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More Is Different

Broken symmetry and the nature of
the hierarchical structure of science.

The reductionist hypothesis may still
be a topic for controversy among phi-
losophers, but among the great majority
of active scientists 1 think it is accepted
without question. The workings of our
minds and bodies, and of all the ani-
mate or inanimate matter of which we
have any detailed knowledge, arp as-
sumed to be controlled by the same set
of fundamental laws, which except
under certain extreme conditions we
feel we know pretty well.
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P. W. Anderson

planation of phenomena in ferms of
koown fundamental laws, As always, dis-
tinctions of this kind are not unambiguous,
but they are clear in most cases. Solid
stule physics, plasma physics, and perhaps
also biology are extensive. High energy
physics and a good part of nuclear physics
arc imtensive. There is always much less
intensive research going on than extensive.
Once new fundamenial laws are discov-
ered, 2 large and ever increasing activity
beging in order to apply the discoveries 1o
hithertg  wnexplained phenomens. Thus,
there are two dimensions to basic re-
search, The fromtier of science extends azll

SCIENCE

less relevance they seem to have to the
very real problems of the rest of sci-
ence, much less to those of society.

The constructionist hypothesis breaks
down when confronted with the twin
difficulties of scale and complexity. The
behavior of large and complex agpre-
gates of elementary particles, it tumnms
out, 15 not to be understood in terms
of a simple extrapolation of the prop-
ertiecs of a few particles. Instead, at
cach level of complexity entirely new
propertias appear, and the understand-
ing of the mew behaviors requires re-
search which I think is as fundamental
in its nature as any other. That is, it
segms to me that one may array the
seiences roughly linearly in a hierarchy,
pccording to the idea: The elementary
entities of science X obev the laws of
science Y.

X Y
solid siate or elementary particle
many-body physics physics
chemistry many-hody physics
molecular biclogy chemisiry
cell biology maoleculur Bology
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171¥b* hyperfine spin
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171¥b* spin detection
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171¥b* spin detection

1
_ >99%
v/2m = 20 MHz z -detection
2p. ., I $2.1GHz ;E . efficiency
= | z>
(N, S
0 5 10 15 20 25
# photons collected in 500 us
S, I I wye/2m = 12 642 812 118 + 311B2 Hz
—@— (600 Hz/G @ 1 G)



171¥b* spin manipulation
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Gates within a single crystal
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Ising (XX) gate [1,2]
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Ising (XX) gate [3,4]

Population
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Ising (XX) gate [2,4]

Population

o o o
(¥}

o
)]

o
'S

o
o

0504) = [0,04) — i
0514) = [0,1,) — i
1,04) = [1,04) — i
1,14) = [151,) — i

[o8)
T T T

—
T T T

00 01+10
Output State

11

1,1,)e”t®
1504)
0,14)
0,0,)e'®

Parity

1.0

0.5

0.0

-0.5¢+

-1.0F

: /\ ﬂ F=0.991(4)

(excluding SPAM errors)

0

50 100 150 200 250 300 350
Phase (deg)

T. Choi, et al., PRL 112, 19502 (2014)
S. Debnath, et al., in preparation (2015)



Ising (XX) gate [3,5]

Population
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Ising (XX) gate [1,5]

Population
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Ising (XX) gate [2,5]
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Many ions: phonon modes
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Resonant spin-dependent force
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Control of interaction range

3z 3 '
pmpm = Theory
Jii = Wype0? t J o
L] rec uz . (1)2 S e L e
m m 5
Z A el
Jo -
~ + 5
[ —Jj|* 2 0 .
ol 1 5 10 50 100
H— W
Aw
tune tune
laser ‘ AG :qaser
here A ere
: H=@com !
" carrier <€ >
1 I
i i
: : f
lower @y upper requency

sidebands sidebands



Trapped lon Spin Hamiltonian Engineering
Ground states and Adiabatic Protocols

Dynamics

Many-Body Spectroscopy

Propagation of Excitations: Lieb-Robinson
Prethermalization

Many-Body Localization

Spin-l

Extending to N~100 spins and beyond



Equilibrium: Adiabatic Quantum Simulation
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from S. Lloyd, Science 319, 1209 (2008)

H=Z]i}-a,‘;a,{ +BZJ},

1<j [
i
cie ge s : Detection:
Initialization:
spins alongy [ i | measure spins
Z]ijax Ox along x
i<j

— Time (<1O msec)



Antiferromagnetic Néel order of N=10 spins
2600 runs, a=1.12

All in state T

R AR AL AR AR 2L 2R AR B _
All in state 4
AFM ground state order 222 events

219 events
441 events out of 2600 = 17% R. Islam et al., Science

Prob of any state at random =2 x (1/21°) = 0.2% 340, 583 (2013)



First Excited States
(Pop. ~2% each)
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Second Excited States

(Pop. ~1% each)




Distribution of all 219 = 1024 states
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Probability of occurrence

Distribution of states ordered by energy (N=10)
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AFM order of N=14 spins (16,384 configurations)
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Coherent Imaging Spectroscopy (N=5 spins)
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C. Senko et. al., Science 345, 430 (2014)



Coherent Imaging Spectroscopy (N=5 spins)

H = Z]Ucrxa + B sm(a)t)ZJy

(E-Eg)/JImax
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C. Senko et. al., Science 345, 430 (2014)



Coherent Imaging Spectroscopy (N=5 spins)

H = Z]Ucrxa + B sm(a)t)ZJy

(E-Eg)/JImax
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Coherent Imaging Spectroscopy (N=5 spins)

H = Z]Ucrxa + B sm(a)t)ZJy
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Coherent Imaging Spectroscopy (N=5 spins)

H = Z]Ucrxa + B sm(a)t)ZJy

i<j
0.10 (\ {\
12 005
] | [ | | £ : |
——T T T T ?ni 0.00: time
10 -0.05¢-
-0.10F U U
8
__“.E
5 L T T [e
N —
w o .

|

(el | [»]
(o] | | [®
EHENEDN ENEnm
[ |&] | |#]
8 [ lels] | &
.0

C. Senko et. al., Science 345, 430 (2014)



time
] |
= |
+f |
El
o
11

C. Senko et. al., Science 345, 430 (2014)

I:.ll,:,,,
AT\
[ | 15 ] W\
AN AR\
(s 1e] T TSN

5 spins)

\
\

W[

Energy above [10101> state/Jnax

— .:ll!.-,/m/,/%% — T N
ST T 151 PR
© VW O WV O |AEEEAE-. )] A
o~ < e © 9 v momeam-._ s - =
) ©c © o o < EAmEImE- - ——————— -
Zi xeup/ig i -
o | |» = |=
3 CH  ECH
- ik EIEIE
m iE BEE
> HEER HIEEER
HECH HEEEEE
+ HECE EHNECH

J
X
8 |
4]
=
n
r
4]
o]
P
=
n

olo
ra
)
r
& |
i
ra
N
i
ra
[N

(o] < N O

H=) Jy
i<j

m— ] | | | |

— AnNnnnm

12
10
8

Coherent Imaging Spectroscopy (N

me__..\A@.MImv



Coherent Imaging Spectroscopy (N=18 spins)
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Coherent Imaging Spectroscopy: Critical Gap
- ~ (N=8 spins)
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Dynamics: quantum quench

E.H. Lieb and D.W. Robinson, “The finite group velocity of quantum spin systems,” 5 o A B
Commun. Math. Phys. 28, 251-257 (1972).

¥'0

M. Cheneau, et al., Nature 481, 484 (2012) ——>
P. Hauke, et al., PRL 111, 207202 (2013)
M. Knap, et al., PRL 111, 147205 (2013)

Z.-X. Gong, et al., PRL 113, 030602 (2014)
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Long range “Light Cones” (Ising: N=11 spins)

. J
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P. Richerme et. al., Nature 511, 198 (2014)
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Long range “Light Cones” (XY: N=25 spins)
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Quantum Fisher Information: characterizes system entanglement

Fo = Z Cji + Ci}]’. + C; is an entanglement witness operator
L,J

Braunstein and Caves Phys. Rev. Lett. 72, 3439 (1994)
Hauke, Heyl, Tagliacozzo, Zoller, arXiv:1509.01739 (2015)
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Thermalization/Localization

How can quantum systems thermalize?
—> Eigenstate Thermalization Hypothesis (Rigol et al., Nature 2008)

How can quantum systems fail to thermalize?

Prethermalization XY Model with inhomogeneous couplings

Hyy = Z]ij(a};a; + a},aj,)

i<j

1~

: A M N N M

: v ol : : :

: (Y : : . :

: % : D eN T hetrm
0-5 : 4 .

: . PRd

N .

N l~ 'l s ..

Order parameter

N

107 107 10° 10° 10
Evolution time (s)

Z. Gong and L.-M. Duan, NJP 15, 113051 (2013)



Prethermalization

Step 1: Initialize with localized excitation $ * * * * * ¢ * *

Step 2: Evolve under variable-range XY model
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Track “center” of spin excitation
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N=22 spins

Jo . .
= (J,’;ax + JJ’;ay) oL

i<j

Hyy =
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state measured at J,t = 36

B. Neyenhuis et al., in preparation (2015)



Thermalization/Localization

How can quantum systems thermalize?
—> Eigenstate Thermalization Hypothesis (Rigol et al., Nature 2008)

How can quantum systems fail to thermalize?

Many-Body Localization * Ising Model with random disorder

Hypr = Efijo-;éo}i + z E_’“’z":az'i

i<j [

Bl e [-W,W]

A. Polkovnikov et al., Rev. Mod. Phys. 83, 863 (2011)
P. Hauke and M. Heyl, arXiv:1410.1491 (2014)

Exp: W. R. McGehee, et al., PRL 111, 145303 (2014)
Exp: M. Schreiber, et al., Science 349, 842 (2015)



171Yb* site-resolved field o,
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Many Body Localization (N=10)
Step 1: Initialize spins staggered

e, TITITITIY

Step 2: Quench to transverse Ising model with random disorder
HMBL—Z]quU +BZJZ+ZBLJZ Bl e [-W, W]

" ML

Step 3: Measure each spin along z
after time t

Step 4: Repeat for many different
disorder instances and strengths

J. Smith et al., ArXiv
1508.07026 (2015)




(no disorder)
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H= Z],;jcr,’écr,{ + BZ o} +Z Bls.  Ble[-W,W]

Some disorder

0 2 4,6 8 10

H= Z]ona 1 Bysin( wtz

i<j

J. Smith et al., ArXiv
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Quantum Fisher Information: characterizes system entanglement

F, = 4N*(AD)? Z[ 1)ty ]—[Z

Braunstein and Caves Phys. Rev. Lett. 72, 3439 (1994)
Hauke, Heyl, Tagliacozzo, Zoller, arXiv:1509.01739 (2015)
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J. Smith et al., ArXiv
1508.07026 (2015)



Trapped lon Spin Hamiltonian Engineering
Ground states and Adiabatic Protocols

Dynamics

Many-Body Spectroscopy

Propagation of Excitations: Lieb-Robinson
Prethermalization

Many-Body Localization

Spin-l

Extending to N~100 spins and beyond



Quantum simulations with Spin-1
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Work in (S7) = 0 subspace: states
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I. Cohen and A. Retzker, PRL 112, 040503 (2014)
C. Senko, et al., Phys. Rev. X 5, 021026 (2015)
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Scaling Up: 4K to get lower pressure

50-100 spins SOON

lon trap

4 K Shield

P. Richerme
P. Hess

To camera



Modular Scaling to 10° qubits?

Quantum Computation in Small Quantum Registers
e Linearion chain with 20-100 ions (Elementary Logic Unit, or ELU)
* Arbitrary quantum logic operation among the qubits in the chain

Interconnect of Multiple Such Registers via Photonic Channel
* Reconfigurable interconnect using optical crossconnect switches
e Efficient optical interface for remote entanglement generation

Single Module 100,000 qubit quantum computer?

MEMS beam
steering system

cavity interface

N x N optical
x N optica N/2 beam splitters

optical fiber 1000 modules crossconnect switch

interconnect CCD Camera

100 qubits / module






Single Module ~100 spins on 2 x 19” Racks

1U [ trap DC voltages |

11U
U cosocsoo - :
lock module 3U
FPGA/DDS |
7U Sl 369 modulation module | | 2U
System

2U | | Fixed RF/pwave sources )

1U current sources Paladin au
1U piezo drivers controller
2U laser diode controllers :
lon pump/gauge 3U
controller

RF/pwave amplifiers 2U

12U DC power supply chiller 4U

chiller 4U




Leading Quantum Computer Hardware Candidates

Trapped Atomic lons

lasers
individual
atoms.

Atomic qubits connected through
laser forces on motion or photons

Superconducting Circuits
. = - ﬂ\ WWM\'%“»,
o' ﬂ .

Superconducting qubit:
right or left current

Others: still exploratory

FEATURES & STATE-OF-ART CHALLENGES

» very long (>>1 sec) memory * lasers & optics

5-20 qubits demonstrated * high vacuum
atomic qubits all identical * 4K cryogenics

* connections reconfigurable * engineering needed

IARPA Lockheed

Investments: GTRI UK Gov’t
Sandia

FEATURES & STATE-OF-ART CHALLENGES

* connected with wires short (10® sec) memory
fast gates 0.05K cryogenics

5-10 qubits demonstrated all qubits different
printable circuits and VLSI not reconfigurable

LARGE Google/UCSB  IBM
Investments: Lincoln Labs Intel/Delft

* NV-Diamond
e Semiconductor quantum dots
* Atoms in optical lattices



Laboratories

Quantum
Information
Processing
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http://www.lps.umd.edu/index.html

TIQI Trapped lon Quantum Informa;

www.iontrap.umd.edu
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