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1 Driven quantum matter : effective Hamiltonians, quantum simulation and subtleties



The general picture : A static system is modulated periodically in time
H(t)=Ho+V(t), V({t+T)=V(), T =2r/w:the period



The general picture : A static system is modulated periodically in time
H(t)=Ho+V(t), V({t+T)=V(), T =2r/w:the period

Hy V(t)
flwt))
Cold atoms in optical lattices Shaking the lattice,
Modulating the hopping (lattice depth),
Time-dependent magnetic fields,
Additional lasers, ...

Cold atoms on the surface of a chip Modulating the currents,...

Electrons in a material Radiation, mechanical deformation,...
(ex: graphene, semiconductors,...)

Refs: Cayssol, Dora, Simon and Moessner (Phys. Status Solidi RRL 2013),
M. Polini, F. Guinea, M. Lewenstein, H. C. Manoharan and V. Pellegrini (Nat. Nanotech. 2013).

Light in photonic crystals Helical waveguides
(time=a spatial direction)

From: Rechtsman et al., Nature 2013 Ref: I. Carusotto and C. Ciuti (Rev. Mod. Phys. 2013).



The central notion : the effective time-independent Hamiltonian(s)

« A static system H is modulated periodically in time

Ht)=Ho+V({t), V@E+T)=V(t), T=2nr/w:the period

o Generally, one adopts a stroboscopic view [T < teharact] 1t = NT, N € N

0t = N = [0D)] o) = [Tt 1O gy = (e=iHar) ™ o)

e Over each period T', the system evolves according to a time-independent
Hamiltonian H



The central notion : the effective time-independent Hamiltonian(s)

« A static system H is modulated periodically in time

Ht)=Ho+V({t), V@E+T)=V(t), T=2nr/w:the period

Generally, one adopts a stroboscopic view [T < teparact] :t = NT, N € N
N N T N o AN
[¥(t = NT)) = {U(T)} [40) = [Teﬂjo H(T)dr] o) = <671T7-¢eﬂ) o)
e Over each period T', the system evolves according to a time-independent
Hamiltonian Hg¢

e Driving is interesting : Hy (“normal”) — Heg (potentially) Super !

e Tuning V(t) : A versatile tool to engineer gauge fields, exotic band structures, ...

?:leff = ﬁ |:<ﬁz +Az)2 + (ﬁy +Ay)2} + ...



The central notion : the effective time-independent Hamiltonian(s)

« A static system H is modulated periodically in time

Ht)=Ho+V({t), V@E+T)=V(t), T=2nr/w:the period
o Generally, one adopts a stroboscopic view [T < teharact] 1t = NT, N € N
N N 7oA N i AN
ot = NT)) = [0(D)] " Ipo) = [TemJa HOH7] T jyg) = (e7THett) ™ jgso)

e Over each period T', the system evolves according to a time-independent
Hamiltonian Hg¢

e Driving is interesting : Hy (“normal”) — Heg (potentially) Super !

e Tuning V(t) : A versatile tool to engineer gauge fields, exotic band structures, ...
. 1 R S\ 2 N L\ 2
Heft = o {(pz+Az) + (perAy) } +...

¢ Note : Other forms can be envisaged,
U(T) = §te=iTHer§,  § : an arbitrary unitary matrix

He and He share the same effective band structure... which one is *the* “best” ?



Some effective Hamiltonians in the cold-atom world

Tuning the hopping matrix elements At ~
in modulated optical lattices jo(li/w) (*J E akaj) ?‘5
Works by Eckardt, Holthaus and Arimondo (7,k) =

Synthetic magnetic fields in
driven optical lattices

Experiments by Bloch, Ketterle and Sengstock

Theory: Sorensen, Demler and Lukin (PRL 2005)

Lim, Morais Smith and Hemmerich (PRL 2008) J
Kolovsky (EPL 2011) -
Creffield and Sols (EPL 2013) Gk
Bermudez, Schaetz and Porras (PRL 2011) Js
Hauke et al. (PRL 2012)

See also Jaksch-Zoller, Gerbier-Dalibard, Mazza et al.

eiral
)

Synthetic spin-orbit couplings
for cold atoms in pulsed
magnetic fields A oA PN
A (Pz6a + Py0
Theory: Xu, You and Ueda (PRA 2013) (pz z py y)
Anderson, Spielman and Juzeliunas (PRL 2013)

See also Jiang et al. (PRL 2011)




The effective Hamiltonians : How to compute it ?
¢ In general, the effective Hamiltonian Hos cannot be derived exactly
e Possible methods :

Floquet theory (e.g. Shirley Phys. Rev. 1965, Maricq Phys. Rev. B 1982)
Magnus expansion (e.g. Maricq Phys. Rev. B 1982)

U(T)—exp<71|:/ H(‘rd‘rff//H(t (r)drdt + .. ])

Other perturbative approaches (Avan et al. J. Phys. 1976, Rahav et al. PRB 2003)
The Baker-Campbell-Hausdorff (BCH) or Trotter formula



The effective Hamiltonians : How to compute it ?
« In general, the effective Hamiltonian #4; cannot be derived exactly
o Possible methods :

» Floquet theory (e.g. Shirley Phys. Rev. 1965, Maricq Phys. Rev. B 1982)
» Magnus expansion (e.g. Maricq Phys. Rev. B 1982)

U(T) = exp (71 [/ A (rydr — 7/ / [ (t), B ())drdt + .. D

» Other perturbative approaches (Avan et al. J. Phys. 1976, Rahav et al. PRB 2003)
» The Baker-Campbell-Hausdorff (BCH) or Trotter formula

o lllustrating the BCH-Trotter approach : the two-step sequence {Ho+V, Ho—V}
40
+V

H(t)=Hy+ 0

-V

0 T NT t

U(T) _ e—iT(fIO—V)/Ze—iT(FI0+V)/2 _ —iT'J:Leﬁ

eXeV =exp <X+Y+ (X, Y]+ [X Y, [X,Y]].. ) : BCH-Trotter formula

. . T . - .
— Hetg = Ho — iz [Ho,V] 4 O(T?) The new term could lead to non-trivial effects... ?



The initial phase of the modulation

V(t)

0

T

NT
U(T) _ efiT(flof\A/)/QefiT(I:IoJrV)/Z _ eﬂT?-leff7

et = Ho — @'Z[ﬁo, V] + O(T?).




The initial phase of the modulation

40

0

T

NT
U(T) _ efiT(flof\A/)/QefiT(I:IoJrV)/Z _ efiTﬁeff

Heft = Ho — ’iz[ﬁo, V] +O(T?).

o Changing the initial phase of the modulation (¢; — ¢; + 7/2) :




The initial phase of the modulation

40

0

T

NT
U(T) _ efiT(flof\A/)/QefiT(I:IoJrV)/Z _ efiTﬁeff

et = Ho — @'Z[ﬁo, V] + O(T?).

o Changing the initial phase of the modulation (¢; — ¢; + 7/2) :

NT
U(T) =

t
e—iT(fI0+V)/26—iT(fI07V)/2 _ e—iTﬁ;ff7

X T .
H;ff:H0+iZ[H0,V]+O(T2)~




The initial phase of the modulation and unitary transformations

e The first-order terms identified by the BCH-Trotter expansion
do not modify the band structure (OK!)

()

U(T) — o~ iT(HoFV)/2,—iT(Ho+V)/2 _ e_iT’):teff ,

« N T .~ - PPN N U
ey = Ho F i [Ho, V] +O(T%) = §THoS + O(T?), §=eFTV/%,



The initial phase of the modulation and unitary transformations

e The first-order terms identified by the BCH-Trotter expansion
do not modify the band structure (OK!)

U(T) = e~ THoFV) /2T (V) /2 _ —zTHéf%)’

Ay = Ho T l*[Ho, V] +O(T?) = STHyS + O(T?), §=eTiTV/4,

o Whatis S ? It is convenient to re-write the evolution operator at time t = NT

Ot = NT)lo) = VTPt gs)
— &t (671NT[HU+O(T2)]) S

o), M

The prepared state |4 ) undergoes an initial kick S, which depends on the initial phase
of the modulation (+) !

The system evolves for a long time ¢ = N'T" according to the new He = Ho + O(T?)
The system undergoes a final sudden kick S

e Why is this partitionment (1) important ?

It highlights the ¢;-independent effective Hamiltonian A
The initial kick S can have considerable effects on the long-time dynamics !
The micro-motion S can be important !



[llustration of the initial kick : the modulated force

« Consider a particle driven by a uniform force F : {Ho+V, Ho—V} with V = —F3

V(t)
—-Fz
. P2
H(t)=— + 0
2m

+Fz

0 T NT t
» The BCH-Trotter approach provides the evolution operator U (T)

U(T)—exp{—zT[ (p + A<i>) + cst} }:exp [—iTsftf;f)] . AE =LFT/4

 The driving modifies the initial mean velocity : v(t;) — v(t;) + A& /m

1000
{+F,—-F} |¢(NT)> _ ST67iNTHO§|wO>
x(t) 0
(—F.+F} S = exp (i.A(i)i*) - initial kick
-1000
0 100 200




2 Introducing a formalism : presentation of general expressions



Introducing the formalism

e We generalize a formalism proposed by Rahav, Gilary and Fishman [PRA 2003]
o We start with the Schrédinger equation : i (t) = H(t)y(t), H(t) = Ho + V (¢).
e We look for a unitary transformation

é(t) = e KDy(t),  idd(t) = Hend(t),

Ho = KO (e KW 4 <8e (t)> ik (1)
ot ’

where we impose the conditions :

H¢s is a time-independent operator ;
K (t) is a time-periodic operator, K (t + T') = K (t), with zero average over one period ;
H.s¢ does not depend on the starting time ¢; ; K (t) — K (t;t;)



Introducing the formalism

e We generalize a formalism proposed by Rahav, Gilary and Fishman [PRA 2003]
o We start with the Schrédinger equation : i (t) = H(t)y(t), H(t) = Ho + V (¢).
e We look for a unitary transformation

é(t) = e KDy(t),  idd(t) = Hend(t),

Ho = KO (e KW 4 <8e (t)> ik (1)
ot ’

where we impose the conditions :

H¢s is a time-independent operator ;
K (t) is a time-periodic operator, K (t + T') = K (t), with zero average over one period ;
H.s¢ does not depend on the starting time ¢; ; K (t) — K (t;t;)

« Starting with the state 1/(¢;), the state at an arbitrary final time ¢ ¢ is given by

Gltg) = Ults — t)i(ts) = e K gmilts —ti) Ho oK (1) (1),

The prepared state v (t;) undergoes an initial kick, which depends on the initial phase of
the modulation! .

The system evolves for along time ¢t = t; — t; according to Heg

The system undergoes a final sudden kick (i.e. micro-motion).

Note : ty # T x (integer) is arbitrary.



Deriving the effective Hamiltonian : the general formula
* We expand the time-dependent Hamiltonian in terms of the harmonics

V(t) = Z V(@) gtiwt | 1/ (=) g—ijwt
=1

o We follow a perturbative treatment to obtain He; and K (t)

2 — n % — 1 - n
Heff:Z*Héﬁ>7 K(t):ZEK( )
n:O n=1

iK N
o = ezK(t)H( t)e —iK(t) 4 (8@8t(t)> iR (t)



Deriving the effective Hamiltonian : the general formula
* We expand the time-dependent Hamiltonian in terms of the harmonics

H(t) = Ho + V (1),
V(t) = Z V(@) gtiwt | 1/ (=) g—ijwt

Jj=1

o We follow a perturbative treatment to obtain He; and K (t)

2 = n % — 1 - n
Heft = Z*Héﬁ>7 K(t) = ijK( )

n:O n=1

K N
ﬁeff = E’LK(t)H( ) 71K(t) (868t(t)> eiiK(ﬂ

N N =1 N .
Hy=Ho+ =3 = Lv ) v +55 Z & ( V), Ao, v + h.c.)
1 ) ) ) )
4 - ([V(J), VO, y(=i=0) — oy ), [v(=D vy =) 4 h.c.) +
J
1

(Vm ijwt _ V(—j>e—w‘wt) ...



Some simple applications

« A single harmonic : a cosine modulation : H(t) = Hy + V cos(wt)

Het = Ho +t 12 [[V Hol, V] + O(1/w?),



Some simple applications

« A single harmonic : a cosine modulation : H(t) = Hy + V cos(wt)
Hep = Ho t 12 [[V Hol, V] + O(1/w?),
o A cosine + sine modulation : H(t) = Ho + A cos(wt) + Bsin(wt)

Aot = o+ A, B+ (114, flol, A+{[B, ol, B]) +0(1 /%),



Some simple applications

« A single harmonic : a cosine modulation : H(t) = Hy + V cos(wt)
Heff*HO‘f' [[V Hol, V] + O(1/w?),
o A cosine + sine modulation : H(t) = Ho + A cos(wt) + Bsin(wt)
N N RPN 1 PO A IS A 3
Ho=Ho+ 1A, B+ — (1A, Hol, A|+([B, Ho), B]) +O(1/w?),
2w 4w
« More harmonics... the two-step (square-wave) sequence {Ho+V, Ho—V} :

Heff -

(1/w?)

K(t) = ,7f/+ [tV + O(1/w?) , fort € PZ, Z} .
2w 279

Example : the modulated force, Ay = p2/2mand V = —F2
Hes = p*/2m + cst,

K(t) = (FT/4)& — |t|F& + O(1/w”) ,fort € [—gg} .



The N-step pulse sequence : a general formula

« We now apply the general formulas to the case of A/-step sequences

Ve Vi Vo Vs

H(t) = Ho+
0T/N T t
. N
2mi - w2 (N —
Heff HO + N3w m<zn:=2 Cm,n [Vm7 Vn} + W Z [[Vm, HO Vm]
2 () ¥ a (7 3
+ =i m;‘ D (00, fo), V] + [V, Hol, Vin]) + O(1/w%),
K(0) = 2),

where Cryn = %/—l—m—nandDm,n =1+ N2 —6N(n—m)+6(n—m)2.



Applications of the N-step formula : Using first-order terms
e Thecase N =3:

A ~ T ~ ~ ~ ~ ~ ~
Hegt = Ho + 5o (IV1, Vo + V2, Va] + [Va, V1) +O(1/w?)
27w

» Example : the tripod-modulated honeycomb lattice — the Haldane-Chern insulator

nT<t<nT+T/3

ﬂ \\HmH|umuwHN“'“'““"”"“"”
H gy

ll\HH\NNHMumu!uummm

B HNHmumumiuuiumwum
0

i
-n/3

quasi-energy(1/T)

nT+T3<t <nT+2T/3 nT+2T/3< t<(@+1)T kx
Kitagawa, Berg, Rudner, Demler (PRB 2010)

e Thecase N =4:
Her = Ho + o= ([V1, Val + [Va, Va] 4 [Vs, Vi + [Va, Va]) +0(1/0%)

« Example : Inspired by Sorensen, Demler, Lukin (PRL 2005)
Vi=-V3 = (pl — py)/2m and V2 = —V4 = mxy

A2
N D
Heyp =
eff 2m

- QL. +001/w?), Q~k/mw



Two useful four-step sequences
e The asequence:Vi = —Va=Aand Vo = —Vi = B [~ Acos(wt) + Bsin(wt)]

vey,
+4 +B -A -B +A +B

H(t)=Ho+ o - . -

0 T t

- ([[A,ﬁoLA]+[[B7ﬁo],B])+0(1/w3).

~ ~ % PN T
Het=Ho+—[A, B
off = Ho+ Sw[ 1+ T



Two useful four-step sequences
e The asequence:Vi = —Va=Aand Vo = —Vi = B [~ Acos(wt) + Bsin(wt)]

vy
+A +B -A -B +A +B

H(t) = He+ ¢ - . -

0 T t

Heff—Ho-&-f

ez (A 0], Al (1B, Ho). B) +0(1/e%).

o The Bsequence : Vi = —Vo =Aand Va = -V, = B
+A -A +B -B +A -A

H(t) = Ho+ ¢

T t
Hlag = Hot =2 (UA, Fro), A)+(13, f15], BY)
eff = 410 38402 » 410], > 410]5
2
s




3 Application I : Generating a synthetic magnetic field



A synthetic magnetic field, and more...

* We consider a spinless system in 2D
» Inspired by Sorensen-Lukin-Demler (PRL 2005), we consider the 4-step sequence

o 52 | 52 S RS Ry
Pz + P D Pz + P PR
{px x y y Pz y —m:y}

KTy, —
m’ 2m + y’m’ 2m

e |t corresponds to the o sequence :
140

W B e
2 Dy + D, T 2m
H(t) = r2m o 0
| ! , B =rkij

0 T t

The effective Hamiltonian yields

S A 1oyy
A = 5= ((Bx = A2) + (By = A4)°) + Smwi (37 +§%) + O(1/6?)

5
A= (-mQg,mQE), Q=" Wh=\ﬁﬂ,
8mw 3

The driving generates simultaneously :
» a synthetic magnetic field B = 2mQ1, ~ (k/w)
« an additional harmonic potential ~ (x/w)?



A synthetic magnetic field, and more...
o Itis more natural to define the pulsed system on a (optical) lattice : Ho = Ty + Ty

52 P2 4 p2 52 p2 4 p2 R R R R
{}717 BTl | ey, 2 Bl “5“9} = {2fy, o+ nig, 2T, Ho — ritg},
m 2m m 2m
o The effective Hamiltonian leads to the Hofstadter model

Hop=—J> e ®al o\ apmn +e™™al | amn +he.

m,n
+gmiad (@ + )

* We compare the dynamics of the real and effective Hamiltonians :

y/a

5 4 3 -2 -1 0 1 2 3 4 5
x/a



4 Application Il : Generating synthetic spin-orbit couplings



Synthetic spin-orbit coupling : The Quest of the Rashba term p - &

o We consider a spin-1/2 system in 2D [for simplicity]

» Inspired by the previous result, we propose the following sequence

+ K(@65 — G,

PP Py P2+ 03
m’  2m m’  2m

— k(264 — g&y)} .

o |t corresponds to the o sequence :

~2 n2
() = Pe TPy

H(t)=—"——-Y
®) 2m A A .
, B=r(i6, —oy,)

0 T t

o The effective Hamiltonian yields

.ﬁeff:ﬁo + ARD-G — Qsoizzé'z + O(l/w3),
AR = mr/8mw, Qgo = (8m/3)A3,

» The driving generates :
» a Rashba SOC term with Ag ~ (k/w)

« a“spin-Hall” SOC term with Qgo ~ (x/w)? [Note : for small Ag, L.6. = p- 6]

ki3



Synthetic spin-orbit coupling : The Quest of the Rashba term p - &
o Again, it is more natural to define this pulsed system on a lattice : Hy = Ty + Ty

{2:@5 , Ho + k(365 — §6y), 20y , Ho — k(364 — gay)}

o We compare the dynamics of the real and effective Hamiltonians :

E -
B : | mmwrf
| I $ effective

time[1/J]

o The micro-motion captured by K(t) is small in real space, but large in spin space !



Synthetic spin-orbit coupling : The Quest of the Rashba term p - &

o Again, it is more natural to define this pulsed system on a lattice : Hy = Ty + Ty
{272, Ho+ (@60 — 36, 20y Ho — n(@6e — 56) |

o We compare the dynamics of the real and effective Hamiltonians :

MMMAMMMMMMMMMMMMMAMAMMMMMMMM il
——

« The micro-motion captured by K (¢) is small in real space, but large in spin space !
o Combining the Rashba term with a Zeeman term is possible : Hy — Hoy + A\z6

N N - 1
Heg=Ho+ \z6. + A\gD- 6 — QSOLZ6Z+§mQ§(x2+y2)&Z, Q7 = 2/ 22050

— topological superfluidity ?



The XA scheme

e Xu-You-Ueda (PRA 2013) and Anderson-Spielman-Juzeliunas (PRL 2013)
proposed a scheme to realize a Rashba SOC Hamiltonian

~2 ~2
X A - - . +
{Ho—i-f{f:&z,Ho—Hi&z,Ho—‘rHQ&y,Ho—f{g}&y}, Ho:%.
e It corresponds to the 3 sequence :

V(t) R R
+A4 -A +B -B +A -A

RS A = KI0,

A =" A
2m B = ki,

>
r >

0 T
» Using the B-sequence formula, we obtain
Hey=Ho — QsoL:6- + O(1/w?), Qg0 = mAg,
K(0) = —mAg@ -6+ O(1/w?), Ag=mk/8mw, [for a sequence starting with +A]
e The evolution operator after one period reads
U(T) _ efif((T) efiTIerff ezf((o) _ eﬂ'Tﬂeﬁy

Heii = Ho — Ap P - 6 + O(1/w?) : Rashba SOC Hamiltonian



The XA scheme : an alternative almost-exact treatment
o Following Xu-You-Ueda and Anderson-Spielman-Juzeliunas

R R R R . ﬁZ +ﬁ2
{Ho—i—.m?&x,Ho—ni&x,Ho+/4qjc}y,H0—ﬁg}&y}, o =22 "%

2m
e Each half-sequence can be treated exactly : for example the first half-sequence is

efi(l:lofr-zi&z)T/4efi(1:lo+ni(71)T/4 _ efiT[fIU/27>\Rﬁm&w}
b

e The evolution operator over one period is obtained using the Trotter expansion to
minimal order exp Aexp B =~ exp(A + B) :

U(T) = e~ T [Ho/2=2rbyy] =iT[Ho/2=2RPs 2] — exp (_meﬁT) 7

Hett = Ho — AP - 6 + O (1/w?) ... in agreement with our result!



The XA scheme : an alternative almost-exact treatment

o Following Xu-You-Ueda and Anderson-Spielman-Juzeliunas

R R R R . ﬁZ +ﬁ2
{Ho—l—.m?&x,Ho—ni&x,Hg+mjc}y,Hg—ng}c}y}, o =22 "%

2m

Each half-sequence can be treated exactly : for example the first half-sequence is

efi(l:lofr-zi&z)T/4efi(f[0+ni&z)T/4 _ efz‘T[fIU/27>\Rﬁw&w}
b

e The evolution operator over one period is obtained using the Trotter expansion to
minimal order exp Aexp B =~ exp(A + B) :

U(T) = e~ T [Ho/2=2rbyy] =iT[Ho/2=2RPs 2] — exp (_meﬁT) 7

Hett = Ho — AP - 6 + O (1/w?) ... in agreement with our result!

¢ Using this treatment, we obtained a similar expression for the lattice analogue

N (11, . . [cos (4am*)\R)—1}

Hett=Ho 4 =+ =sinc (dam™ A . _— 5
off °{2+2 (4am R)}ﬂ' G{ 8(am*)2 AR

e Note 1 :for A\g < aJ, we recover the lattice-free result.

» Note 2 : the strength of the Rashba SOC is limited to A%, = (2/7)aJ on the lattice !



Back to the initial kick issue ! Ouch !
o The “exact” results above are valid when starting at time t; = 0 [i.e. first pulse is A]



Back to the initial kick issue ! Ouch !
e The “exact” results above are valid when starting at time ¢; = 0 [i.e. first pulse is A]
o But what if we don’t start the driving attime t; =0? Say ¢, =0 — —T7/47



Back to the initial kick issue ! Ouch !
e The “exact” results above are valid when starting at time ¢; = 0 [i.e. first pulse is A]
o But what if we don’t start the driving attime t; =0? Say ¢, =0 — —T7/47
e The system will first undergo a sudden kick !

Wj(t» —zt HO AR P 6] lﬁ[)l}nj‘q/)0> 5p:4m>\R



Back to the initial kick issue ! Ouch !
e The “exact” results above are valid when starting at time ¢; = 0 [i.e. first pulse is A]
o But what if we don’t start the driving attime t; =0? Say ¢, =0 — —T7/47
e The system will first undergo a sudden kick !

l(t)) = e—itl [Ho—XR P &) gi0p oy [0}, Op =4mAR

p
0.01

initial condition
-20  -10 0 10 20
x/a

0



The xy scheme : an almost-exact treatment

e We also found a sequence «, treatable almost-exactly :

{Ty — kiby, Ty — kijoy, T + K6, Ty + ng&y} ,
o Our perturbative approach yields
Het=Ho + M pp & — @795 +cst+O(1/w?), v =nr?/4w
e There is a regime where each subsequence can be treated exactly on the lattice !
U(T) = U,BU,AU+BU+A,

—iTp3 /4m™ ei‘rri/a7 iwi/aeiTAEﬁz&z,

Opn=e O a=—e

U+B _ fzz'mg/affiTA,';;;sy&y7 U—B _ eﬂ‘T;si/4m*ez‘w@/a7
o The effective Hamiltonian yields a maximized Rashba SOC [start with pulse +A]

~ N N 1 -
U(T) = exp (fmeﬁ) Her=5 Ho+ My p- &+ 0 (1/w?) [0 ay term 1.

vV
e e

3
0 1 2 3 4 5 6 7 ﬁme[, i

\“ “ “ W‘ "‘ ‘ W ‘ w |

‘ ‘ "\y '» A
.2
\

spin population




5 Conclusions, last remarks, skipped results, ...



 We developed a formalism describing modulated quantum systems [Hg, K (t)]
* We obtained general formulas and identified “interesting/useful” driving schemes



 We developed a formalism describing modulated quantum systems [Hg, K (t)]
* We obtained general formulas and identified “interesting/useful” driving schemes
« Adding terms to the static Hamiltonian Hy is potentially dangerous !
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e The dynamics strongly depends on the initial phase of the modulation...
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e The micro-motion is small in real space, but it is generally large in momentum and
spin space ! Might be tricky for measurements...

o Collisions due to [spin-dependent] micro-motion could be important... Heating ?
More details in NG and J. Dalibard, arXiv :1404.4373!
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