRewQSiuBWeYSf1KfcfvJ27A8EYFSWQwTRv1PfpDE2GaunBnxJD6e1Q1/N1+pWrX7AL0L3HGpErGuOhXPlw/4iaAELlkWncdO8ZewhQKLiEtu0ZDzPgtG0A3oyELQPeSIltKt41mGNEYFBWSFiL83EhYoPUo8LLJ/GM96eXif17X4PVxL4sXG4SQ54dQSCgOaa5EVhpQXyhAZPnnQEVIOVMMEZSgjPNMNFmL5awPZzL9X9Kq15zD2sHlfvXkdNzMPNkkW2SHOOSInJBzckGahJN78kieyLP1YL1Yr9bb92jJGu9skF+wPr8AnSumAg==</latexit>

(dout = 2, din → d, r = d)

[Haah, Kothari, O’Donnell, Tang (2022)]

Antonio Anna Mele · FU Berlin PhD student · Optimal channel learning (arXiv:2512.10214)



Concurrent work:

Follow-up:

<latexit sha1_base64="q2tQpiEg1F2sjq+hkICVAomp8ks="></latexit>

N = !

(
doutdinr

ω2

)

<latexit sha1_base64="YumUgQg9ae0QpqJn11s9Jbi74DI="></latexit>

N = !

(
d2r

ω2

) <latexit sha1_base64="gFLm1fWOpRWT/lXRk23LScHFl3M="></latexit>

N = !

(
d2

ω

)

•  In the relevant case , this implies:din = dout = d

(Classical scaling) (Heisenberg scaling)

 : r ≥ 2 :r = 1

<latexit sha1_base64="Umid+pzNkBO4p6ZX8bq61ghxu1c="></latexit>

N = O

(
rd

ω2

)
=→ ↑ε̂↓ ε↑1 ↔ ω.

(together with 
our result)

[Haah, Kothari, 
O’Donnell, Tang (2022)]

Minimal Kraus rank:
<latexit sha1_base64="xB84Mtb4zN7a1hVfj4mxmFDqRNg="></latexit>

rmin = →din/dout↑

<latexit sha1_base64="DS+I0xhr0fmrXuup6/5NdZkXHFw="></latexit>

r → 2rmin =↑ N = !

(
doutdinr

ω2

)

Antonio Anna Mele · FU Berlin PhD student · Optimal channel learning (arXiv:2512.10214)



Conclusions 

Open problems

• Channel tomography with query-optimal dimensional-scaling.

• Adaptivity does not help for optimal channel tomography.
(We use the channel only to prepare Choi state copies)

• Choi-state learning suffices.

• Entangled/Coherent measurements here help (coherence is needed only to purify).
(Single-copy non-adaptive protocols are suboptimal [Oufkir, 2023])

• Is adaptivity necessary for optimal unitary tomography with Heisenberg scaling ?ε−1

• Limited entangled measurements trade-off.

• Generalise to arbitrary process tensors (combs): “A complete and unified theory of tomography”. 

• Close the gap in the -dependence left open near the minimal Kraus-regime.ε

(Entangled measurements provably necessary for non-adaptive protocols)

THANK YOU! 
<latexit sha1_base64="nNQFlsgt1oXd+jKtC/UyJLt4wYE="></latexit>

rmin → r → 2rmin =↑ N = !

(
doutdinr

ωω

)
, ε =?

(For states: [Chen, Li, Liu, 2025])

Antonio Anna Mele · FU Berlin PhD student · Optimal channel learning (arXiv:2512.10214)

• Adaptivity helps for single-copy channel tomography? (For states: [Chen, Huang, Li, Liu, Sellke, 2023])


