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Simplest scenario 2 Magnetometry: H =Z x Q
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Lets start with an example...
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/ What does the qubit feel ?? \
ps =X o pIx ()] = e-1/2 S EIFD @0 P BB BlX (0)]

{ S(w) = (B(w)B(~w))q = Tr[B(w)B(~w)pp]
[F(w, )2 = [ dse™sy(s)|?

Caldeira, Leggett,.../




What do we want?
HP(t) — HctrlQ (t) + HQ + HQ,B + Hp

H(t) — Z, Ya,a’ (t)Oa 024 Ba’ (t)

m=)  (Ba(w1)- -

p(0) = ps ® pB
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p(0) = ps @ pB

But...why should we care?
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The possibilities(ii)...
* METROLOGY

Example: Magnetometry H(t)=p(t)Z

<B(t)>c — U
(B(t1) -+ B(tr))e =0

Example: Thermometry

E(X(t)) = cos|ut] E(X(0))

In our original Bosonic thermal bath example:

ST (w)
S (w)

J(|w|) coth(B|wl|/2) Spectral density J(w)
| -
sign(w)J (|w])

Inverse absolute temperature

Higher (non-Gaussian) correlations = more possibilities!
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Simplified argument: Imagine all noise in your quantum computer comes from a bosonic
thermal environment

H(t)=) Z;® By(t)
(=1

Ng & Preskill 2009 and Preskill 2013: A threshold exists if ( B,(t)Bp(t") ) decays at least
polynomially with the distance between qubit £ and qubit £’

Novais et al. 2014, Huttler and Loss 2014,...: The threshold of the surface code
deteriorates (or disappears!) depending of the decay of correlations or the low frequency
behavior of noise correlations. Also true for concatenated codes.

Correlation decay MUST be verified if we want to scale quantum technologies ... a given
high fidelity may not be enough...

How can you verify this if the bath is usually inaccessible?
—> Noise Spectroscopy with multiple qubits!
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What do we want?
HP(t) — HctrlQ (t) + HQ + HQ,B + HB

H(t) — Z, Ya,a' (t)Oa 024 Ba’ (t)

m=)  (Ba(w1)- -

p(0) = ps ® pB

Ok... so how do we do it?



Before we start...Noise and correlations

Generalized cumulants [Kubo 62]

(1)(B(w)):< (W) Classical
O (B(w1)B(w2)) = (B(w1)B(ws))g — (Blw))a(B(w2)), ()q = (Tx[- p5])
C? (B(w,)B(w)) = (B (wz)B(W1)>q — (B(w2))q(B(w1))q
C(k>2)(B(wl) )= Quantum

In general... all cumulants are non-vanishing.

Special case: Gaussian noise = Only €M and @ are non-vanishing
(but they can have any functional form)

Stationary noise: CH(B(wy) - Blwg)) = 6(wy + -+ wi) X Flwy, - ,wg)
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Step 1: What does the qubit ‘feel’?

Hp(t) = Hen,(t) + Ho+ Hg g+ Hp

- = SGN(@, T)
H(t) = Z}yaja/(t)om E(O(T)) = F({] dG 5 aT})

==

Can be formally written as a Cumulant-like power series of convolutions of...
Generalized filter Functions: GE—,%) (&, T) = F(Fﬁg)(ﬁ, T))

k) - t Sk— i35
Fundamental filter Functions: Fé. g)(w) = fo dsy fo dsg -+ |, sy [ (’ya,,.-bj (Sj))e

Power Poly spectra:
S(k')
by, b

3 UVEk

= (Bp, (w1) -+ By, (Wk)) e

Paz & Viola PRL 2014
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Step 2: How to deconvolve the integrals?

e J|solate, Truncate and Discretize

U= [" dBG(E, T)S(@) = ¥ ~ Y reaG,S,
. \\ N

Combine expectation
values of appropriate
observables and initial
states

* Physical arguments: freq.  Convenient basis
cutoffin S e Control symmetries

* Smart choice of control

* Do it for different control sequences, i.e., different filters.

Uy~ Y (G,

eA Solve linear system of equations to obtain {S,}

2 -
W E G’E‘ S, —> ‘Reconstruct’ S(w) in the chosen basis!
rel




Simplest case: one qubit dephasing Gaussian noise
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Simplest case: one qubit dephasing Gaussian noise

_ de | ) (4 1)(2.5(w
ps = X = B[X()] = e”1/2) #IFV@OPS Bx(0)

-

N

* Control repetition:

400

sin®(MwT,/2)

sin? (wTy /2)

300

200}

100§

Ya,o' (1) = Ya,ar (t + 1))

Q dw w sin? (Mw .
X(t) = [P & FO (w,t = MT,)2(S(w)+S8(—w)) = [ e s T /2)) p() (4 T,) 25 (w)

27 sin?(wT)p /2)
2
M >>1 l Wo = T_Z

T K
~ ME SO (kwo, T,) 25 (wo)

~

/




Simplest case: one qubit dephasing Gaussian noise

_ dw | () (0 )12 S (w
pg = % -~ E[X(t)]=e 1/2 [ §2|F (w,t)]=5( VE[X(0)]

a * Control repetition: Ya,a’ (75) — Ya,a’ (t -+ Tp) A

Q dw w sin? (MwT, /2
X(t) = [P & FO (w,t = MT,)2(S(w)+S8(—w)) = [ e s T /2)) p() (4 T,) 25 (w)
(wTy/2)

400

(O8]

(=]

(=]
T

M>>1 l WOZ%

sin®(MwT,/2)
sin? (wTy /2)
[\
(o]
(=]

—
=]
=

T K
~ ME SO (kwo, T,) 25 (wo)
\ 2 4 6 8 10 12 Wo= gﬂ_z /

Tmax
[Alvarez & Suter PRL 09]: Fixed Sequence, variable cycle time: y(¢):{CDD;, (Tp == 2 4To)}

[Norris, Paz-Silva, Viola PRL 16]: Variable sequence, variable cycle time
— more reconstruction power: limited only by time resolution
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H(t)=y(1)/2Z @ B(t)  E[X(t)] = (Trfe 2/ &PV @B@ g X @ pp])  pg = 15X

Classical or bosonic
CW(B(w))

Generalized cumulants [Kubo 62]  C®)(B(w1)B(ws))
CF>2)(B(wy)---)

_ C()S Z / 2;!&;@ 7] w1 44 wk) HF(l)(ws,t)O(k)(H B(wr))]

k:odd

k
Zk'efue f defi

X e : n (Qﬂ)k—lk[

E[Y(t)] =sin[y -] x ezeven E[Y(0)]
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Moving on: what about beyond Gaussian (e.g. 1/f) noise?

H(t)=y(1)/2Z @ B(t)  EX@)] = (Tefe #/ 0@ ps X @ ppl) - ps = L5

Classical or bosonic

CW(B(w)) = (B(w))q
Generalized cumulants [Kubo 62]  C®(B(w1)B(ws2)) = (B(w1)B(w2))q — (B(w1))e(B(w2))q
CF>2)(B(wy) ) #0
dw
= cos kzdd/ %uff po(wn 4 Wk)@:[F(l)(wsat)O(k)(H B(wr)j]
 Sheven ] (Qgﬁ'ﬂ_’“lma(wﬁ---wk{ns PO (w60 (T], B(wm]E[ X(0)
E[Y(t)] =sin[y -] x ezeven E[Y(0)]
odd

A higher dimensional frequency comb ??
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k—1
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Once more unto the breach...
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Once more unto the breach...

y(t) periodic w/ period T,, 2 Repeat a ‘composed’ sequence

FO (wy, MT,)FM (wy, MT,) -+ - FW (—(wy + -+ +wp—1), MT,)

k—1
( Hk—l Sin(MwsTp/Q)) sin( M rZ::1 wrTp/2)

k—1
sin( > w,Tp/2)
r=1

FD(wy, T,)FWD (wo, Tp) -+ - FV (—(wy + -+ 4+ wi—1), 1))

s=1 sin(wsTp/2)

J

~ 2 M Hiz;ll (%5(@03 — rswg))é(wl + -+ wi)

Frequency comb in multiple dimensions.
Jdi — M 32T, 6(ws — rjwo)

One can now reconstruct S*<K) (Fwy) !

- Many variables, so one must be careful
with ‘numerical’ issues (condition number,
etc.).




Take a breath slide...

* We have shown: single qubit spectroscopy of dephasing Gaussian and
non-Gaussian, classical & quantum (bosonic), noise.

What about the noise affecting multiple qubits?

|s there an advantage of using more than one probe?



Multiqubit spectroscopy
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Multiqubit spectroscopy

General dephasing model:

H(t) =20 Yab(t)Za @ By(1)

plus widely Gaussian, zero-mean, stationary noise : 7,0 = fP0Z,; fO =+1

a

-

2
e

) _

ElO®)]=e 2 91 —

-

P, P
> 5

! /
a,b,a’,b

7010 11 2.fo i
/ %Sc(z’,bf ’ )(w) X (faOGEL,a’?b,b’ (wit) — Gg,a’;b,fﬁ’ )(w’t))’

O 0O
SUe T (W) = Sury (W) + FO O S o (—w),

a’ b’
with: 1,1 1 1
Gl (w,t) = O (w, ) FY) (~w,b),
2,9 f° 2 2
Gc(l,,ajf;biab’ )(w’ t) — ch,cz’;b,b’ (w? t) T f(?fl?Fb(,b)’;a,a’ (_w7 t) /




General dephasing model:

plus widely Gaussian, zero-

Multiqubit spectroscopy

mean, stationary noise :

b(1)Zg @ By(t)

Z,0 = f°0Zz,;  fO=+1

4 2) N
(2) C Papb dw 1,1 2. g) O
E[O(t)] — e_c ) 2' o Z 9 / 27.‘.5 {cb’fb )(UJ) X (faOGEL,af?b’b; (O.J,t) — Gi’ajfzb;f[},' )<w,t)),
a,b,a’,b’ _
h ST (@) = S (@) + £ FO Sy (—0),
with:
Gy (@) = FL) (w0, ) ) (—w, 1),

\ G((fajf b“';b, )( t) = F(Q), by (W, 1) + fObeFb(%), o (—w,t). /

More S(.Jr.) S(._.)

Power Spectra

{2

S(—I—) S(

)



Multiqubit spectroscopy

General dephasing model: H(t) =)0 Yab(t)Za @ By(t)

plus widely Gaussian, zero-mean, stationary noise : 7,0 = fP0Z,; fO =+1

a

/ C(Q)

(@

E[O(t)] = e 5 Ty

with:

-

PP, dw ¢ ¢
o Z b / Py f f )(UJ) X (fOGalal’ :b, b’( ) GELQCLJ: bfl;’

2 o @Y

a,b,a’,b’
ST (W) = Sar iy (@) + £ FO S ar (—w),
Gy (@) = FL) (w0, ) ) (—w, 1),

2 2 2
Géa{b%’)( t) = F( ),bb,(w t)‘|’fof(?Fb(b), ( w,t).

~

(@,1)),

/

More
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/ °

Control repetition: Ya.a/ (t) = Ya.a/ (t -+ Tp)

Displacement (anti) symmetry

Ya,a’ (t)yb,b’ (t,) — TYa,a’ (t T Tp/z)yb,b’ (t, T Tp/Q)

Mirror (anti) symmetry:
TP

T.
Yaa (5 — Oy (5 — 1) =

Ya.ar (32 4+ 1) gy (22 + 1)

/




Multiqubit spectroscopy (iii)

Need a larger set of initial states and observables
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Numerical Experiment

Two excitons in a bosonic thermal environment
(a)

SHw)
ST ()

[*))
]

e

[\
N

Re[ST ()] _
Re[SH R (w)]

J(w) (GHz)

=)

(¢/101yg) Y109

Im[ST ()]
Im[S},* ()]

Re[S (w)]
Re[S7;% (w)]

reconstructed spectra (GHz)

Im[S,(w)]
Im[S;* (w)]

- thermometry, verify decay of correlations with distance, etc.
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Some numerical ‘experiments’...
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QUANTUM
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107 103 ) ,
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Simplest case (ii): one qubit dephasing Gaussian noise
[Norris, Paz-Silva, Viola PRL 16]
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