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Thud. Commen terreitrz] evaponite minerals are halite, gipsum and
andvdrite, which can form as sea water evaporates, and the rocks
limestone and delostome. O Titan the composition would probehly
e & hnpdrocarbon laper from fully or partially dissohved and wodis-
solved organic material that entered a liquid methane fethane
natregen by from an accormulation af sedimenting organie hase
mgﬂnrhmlmumls. 1 the evaporite material were porous it eould
anntain 2 significart amount of subsurface liquid that would be
available to replenish methane los o photo-dissociation,

Aseoond possible mochanism imolves vedcanic extrusiom of Fiouid
water/arvaminia wlicly ponded to form g very flat surface and then
frome. This 15 less likely 1o be the mechanism producing the Arecibo
echioes, bonvever, because the radar ot sections 2re more consisdent
with arganic materizl. This obgection may be overenme by 2 surface
deposit of erganic sediment, a specific example of our nesd proposal,

A third possibility is that deposits of onganic haze over peologic
tirnescalin lave filled i eopographically low aress with 2 flat top
facilitated by liquad methane/ethane/nitregen that later evaporated,
o by wind action. These depasits may well be porous and comtain
significant amaunts of subsurface liquid methans/ethane nitrogen
that meny buffers the atmesphers,

Althongls this possibiliny ard the oter mechanizms we propse
oy sueceed in aocounting For a solid surface smocth enough to
produce a specular agnature at 13am, we point oul that any solid
surface will roughen at 13-cm scales over geologic time owing to a
wariety of geologic or aenlian (wind-reated) processes, and so we
iy meed o imenke o genlogically young age s well as one of these
michanizms o explain the surfaces we see.

I addition, cwrrent large-seale cloud activity on Titan is rare
wutsicle the somrthern gl latitsdes but i predicted to move north as
Titan's southern summer tums to southern autumn'™, smucﬂin!tlw'
possibility that thess regiors are scasonally refreshod with precipi-
tation, whidh could work to smcoth the swrface. Unless there is a
suhaurface reservoir capable of sustaining atrmosplseric mathane, s
bongg-tevm prosgrosid is for a Titan atmesphere depleted in methans,
havang profound mplications for photochemistry, radiatne balance
and circulation.
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Partial quantum information

Michat Horodecki', Jonathan Oppenheim™ & Andreas Winter’

Infarmation—he it classical' or quantum’—is measured by the
amwant of commumication needed to convey it In the classical
uasr. A the recerver has some prior information about the mess-

less commaunication is needed”. Here we
esq.uluu-e the concept of prior quantum information: given an
unbwwn quantum state distribited over two systems, we deter-
mine how much quantun commumdcation s needed to transfer
the full state 1o one spstem This communicition messures the
partial information one system needs, conditioned on s prior
enformmation. We limd that it isygiven by the conditional entropy—a
quantity that was known previo: bt backed an operational
micaning In the clissical case, partial information must always be
positive, but we find that in the quantum world this physical
quantity can he negative. If the partial information is pasitive, its
sender niesds to conmunicate this number of quantum hits to the
regeivers if it is negative, then sender and receiver instead gain the
correspanding patential for ﬁnmqumnunmmunmn We
introdice a protocod that we term ‘quantum state merging which
nyﬂ.nh]ly :m&mpﬂﬂu] Infon’u-ﬂnn. Wit shonw o it erables a
netwark theory, and dis-
cnss several impartant a“.llhalmm includineg, distributed com-
pression, noiseless coding with ssde informmtion, multijple sooess
channels and asssted entanglement distillation,

[ gy given situation, we can ask: how much i there 1w know?
Al how large i our ignorance? The fermulation of these questions
addresses the quantity of infermation, net ils content, which
samply becawse the latter & hard 10 2stess and 10 compare, The
former approach 0 classical information was pioneered by
shannon', who provided the tools and concepés to answer the biret
of the twn questions: the amount of infrrmation originating from a
souree is the memary required to Githfully represent its outpud. In
thee case discussed in this work—nf a stafistical sonree—this amount
is piven by its entropy.

T approadh the second question, let us consider a two-player
armee, e participamt | Tob) has some incomplete prior infommation
¥ thee other {Alice) bobds seome infermation X2 we think of X ansd ¥
as randim variables, and Bob hes prier information ewing o possible
cornelations betweens X and Y If Bob wants to lam &, bow much
additicanal information does Alice meed tosend bim? Tlis is eme of the
by probilems of classical formation tanry, becanse it deseribes a
ubiquitens scenario in infoemation networde. [ vwas solved by Slepian
and Wl 7, Mu)pnwull]mlﬂuarmuﬂdm{m’mﬂbﬂm that Bob mesds
s iven by a quantity called the amditional entropy’. It mensres the

artial imformation that Alice muss send to Bob s that he g.llns full
E—‘rmwlwigenf}.ptm his previous knendedge from ¥ and itis just the
difference herween the entrepy of (X, ) taken t:'E'rhﬂ' [the trital
indormation) znd the entropy of ¥ (the prior information). This
result is rermarkable beacause Alice commuricates without knowing
what Tiob already knovs: she only neads w0 know her distribation,
ard the value of the conditional entropy, OF course, this partial
infoirmation is ahways a positive quantity, Classically, there would be
Pl g 0 negative information.

sl ol Tressetical Pryscs and Aslannps s Uity o
Gambe age, Cambeadge THIOWA, LK Thenaitment of M

In the quantum wordd, the first of the two questions, how o
squantify quantum information, was answered by Schumacher”, who
shewed that the ranimum muber of guantum bits required o
conwey quanturm inforrsation B givn by te quantum (von MNeo-
maanin} entropy, Toarswer the second question, we now comsider the
ity version of the two-party soemsirio abose: Alice and Bobeach
psseas & systern in some wiknown guantum state with the total
dersity operator being g nd each party having states wath density
operzions g, and g, respectively. In the case where Bob is comelated
sath Alice, he has some prior mfvrmation about her state. We now
ask howr much additional quantum information Alice needs to send
him, sn1||.1rlwh.“tlw'F||]Ismrfmﬂlch{1r|'n|wr1mrpu| Recause
we want to g II.|T||1|‘I' TIH' c;llﬂl’\‘"l artial 1I'|N'V|'|'||||l|0‘|'| W are
1I'm‘|'l‘ﬂn'd n ||]'|1' TS ST .'||1.1n1urn¢'\nrrvm|m‘iuﬁe\'n o
di this, allowing unfimited elassical communicatiem—the latter type
nFinFeﬂmﬁnni'in!_hru';uirr to traremit than the former, as it can
b sk eveer & telepliome, whereas the former s eotremely deficate and
st b sent using a special gquantum chanmel,

W e interested in infoemation tworetic [asproptoticl quan-
titiest, it spiritaf Sluariemn, s e go tothe Lt of iy copies of
statie g and vamishing but non-sevo ervons b the protoonl, W find
here that the ameunt of partial guantum information tat Alice
needs b send Bob s given by the quantum conditional entropy,
swhicl is exacty the same quartity as in the classical case butwith the
Shannon entropy changed o the von Newmanm entropy:

S| =SIAl) - 8B (L)

whiere SUK) is tlweentropy of Bob's state gy, and SLAR] is the entropy of
e juink state g . For quantim states, the conditional entropy can
e regarive®™, and thus it is rather surprising that this quantity has a
plwsical interpeetation i tems of how much quantum communi-
cation = nevded 1o gain complete quantum informatione that =,
possession of a system in the total state g 5.

Herwever, in the abowe scenario, the negative conditiomal wnrr;']-z
can be dearly inderpreted, We find that when 54| B} & i negal
can obiain the full state wsing only dassical communication, and
additionally, Alice and Bob will have the potential to transfer
additiomal quantum information in the future at ve further anst 1o
hem. They end up sharing — 8.4 ¥) Finstein-Podolsy—Rosen (FFR)
pairs’, that s, pure maximally entanglod stages S (P00 4 | 113}, which
can be used o tedeport® quantum states between the tvo partics using
anly dlassical cormmumication. Negative partial inforaton ths also
givies Bob the potential to receive future quantum information for
frew. The conditiona] entropy plays the same role in quantum
inforvradion theory as it does in the classical theory, except that
here, the gquantum conditioml entropy can be negative inan
operztirmally mezmangful way, We can say that the gnorance of
Bl the enmditirmal entropy—if it i negative, precisely cances the
amount by which be knows oo mudi®; the negative conditional
entropy 1% just the potentizl fulure comrmunication gamed.

Thassobves the well- ke puzae of how o interpret the quantum
eomditional entropy, which has persisted despite interesting atternpes.

CPoiang “Tienatmant of Agabed Wanem ales and Thegastoal Pryses, ety al
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1o understand it Because thene are no condional probabdite: for
uantum states, 5A| B is nod an e as in the classical case. Tt
I going hack to the defimation of information in tenms of sorage
space needed t0 hold 2 message or state, we can make operational
sense of this quantity

W now turn 0 the protocod which allows Alice 0 transfer her
state tn Bobis dte in the above scenario (we henceforth adopt the
cormmion wsige of referring directly to manipulations on a ‘state’ —
meaning a manipulation on a plwsical system in some quantam
atate]. W call this tramsfer quantum state merging,, becase Alice is
effectively mevging her state with that of Babs We note that in
auaritwm infermation theory, faithful state trammission mens that
wihile thi stare merging protocel reydepend on the demsity operator
of the seurce, it must succeed with high probability for any pure state
senl. An equivalent and elegant way of expressing, this criterion s Lo
imagine that g, 1= part of a pure state |$yeg, which mdudes a
reference system B Alice’s goal i 1o transfer the sate g, to Bob, and
wee dermand that after the protocnl, the toeal state still has high fidelity
with [¥en (meaning they are nearly identical; soe Fig. | which
includes a high |rv;? tion ot rl'-r protoend. The emsential
cement of state merging is TE.‘[ o st he uncharged, and Alies
st deeruple her state from B This also means {seemingly para
dodcally) thar &5 far ae avy owtside party is concerned, neither the
dlassical ror quantwm cormmunication is coupled with the menged
Atate

Let us covsider thee simple and instroctive examples:
(1} Alice las 2 completely unboeron state which we can sepresent as
the maximally mived density mateix g = So}, + 10600 5, and
By Dt vocn st (o i b state |Cyy ). T thais case, SEALH) = 1 and
Alice st serd v qubit doswn e guantwm chanmed o transfer hee
state o Bob. She could also wnd half of an EPR sate 10 Bob, and use
cuantum teepartation” o transfer her state,
12) The dasscally corvelated state gy, =) T TS TR S
We imagine this state to be part of 2 |:l|m. state witl the reference
sypstemn B, [¥aan = 510 W0 + 1 Dal ). In this case,
SUAI =0, and thus o quantum information needs to b semt,
Tradeed, Alice can measuare her state in the hasis [} = |13, and inform
fich of the result. Tepending on the outcome of the measurement,

H A
& - &
A f A. f

Figwre 1| Diagrammatic representation of the process of state merging.
Tmitially, the state [ is shared hetween the three sysiems: Bielerencel,
Allicet and Biol). Alter the conmiinicalian, Alice's syt A piire lake,
while Enh hedds nod anty kis but also her il share. Mote that the
reference’s sdaie g has nod chan tedl hy the carve separating B
frnm AR, Tha pratoenl for seate menging is 25 follows Lot Alice and Kb kave
alarge number w of the siaie 2 on To begin, we nede thai we anly need in
desoribe the protsenl for negative SIAL8), a5 atherwise dlice and Bob can
share i ALH) EPE pairs (by sending this number of quaniem bisi and
crzate & $1A1E [ e e g with SUAATRE ) = 0 This |s because adding an
EFR paie redues the cenditional snirapy by one uni. Hoeever, 5408 < 0
s equivabently expressed ai 514 ) = 5AR) = 501, and in this ke (oampare
wels 16-1Kb measurement in & uniforndy randam basis on Alice’s o systems
projecis Reb and Iinioa siais &gy whoss reduction i B is very chose 10,05
Rut this myeans that Enh cam, by a ncal aperstion, transiorms [ gg b B e
Finally, by coarse-graiming the random measurement, Alice essentially
projects onte a good quantum oode' " of rare = S48 this still resules in
Rob ohtaming the full staie o ap, but nos just under = n 841K EPR pairs are
alsa creatsd. These codes can alsa be abrained by an alernarive
sonstruciion’.
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MATURE Vel 436]4 August 2008

Bob and B will share one of two states |o® by = Sdoy o, +
| 13l 134 ). and by a local operation, Tioh can always transform the
state b Wik e =400 |ﬂ}:|ﬂ)a +[ 1 ||}n||h=}“'“|”‘ being an
ancilla at Bob's sité Alia: has thus managed to her state to Toh,
while fully preserving their entanglement with R,

(31 For the state |3, L], W+ 10 103, SAIR = —1.
and Mlice and Bob can keep'this shared EPR pair to allow future
trarsrmission of quantarm information, wheress Bob creates the EPR
pair ¢ "3 bocally, That is, transferring a puse state is trivial because
the pure state is known and can be oreated locally,

Wi e make 4 conple of oharvations about state merging, First,
the armount of dassical commumcation that B reguived is given
by the number of quarturm codes [see description of Fig. 11 in
Alice’s projection: the quanturm mutual information fia: /)
SLAT+ 308 — S1AR) betwern Alice and the reference & Secondly,
the mezsurement of Alce makes her state completely Gotoreed
frem R, thus reinforcdng the mterpretation of quantum mutual
information as the minimum entropy |1|1'\d||r1ies'n of any local
decorrelating process™", This same quantity i abso equal o the
amaunt of irreversibility of a cpclic process: Bob initially has a stare,
then gives Alice her share {eormmaunicating 5[4, which is finally

merged back t0 him {eommmumicating SIA[B3). The total quantum
communication of this cycle is 1A 1 R quantum hits,

Fecause state merging is such 4 hasic primitive, it allows us to sobe
4 wumber of otler problems in quantum information theory fairy
casily, We nowr shetch four particularly striking applications.

Dazstributed quaritum cormpresion: for a single party, a souwce
enmitting stabes with dersity mamix o , can be compressad at a rate
given by the enitrogey SCAT of the soarce by perfonming quantum data
comipression”, Tet s e consider the distributed swerario—we
imagine that the source emmits states with density matos g, o 4 .
and dastributes it aver or parties. The parties wish o compres their
shares as ruch as possible o that the full gate can be recorsticted
by a sanghe deender. l'nLll raowi, the general snlutinn af this problem
|\I.ﬁl'|’!]!|.‘|ﬁ!‘i.ll¥hi.ﬂ..‘|“ bt |thmrrﬁvmmmp|rnrr|' e allonr
classical side information for free, and use state merging.

A

£

A,

Figure 2| The rate reglon for disiributed compressien by two parties with
Individual rates @y and Rg The total rate & 4 is bowaded by 51480 a, The
rate regian of 3 snuree with positiee eonditinnal mirapics; band €. the
purely quantum case af sourcrs where SUBLAT < Oar SIAISE = 0 18 s oven
pissibbe thatboth 51 5|41 and 514185 are negavive, as shawn in d, butshserve
that ihe raie-sam SUAB) musi be positive, [Tone party compresses ai a rate
L1l then the ather party can over-campress a1 @ rate SCALT), by merging
ther stace wich the steie chaiwill end up with the decoder. Time-sharing ghves
the Fall Fate reginn, since the baiinds svidently cannor he impreved
Analugausly, foe o parties As and all suhsets TC (1 2 ., o] holding 2
enashined atale with the cateopy 5T, the rabe sims Ry = 3 R, have 1o
ey By = SIT|Twith T= 1.2, \T the complemant of set T,
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Rermarkably, the parties can compres the state at the tolz] rate
HA A, M) —the Schumacher limit! for collective compression—
even though they must operate separately, This is analogous o the
classical result: the Slepian-Wolf theorem!, We describe the quantum
salutinm for twn parties and depict the rate region in Fig, 2.

A clnsely related problem to distributed mmpnﬂ.inn it Tischess
coding with side information. Here, only Alice's state needs to arrive
at the decoder, while Bob can send part of his state to the decoder in
oirder tin help Alice lonseesr her rabe. The clissical case of this problem vas
ntreschoiced by Wi . For Bl ouariburm case, we reguine tlaat tlae full
state 0, i presevved in the prodoonl, bt do et place any restaction
v wiiar part of Bob's state may be at the devoder and wisit part can
vermain with lime For ene-way protocols, we find by using state
rraerging that if g, aved o are encoded at rates 7, and B, respectively,
then the decoder can revover g, if and only of B, = SCAILY and
Ry = E AL ) — SAILY. Here Bis the purifiing refererce system,
LM and Vare systems with their jomt state produced by acting with
same unitary on B and E AL - B) = ming SIAUA(VI) s the
entanglement of purification'®. The minimum is taken o all
channels A acting e V)

I additinn en the two certral questions of infomation theory
vie asked earlior—kow mick is .';Iunr to knowd how large i aur
ignommacef—information theory abso concerns iself with cormmuni-
cation rates, In the quantwm world, the mate ar which quantum
infrmmation can be sent down o nedsy channel s related s the
coherent information AN which was previously defined as”
] SO — SLAR, 0F This quantity i the guantum counterpart
oof Shannon's mutial information; when FAN i madmized over
it stanis, it gives e vate an which quartam information can be
st fiooenn Alboe b Doy vit  visy quaniturn chanmd ™' As with the
classical conditional entropy, Shannon’s dassical mutz| nfor-
mation' & always poative, and mdeed 11 makes no senee o have
classacal clammels with negative capacity. However, the relatinrship
betansen the coberent information and the quantum channe aapaaty
contained a puzzle, The channel capacity was thought to be mean
inghal a5 a positive quantity. So the coherent information was defined
as the maximum of ) and S H) — SIAH), since it coukd be negative.

We will see that negative values do make sense, and thus
propase that AN should not be defined 25 above, but mther as
TAYB) = —S[A|H), Tt turns cut that reative rake, altheogh imposs-
ible in classical information theory, has its interpretation in &
situatinn with two senders.

W irmagine that Alice and Bob wish o send independent quantum
states b a single deveder Thadie via a nowy charmed which acts on
baoth inpata. This problem is considered in wefl 19, Owr approach
using state menging also prevides & solution when either of the
coherent inforrmations are megative, and gives the following larger
achsevahle rates, compared to rell 1%

B,o=lCH, B=IECA), R+Re=HAB 4D

wihere By amd B are the mates of Alice and Bob for sending quantum
states, Here, we wse our redefinition of the coherent information, in
wehiichi voe allowe it to be negative. In achicving these rates, Alice can
serd (o imwest) BARC) quantum bits 1o = her state with the
decnder. The seonnd sender (Foh ) then already has Alice's state at the
docoder, and can send ar the higher rate JEAC). This provides an
interpretation of negative achicvable rates: ifa channel of one sender
has negative cobierent inforvnation, this means that she has to invest
this ameoant of entanglement to help ber partner aclieve the lighest
vane, Tl promood s for o of the serders to merge his state witl the
state Dbl by thve ddevisdier. Theerxpiesaions in (2) ane in firmal anaogy
with the classical rultiple acoes clanmel.

Entanglement of asastance: consader Alice, Bob and m — 2 other
partics sharing {manyojpies of ) 2 pure quantum state. '.I1||.mlanﬁk-
ment of asastance E, (ref. 200 12 defined a% the maximum en
rrent that the other partis can create between Alice and Bob by |nt.d
measurements andd classical communication, This was recently
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salverd for up to Four partees™, and can be generalized 10 an arbatrary
muamber manarhﬁ: using, state mrrpnB | using universal condes that
l-‘|u||'.'nl‘| only on the density matrix of the helper, as desaribed in

1. W Find that the maximal amount of entanglement that can
h':ﬁsri"t‘d betvasen e and Bob, with the help of the other parties,
s given by the minimum entanglement across any bipartite cut of the
spstemm which separates Alice from Bobe

Ey =rr\|lin|5(.-lTJ:.5{FI'.""|| (3

where e minimwm is taken over ol possible p.unl:mnmr'ﬁu.nﬂu.r
parties into groups T and its complement T mi— INT. To
achieve this, each party in tusm merges ther state MIJL the remaining
parties, preserving the mininum cat entanglement.

W have desenbed 2 fundamental quantum infermation prima-
tive—state merging—and demonstrated some af its many appli
cations. There are alsy conceptual implications. For example, the
celebrated strong subadditivity of quantum entropy™, SA[BC) =
S[A|R), receives 2 chear |nb|'r|l::1tinn:|lw{ transparent proof: having
mere prior information state merging cheaper. Cur results
also shed new light-om the foundations of quantum mechanics: it has.
long been known that there are no conditional probahilities, so
defming conditionz] entropy is problematic, Merdy replacing classi-
cal entropy with quantom entropy gives o quantity whidh can be
ponifive or negative. Quite paradeically, only the negative part was
understood operationally—as quantum channel capacity—whic
mazade the problem even more obsoare, State merging ‘annililazes’
thiese problems with each other. 1t turns aut that the puizling form of
uzmium capacity 2% a conditional emtmpy 5 the lip ade of our
miterpretatiom of quantum comditional entropy as partial quantum
mifnrmation, which makes squal serse mthe positrve and negative
regarmee, The key point is to realzae that im te negative regime, we an
gain e'm.:mgj'm.'m and tramster Alice's partial state, while in the
pesitive regime, only the partial state is tra

Temnarkahly, and despite the formal analogy, the (J..wnﬂ scenario
dres mot occur as @ classical limit of the quantum scenario—e
wemider both dzssical and quantum communication, and there i no
mening 1o preserving crtanglement in the classical case, We have
anly just begun to grasp the full implications of state merging and
megative partial information: a longer technical sccount (MH., 1O
and AW, manuseript in preparation), with rigorows proafd and
further application will appear dsewdere,
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