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HAYYHOM BERY UHCTUTYTA 3A ®U3UKY

Hpe,ume'r: Monba 3a IIOKpEeTabhe IMOCTYIIKa 3a CTUlambe 3Batba HayYHU capall-

HUK

Mosum Hayuno Behe Uncturyra 3a @usnky y Beorpajy ma y ckiaamy ca

HpaBI/IJ'[HI/IKOM O IIOCTYIIKY, HAYUHY Bpe/JHOBaba U KBAaHTUTATUBHOM HMCKa3WBaby

HAyYHO-UCTPAXKUBAYKUX PE3yJITaTa HCTPasKuBada MOKPEHe MOCTYIIaK 3a MOj u300p

Y 3Balbe Hay4YHH capaJHuK.

Y IpuUIIor 10cTaBbaM:
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o

MUIIJBEHE PYKOBOIMOIA JTadopaTopuje ca MPeyIoroM KOMHUCHje 3a H300p y
3Bame,

crpydHy omorpadujy,

nperyieJ; HayJdHe aKTUBHOCTH,

eJIEMEHTE 3a KBAJUTATUBHY U KBAHTUTATUBHY OLEHY HAYy4YHOT JOIPUHOCA,
CIIMCAK U KOIHMje 00jaBJbeHUX pajoBa W JIPYTUX ILyOJIMKAIM]ja,

NOJIATKE O MUTHPAHOCTH PAJIOBA,

yBeperbe 0 0JI0PAEHO] JIOKTOPCKO] JUCEPTAIU]H.
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Hayunom Behy UHcTuTyTa 32 Puzuky y beorpany

Ilpeamer: Muuberwe pykoBoauona jadoparopuje o uzdopy Jlannjesa Oopuha
y 3Balb€ HAyYHH CapaHHUK

Janujen O6puh , pohen 27.11.1992. ronuHe y beHKOBILy, je YIIHCA0 OKTOPCKE aKaJeMCKe
cryauje Ousuukor dakyiareta Yuuepzuteta y beorpaxy y wmkoickoj 2018/2019. roaunm.
JloxTOopcKy nucepranujy moja HacjaoBoM T-oyanuzayuja 6osoncke cmpyne u mun Il cynepcmpyne y
npucycmey KOOPOUHAMHO 3A6UCHUX NO3a0uHcKux nosa ondopanuo je 18.09.2023. na Pusuukom
daxynarety Yuusepsutera y beorpamy. Mentop noktopcke aucepraiuje je ap bojana Huxonmh,
BULIN HAy4YHH capaJHUK MHCTUTYTA 32 QUBHUKY.

Jlanujen O6puh je ox 2018. roaune 3anocien y ['pynu ca Gu3MKy rpaBUTalldje, YECTULA U
nosba MucTHTyTa 3a QM3MKy e ce OaBu npobieMuma BesaHuM 3a T-ayanusainujy (Teopuja
ctpyHa). [lanujen O6puh je 1o caga 0o6jaBHo meT HaydyHHMX pajgoBa kareropuje M21. Kao mrto ce
BUIM M3 TPUJIOKEHOr MaTepujaja, OH 3a/0BOJbaBa CBe IpejaBubeHe ycjaoBe y CKiaay ca
[IpaBMJIIHUKOM O TIOCTYIIKY, HauWHYy BpEIHOBarba M KBAaHTUTAaTUBHOM HCKa3HMBaiby Hay4HO-
MCTPAKMBAUKUX pe3yjiTara HCTpakuBaya MHUHHCTApPCTBA MPOCBETE, HAYKe M TEXHOJIOUIKOI pa3Boja
Bnane PenyOnuke CpOuje, 3a u300p y 3Bame Hay4HW capajHHK, Te npewtaxem Hayunom ehy
Muctutyta 3a ¢Qusuky na nokpeHe u3dop [lanujena O6puha y nomeHyTo 3Bame. 3a 4jaHOBE
KomHcHje Tpemtaxem cienehe ucrpaxupade. 3a u3bop Jlanmjena OOpuha y 3Bame HaydHH
capa/IHUK MpeUIakeM KOMHUCH]Y Y cienehem cacraBy:

1. nap bojan Huxonuh, Buiu Hayynu capagHuk MHcTuTyTa 32 QU3UKY

2. nap bpanucnas Casnosuh, Hayunu caBeTHUK MHCTHTYTa 32 PU3MKY Y TIEH3UjH

3. npod. ap Boja Panosanosuh, peioBuu npodecop @uzndkor pakyarera YHUBEP3UTETA Y
beorpany

r-\%‘f (l,umua,?) ‘lg)@ur ezut

np bpanucnas LiBetkoBuh
HAay4YHH CaBETHHK
PykoBoaunan [pyne 3a rpaBuTaiiujy, Y4eCTHLE U 110Jba

beorpan, 5. debpyap 2024. ronune



CTPYUYHA BUOTPA®UJA

Hanujen Odpuh je pohen 27.11.1992. roaune y Benkosity, Penydumu Xpsarckoj.
VY Bpiiiry je 3aBpIimo OCHOBHY MIKOJIY U CPeJliby TeXHUUKY cKosty "Hukoma Tecma”.
OcnoBre akajemcke cryauje je 3amodeo 2011. roamne Ha Pusmyakom dakyaTery,
Yuusepaurera y Beorpamy, cmep Teopujcka m exkcnepumentaina dusuka. Oc-
HOBHe cTyauje je 3appmmo 2016. roamae ca mpocevnom orneHoM 8.16. Vcre roanne
3al0UNHe MACTEep aKaJeMCKe CTyanje Ha uctoM dakyarery, cmep Teopujcka u
eKCIlepuMeHTaJIHa (pu3nKa, Koje 3asprnaBa 2017. rojuHe ca ITPOCEYHOM OIEHOM
10, oxOpanuBIM MacTep paJi HA Temy ~"HeKoMyTaTHBHOC U HEACOIUjaTUBHOCT
3aTBOpeHe 0D030HCKe cTpyHe”’. Mactep pas je ypahen moa pykoBoacTBoM ap Bojana
Hukosinha, Bumrer nayunor capajguuka Mucturyra 3a dusuky y Beorpay.

HoxkTopcke akajsieMcke cryauje yrucyje 2018. rogaune Ha Pusnyakom dakyirery,
Yuupepsurera y beorpasy, y:Ka HaydHa 00JIaCT KBAHTHA I10/ba, YECTHUIE W I'PAB-
ntanyja. HaydnoucrpazkuBadyku paJji HACTaB/ba HA TeMaMa M3 TeOopHje CTPYHa U
IbeHe MHTEpPAaKIije ca HEeKOMYTATUBHUM (DEHOMEHUMA II0J, MEHTOPCTBOM np Bo-
jana Huxkonwmha, y okBupy rpyme 3a ['paBurtanujy decrturie u nosba ucTuryTta
3a ¢pusuky y beorpamy. Hokrtopcke cryamje 3aBpiiasa 18. cemnremOpa 2023. ro-
JIHe, OJ0PAHUINN JJOKTOPCKY JaucepTanujy moj HacgoBoM T-dualization of bosonic
string and type IIB superstring in presence of coordinate dependent background
fields” ("T-myanusanuja Sozoncke crpyne u tun [IB cynmepcrpyne y mpucyctBy
KOOD/IMHATHO 3aBUCHUX MMO3aJMHCKUAX T0Jba).

Op ampmia 2019. roaune danujenr Odpuh je 3anocien Ha MHCTUTYTY 38 DUNKY
y Beorpamy kao mcrpazkwBad NpPUIPABHUK y Tpynu 3a ['paBuranujy, decturie
U T0Jba, 4uju je pykoBojwial Jap Bpanucias IlBerkosuh. 3Barmbe mcTpakubad
capaJHUK cTekao je jerieMopa 2022. romune.

Opn nmouerka cBor pajHor ogHoca ca Mucturyrom 3a pusuky y Beorpay, npso kao
NCTPaKWBad MPUMIPABHUK a 3aTUM Kao UCTpakuBad capaauuk, lauujes Oopuh je
Omo aHraxkoBaH Ha JiBa jomaha mpojekTa punancupana o crpane Munucrapcrsa
IPOCBeTE, HayKe W TeXHOJOIMKOr pa3Boja n Pomna 3a nayky Pemybsmke Cpbduje.
Opm 2019. rogmHe OWO je aHTAXKOBAH HA MPOjEKTy OCHOBHUX HCTpakuBarba ~dus-

naKe uMILTnKanuje moaudukoBanor npocropspemena” (OH171031) Munucrapcrsa



IIpOCBeTe, HAyKe U TeXHOJIOMKOT pa3Boja Perydaunke Cpduje, KojuM je pyKOBOIUIA
npod. ap Maja Bypuh, npodecop Pusnukor dpaxyirera ¥YHuBep3uTeTa y beorpasy.
Op 2022. rogune danujen Obpuh yuaectByje Ha npojekty "Quantum Gravity from
Higher Gauge Theory 2021” (7745968) nporpama "Uneje” @onna 3a nayky Pemyo-
muke Cpduje uuju je pykoBommiar ap Mapko BojuroBuh, Butin HayIHI capaiHIK
na Uucruryry 3a dusuky y Beorpasy.

3a BpeMe JIOKTOPCKUX akajgeMckux cryauja, Hanumjen OOpuh je dmo moaszHuk
HEKOJIMKO TTK0J1a 3a cTynenTe qokTopckux cryaunja: CERN-SEENET-MTP Balkan
School on High Energy and Particle Physics: "Theory and Phenomenology” y
Jawunn (I'puka) 2019. rogmre, COST Action CA18108 "Quantum gravity phe-
nomenology in the multi-messenger approach” y Beorpamxy 2022. rogune u ICTP
Workshop on String Theory, Holography, and Black Holes y Tpery (Uranuja)
2023. rogune.

Tpenyrro, lanujenr Odpuh je mmao map ogp:KaHux KOH(EpPeHInja Koje Cy Ouie
3a/Iy2KeHe 3a JlecuMuHaInjy nayke: Kosaparr “3armiTo omniminra Teoprja pejlaTuBHOCTH
y Beorpamy 2023. rommme, "ICTP: Ilpersnen nemapama y MOJIEPHO] TEOPHUjCKO]
dusumn” y Kparyjesiy 2023. romunue, "Omiirra Teopuja peIaTUBHOCTU: MOJEPHA
Teopuja rpoctop-Bpemena’ y Kparyjesity 2023. roaune n "KBanTha Teopuja mospa:

MojiepHa Teopuja pyraamentasaux cuna’ y Kparyjesiry 2023. romgune.



HPEFHE,ZL HAYYHE AKTUBHOCTU

Hocamammu HaydHO HcTpazkuBadkn pasa Janujena Odpuha, Moxke ce Kaacuduko-
BaTHU y JIBa OCHOBHA IIPaBIa

e Ananuza O030HCKe TeopHuje CTPYHa y IPUCYCTBY KOODJMHATHO 3aBUCHUX
no3aJMHCKUX noJba. [Ipummena T-ayanHoctu Ha OBY Teopujy u Jo0mjarbe
HEKOMYTATHBHE JIyaJlIHE TeOPHje.

IlocmaTrpana je Teopuja OO30HCKE CTPYHE IJle CMO HUMaJiid KOHCTAHTHO I'paBUTa-
IIMOHO TI0Jbe U KoopauHaTHO 3aBucHo Kajad-Pamonmoso mosbe. IIpumenom Byre-
poBe mporieype 3a T-ayanusanujy ycrean cMo Jia 100ujeMo Jyaany Teopujy. IIpo-
1e/Iypa je dusia mpBO CIIPOBEIeHA Ha KOOP/IMHATE OJT KOJUX T10/ha HE 3aBUCE & 3aTUM
Ha, KOOP/IMHATY Koja ce jaB/basia y Kaado-PamonmoBom noswy. IloBesumBamem cTpyK-
type IlonconoBux 3arpaja 1movueTHe TeOpHje ca JIyaJTHOM TEOPHUjoM, IIpuMeheHo je
Jla KOOp/IMHATE y JIyaJIHO] Teopuju HekomyTupajy. Odpramem pemocie/ia npuMeHe
nporeype 3a T-/yaan3anujy ycrean cMO Ja MOKaXKeMO J1a TIOCTOjU MPeXKa HEKO-
MyTupajyhux Teopuja Koje HACTA]y U3 MOYETHE TEeOPHje.

Bojan Nikoli¢, Danijel Obrié

Noncommutativity and Nonassociativity of Closed Bosonic String on T-dual
Toroidal Backgrounds

Fortschritte der Physik, 66, 1800009 (2018) N1®= 3.263 (3a 2017. roxumy)
DOI: https://doi.org/10.1002/prop.201800009

Bojan Nikoli¢, Danijel Obrié

Directly from H-flux to the family of three nonlocal R-flux theories

Journal of High Energy Physics, 03, 136 (2019) Ud®= 5.875 (3a 2019. roxumy)
DOI: https://doi.org/10.1007/JHEP03(2019) 136

e Amnanuza tun [IB cynepcrpyse y mpucycTBy KOOPAMHATHO 3aBUCHOT PaMOH/I-
Pamony; nospa.  IIpumena uporenype 3a T-ayasHoct Ha O030HCKE W Ha
depMuoncke KoopJuHaTe U JJ00Hjalbe HEKOMYTATHBHE TEOPH]e.

Hpyru neo nayuno ucrpaxkusadkor pasa lanujesra Odpuha doxycupao ce Ha jie-
taspry anasnusy Tull [1B cynepcrpyne y npucycTBy Koop/innaTHO 3aBucHOT Pamom -

Pamonr mosa. OBo mosbe je 3aBUCUIO caMO OJf DO30HCKUX KOODWHATA JOK CY


https://doi.org/10.1002/prop.201800009
https://doi.org/10.1007/JHEP03(2019)136

ocTaja IoJba KOja Teopuja /103BoJhbaBa OmanM KoHcTaHTe. IIpBu 7€0 oBe anaJ-
n3e pokycupao ce camo Ha T-jyaam3anujy OO30HCKHX KOOpJIMHATA, TJe je J00U-
jeHa mapImjaJiHO AyaJm3oBaHa Teopuja. (OBakBa TeopHja je HMCIOJbaBajia HEKO-
MyTaTuBHE ocodmHe u3MeDy OO30HCKHMX KOOpJMHATA aju U u3Mehy OO30HCKUX U
depmuonckux KoopuHaTa. Jpyru geo ananuse (GoKycupao ce Ha JIyasIH3allijy
dbepMUOHCKUX KOOP/IMHATA, HAKOH Yera je JI00MjeHa MOTIIYHO JIyaJIn30BaHa TeopHja.
[lokazano je jia oBakBa TeopHuja He IOCEJlyje HEKOMYyTaTHUBHE pejaruje u3mebhy
depmuonckux koopiuHaTta. llopes oBe cramjapiHe aHaan3e, pasMaTpad CMO
ciaydaj n kay Pamong-Pamona nmospe mocemyje u cumerpudan jeo. Osaj myr je
TeopHja JIyaJn30BaHa caMo JIyzK OO30HCKHX Koop/uHaTa u npuMeheno je ma je jiy-
atHa Teopuja ucra. Moaudukaruje ce jeTMHO BUJIEe Y CTPYKTYPHU HEKOMYTaTUBHUX

peJsianija Koje cy caJi MHOI'O KOMIIJTNKOBAHMje.

Bojan Nikoli¢, Danijel Obrié, Branislav Sazdovié¢

Noncommutativity and Nonassociativity of Type II Superstring with
Coordinate Dependent RR Field

Fortschritte der Physik, 70, 2200048 (2022) U®= 5.532 (3a 2021. roxumny)
DOI: https://doi.org/10.1002/prop.202200048

Bojan Nikoli¢, Danijel Obrié

Combined Fermionic and Bosonic T-duality of Type II Superstring Theory
with Coordinate Dependent RR Field

Fortschritte der Physik, 71, 2200160 (2023) U®= 3.9 (3a 2022. roxumny)
DOI: https://doi.org/10.1002/prop.202200160

Bojan Nikoli¢, Danijel Obrié

Noncommutativity and nonassociativity of type II superstring with
coordinate dependent RR field — the general case

Journal of High Energy Physics, 12, 078 (2022) Ud®=6.376 (3a 2021. romumy)
DOI: https://doi.org/10.1007/JHEP12(2022)078


https://doi.org/10.1002/prop.202200048
https://doi.org/10.1002/prop.202200160
https://doi.org/10.1007/JHEP12(2022)078

EJIEMEHTU 3A KBAJIUTATUBHY OLIEHY HAYYHOI' JOIIPMMHOCA

1 KBasimrer Hay4YHUX pe3yJTara

1.1 Hayynu HMBO u 3Ha4aj pe3yJjiTara, yTUIQj HAYYHUX PaI0Ba

Y cBom gocamamimeM paay, ap larumjen Odpuh je o0jaBmo yKymHO meT pajiosa,
CBHUX TIeT pajioBa cy Kareropuje M21 (BpxyHCKH MelhyHapogHU Iacomuc).

Hajznagajuu paj kanaumara je

Bojan Nikoli¢, Danijel Obrié

Noncommutativity and Nonassociativity of Closed Bosonic String on T-dual
Toroidal Backgrounds

Fortschritte der Physik, 66, 1800009 (2018) N1®= 3.263 (3a 2017. roaumy)
DOLI: https://doi.org/10.1002/prop.201800009

Y oBOM pa/jiy pasMaTpaHa je 3aTBOPEHa OO30HCKA CTPYHA y IPUCYCTBY KOHCTAHTHE
meTpuke n Kamndo-Pamomosor nosba koje uMa jegHy HEHYITY KOMIIOHEHTY, By, =
Hz, vne je jaunna nosba H wndunuresumasno masia. Kopucrehu Bymeposy T-
JIYAJTU3AIMOHY IIPOIIE/LYPY, MU3BPIIUIN CMO JyaJu3alujy JAyK T U Y IpaBala a
kopucrehn yommreme T-mayanuzamnuone mporeaype Jyajln3yjeMo JIyzK z IPaBIA,
e HamehemMo TpuBHjaHe ycjoBe 3a HaMoTaBame ctpyHe. llocime mpse nase T-
Jyajmsangje jiodujamo Teopujy ca () diykcoM Koja je JIOKAJHO J1I00po jeduH-
ncana. Hakon mayasim3aiiyje Jy>K ¢Be TPHU IpaBIia JOOWjaMO HEJOKAJHY TEOPHjy Ca
R duykcom. MzBop memoxkannocTu je Bapujadsia AV, neduHucuHaHa Kao WHTE-
rpaJi Iy2K JIMHHje, KOja ce T0jaB/byje Kao apryMeHT MO3a/IMHCKNUX ToJba. lIpenmcu-
BambeM T-1ya/lTHuX 3aKOHa TpaHchopMalije y KaHOHCKHA OOJIMK U KopucTehu cran-
napany IloaconoBy asredpy, modujamo ja je Teopuja ca () hIyKCoOM KOMYTaTHBHA
JIOK je Teopuja ca R dayckom HeKOMyTaTuBHA U HeaconujaTuBHa. [lociemura
OBOTa je Jla 3a 3aTBOPEHY CTPYHY IIOCTOJH IIOBE3AHOCT M3MeDy HEeJIOKAJHOCTH ca

je/lHe cTpaHe W HEKOMYTATHUITHOCTU U HEeacOIMjaTUBHOCTU Ca Jpyre CTPaHe.
1.2 IITuTupaHOCT HAYYHUX PAaOBa KaHAUIATa

VYkyman Opoj nurara Kaujaujgara Ha gan H. dedpyapa 2024. romumue je mo WoS
0a3u 8, OIHOCHO 110 Scopus 0a3m 8, oj Tora je Opoj xereporuraTta Mo WoS dasu


https://doi.org/10.1002/prop.201800009

8, omHocHo 1o Scopus Oasm 8. Ilpema obe Haze, XuUPIIXOB MHIEKC KaHIUIaTa
je mcru m m3nocu 2. O0e dase mojaTaka MMajy IPOIyCTe W HE Jajy HOTIIYHY
cimKy nurupanoctu Kangunara. Kanmumar mocemyje pan (B. Nikolié, D. Obrié,
Fortschr. Phys. 2018, 66, 1800009. https://doi.org/10.1002/prop.201800009) koju
je UTUPaH Kao IMPEIPUHT YMCETO 00jaB/bEHOT WIAHKA U JIOCTAaB/ha PaJi KOjU Tra je
murupao (R. Szabo, PoS(CORFU2017)151, https://doi.org/10.22323/1.318.0151)
Kao JI0Ka3.

1.3 IlapameTrpu KBajMTETa PaJOBa M YaclioOuca

Kanmunar, np Hanujesr Odpuh je odjaBuo ykymHO 1eT pajosa y Mmehynapoanum

JaCOIIUCUMa " TO:

e 3 pajsia y BpxyHCKOM MehyHapoanom dacomnucy Fortschritte der Physik
(UMD = 3.263, CHUII = 0.8; D = 5.532, CHUII = 1.293; UD = 3.9, CHUII
= 1.224)

e 2 pajia y BpxyHckoMm mehyrapogaom gaconucy Journal of High Energy Physics
(M® = 5.875, CHUII = 1.295; UD = 6.376, CHUII = 1.322)

Bubdnmnomerapcku mmokasaresbu Cy CyMUpPaHU y HAPEIHO] Tadesu

it M CHIII
YKymHo 24.946 40 5.934
YCpeALeno 1o 4.9892 8 1.1868
WIAHKY
YCpeAmeno 1o 11.551 18.66 2.7515
ayTOpy

2 HopMmupame dpoja KOayTOPCKUX pagoBa, MaTeHATA U TEXHUYKUX
pe3yJraTta

On 5 pagoBa Kangumara, 4 paga uMmajy 2 ayropa a 1 pag uma 3 ayropa. PamoBu
KaH/IuIaTa MMPUNaIajy KJIacu TEOPUJCKUX PaJIoBa Y OKBUPY IPUPOIHUX HayKa WU

CBUX TIET paJioBa ce TMPU3HAjy ca myHuM opojeM M moena.



3 Vuenthe y npojekTuMa, DOTIIPOjEKTUMA U NPOjEeKTHUM 3aJaTIIMa
Kanaunar je yaectBoBao Ha ciiejiehuM mpojeKTUMA:

e 1pojeKTy MuHHCTapcTBa IpOCBeTe, HAyKe M TEXHOJOMIKOr pa3Boja Peryo-
qmke Cpduje OH171031 ,Pusnyke uMILIKAIje MOIU(PUKOBAHOT IIPOCTOPBPE-

MeHa,

e npojekry ,Quantum Gravity from Higher Gauge Theory 2021” (7745968),
nporpama ,JMaeje” Ponma 3a Hayky Pemydauke Cpduje ox jamyapa 2021.
roJINHe, ca OYEeKUBAHUM KpajeM IpojekTa y JereMmopy 2024. rojume.

4 YTunaj HayYHUX pe3yJiTara

VTuiaj HaydHUX pe3yJsiTaTa KaHInaTa ce oryiea y Opojy 1uTaTa Koju Cy HaBeIeHU
y Tadku 1.2 OBOT mpmjiora, Kao U y MPUJIOTY O IUTUPAHOCTU. 3HAYA] pPe3y/Irara
KaHIM/aTa je Takohe ormcan y tTadku 1.1.

5 AKTHMBHOCT y HAyYHUM M HAYyYHO-CTPYYHUM APYHITBUMA

Kanaunat je mo mo3uBy perensupao pas y gaconucy Kragujevac Journal of Science

6 KonkperaH JONPUWHOC KAaH/INAATA Y pPeaJin3aliju paJioBa y HAYyYHUM
MEeHTPUMAa y 3€eMJbM M MHOCTPAHCTBY

Kanaunmar je cBe cBoje mcTpakKmBadke aKTHUBHOCTH peajun3oBao y MHcTHTyTy 32
dusuky y Beorpajgy. CBoj JOIPHUHOC TOKOM HCTPaXKHBabha a0 je y padyHamby,
MHTEPIPETANNJU U NIPE3EHTOBAY Pe3y/TaTa, NUcakby PajoBa U KOMYHUKAITUU Ca
pere3eHTuMa.

7 YBoaHa mpejiaBarba Ha KOH(epeHInjama, Apyra IIpeiaBama u
AKTUBHOCTU



Tokowm jtokTopekux cryauja Janujesr Odpuh je cBoje ncrpakuBame MpeICTaBUO HA
koudepennmju Workshop on Gravity and String Theory: "New ideas for unsolved
problems III wa 3marudopy 2018. rommue, npemaBameM " Noncommutativity and
nonassociativity of closed bosonic string on T-dual toroidal backgrounds". Haxou
3aBpIIETKA CTY/Mja KAHINJIAT je OJPyKA0 U HEKOJMKO HAYIHO MOIYJAPHUX IIpe-
JlaBamba HaMemeHuX mupoj myosunu. OBOj KaTeropuju mpejaBarba IIPUIAJIAjY:
,»JAIITO OIIITA PEJIATUBHOCT KAO0 JIe0 MUKJIyCa IpeiaBarmba K BaHTHA TpaBATAIT]ja
- Cetn rpan caBpemene ¢dhuzuke’ y 3asayxomau Wmuje M. Konapra y Beorpasy
2023. romune, JCTP Ilpersen nemasama y MojaepHOj Teopujcko]j dpusuiu” na Nu-
cruryty 3a Pusuky y Kparyjesity 2023. rogune, ,Onurira Teopuja pelaTUBHOCTH
- Monepua teopuja mpoctop-Bpemena’ Ha Wucruryry 3a Pusuky y Kparyjesiry
2023. rommue m "KBanTHa Teopuja mosba - MojepHa Teopuja (pyHIAMEHTAJTHUX
cuia ” Ha MHCcTHTyTY 38 Pusuky y Kparyjesmy 2023. rommse.



EJJEMEHTU 3A KBAHTHUTATUBHY OLIEHY HAYYHOI' JOIIPUHOCA

OctBapHen pesyararu

Y M
. M Bomosa 1o . YkynHno M KyHHo
Kareropuja Bpoj pagosa domoBa ca
pany 0omoBa
HOpPMUPpambeM
M21 8 ) 40 40
M70 6 1 6 6

Hopebe}be Ca MUHUMaJIHUM KBaHTUTATUBHUM YCJIOBHMa 3a I/I360p V 3Balbe HayIHU

capajHuK

OctBapueo M OctBapeno M
Muaumastaun 6poj M domosa 0os10Ba Oe3 oomoBa ca
HOPMUPAbHa HOPMHUPAaIHEM
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Noncommutativity and Nonassociativity of Closed Bosonic

String on T-dual Toroidal Backgrounds

B. Nikoli¢* and D. Obrié

In this article we consider closed bosonic string in the presence of constant
metric and Kalb-Ramond field with one non-zero component, B,, = Hz,
where field strength H is infinitesimal. Using Buscher T-duality procedure we
dualize along x and y directions and using generalized T-duality procedure
along z direction imposing trivial winding conditions. After first two
T-dualizations we obtain Q flux theory which is just locally well defined, while
after all three T-dualizations we obtain nonlocal R flux theory. Origin of
non-locality is variable AV defined as line integral, which appears as an
argument of the background fields. Rewriting T-dual transformation laws in
the canonical form and using standard Poisson algebra, we obtained that Q
flux theory is commutative one and the R flux theory is noncommutative and
nonassociative one. Consequently, there is a correlation between non-locality

In the last two articles of ™ the method
of solving of boundary conditions is
presented. The basic idea is that open
string boundary condition is treated as
canonical constraint. Investigating the
consistency of the canonical constraint
we obtained the o dependent form of
the boundary condition. Further, we
can proceed twofold: to introduce Dirac
brackets or solve the constraint. Solving
the constraint, we obtained the initial
coordinate as a linear combination of
the effective coordinate and momenta.
Consequently, initial coordinates are
noncommutative and the main contri-

and closed string noncommutativity and nonassociativity.

1. Introduction

Coordinate noncommoutativity means that there exists minimal
possible length, which imposes natural UV cutoff. Idea of coor-
dinate noncommutativity is very old. Heisenberg suggested coor-
dinate noncommutativity to solve the problem of the occurrence
of infinite quantities before renormalization procedure was de-
veloped and accepted. The first scientific paper considering this
subject appeared 19471 where construction of discrete Lorentz
invariant space-time is presented. Later in the period of 1980s A.
Connes developed noncommutative geometry as a generalization
of the standard commutative geometry.”

Noncommutativity became again interesting for particle physi-
cists when the paper’! appeared. In this article it is shown us-
ing propagators that open string endpoints in the presence of
the constant metric and Kalb-Ramond field become noncom-
mutative. D-brane on which the string endpoints are forced
to move becomes noncommutative manifold. After this article
many articles® appeared addressing the same subject but us-
ing different approaches - Fourier expansion, canonical methods,
solving of boundary conditions etc.
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bution to noncomutativity parameter
comes from Kalb-Ramond field as it was
expected.
Following the result of the article®! it
can be proven that gauge fields “live” at
the open string endpoints. Consequently, many interesting pa-
pers concerning non-commutative Yang-Mills theories and their
renormalisability appeared.l® In the papers!’! cross sections for
some decays, allowed in noncommutative Yang-Mills theories
and forbidden in commutative ones, are calculated, which offers
a possibility of the experimental check of the noncommutativity
idea and further, indirectly, idea of strings.

It is obvious that closed bosonic string in the presence of
constant background fields remains commutative. There are no
boundaries and, consequently, boundary conditions constraining
string dynamics. In the case of open string we obtained initial
coordinate in the form of linear combination of effective coordi-
nates and momenta using boundary condition. That is achieved
in the closed string case® using T-duality procedure and coordi-
nate dependent background.

T-duality as a fundamental feature of string theory,’"! unex-
perienced by point particle, makes that there is no physical dif-
ference between string theory compactified on a circle of radius
R and circle of radius 1/ R. Buscher T-dualization procedure!'”
represents a mathematical frame in which T-dualization is
realized. If the background fields do not depend on some co-
ordinates then those coordinates are isometry directions. Con-
sequently, that symmetry can be localized replacing ordinary
world-sheet derivatives .. by covariant ones Dyx" = dix"* + vf,
where v’ are gauge fields. In order to make T-dual theory has the
same number of degrees of freedom, the new term with Lagrange
multipliers is added to the action which forces the gauge fields to
be unphysical degrees of freedom. Because of the shift symme-
try, using gauge freedom we fix initial coordinates. Variation of
this gauge fixed action with respect to the Lagrange multipliers

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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produces initial action and with respect to the gauge fields pro-
duces T-dual action.

Standard Buscher T-dualization was applied in closed string
case in the papers.B161% In Ref. [16] authors consider 3-torus
in the presence of constant metric and Kalb-Ramond field with
one nonzero component B,, = Hz, where field strength His in-
finitesimal. They systematically apply Buscher procedure and, af-
ter two T-dualizations along isometry directions, obtain theory
with Q flux which is noncommutative. In the calculations they
used nontrivial boundary conditions (winding conditions). The
result is that T-dual closed string coordinates are noncommuta-
tive for the same values of parameters o = & with noncommuta-
tivity parameter proportional to field strength H and N;, winding
number for z coordinate.

But, except this standard Buscher procedure, there is a gen-
eralized Buscher procedure dealing with background fields
depending on all coordinates. The generalized procedure was
applied to the case of bosonic string moving in the weakly
curved background®-?? and in the case where metric is quadratic
in coordinates and Kalb-Ramond field is linear function of
coordinates.”®! The generalized procedure enables us to make
T-dualization in mentioned cases along arbitrary subset of coor-
dinates.

Double space is one picturesque framework for representation
of T-duality. Double space is introduced two to three decades
ago.”™2¥ 1t is spanned by double coordinates ZM = (x*, y,)
(t=0,1,2,..., D—1), where x* are the coordinates of the
initial theory and y, are T-dual coordinates. In this space
T-dualization is represented as O(d, d) transformation.?9-3
Permutation of the appropriate subsets of the initial and
T-dual coordinates is interpreted as partial T-dualization***]
expanding Duff’s idea.’¥ The newly invented intrinsic
noncommutativity®® is related to double space. Intrinsic
noncommoutativity exists in the constant background case
because it is considered within double space framework.

In this article we will deal with closed bosonic string propagat-
ing in the constant metric and linear dependent Kalb-Ramond
field with B,, = Hz, the same background as in [16]. This con-
figuration is known in literature as torus with H-flux. As in
the Ref. [16] we will use approximation of diluted flux, which
means that in all calculations we keep constant and linear terms
in infinitesimal field strength H. Transformation laws, relations
which connect initial and T-dual variables, we will write in canon-
ical form expressing initial momenta in terms of the T-dual co-
ordinates. Unlike Ref. [16], except T-dualization along two isom-
etry directions, we will make one step more and T-dualize along
z coordinate using generalized T-dualization procedure. During
dualization procedure we will use trivial boundary (winding) con-
ditions.

Transformation laws in canonical form enable us to express
sigma derivative of the T-dual coordinate as a linear combination
of the initial momenta and coordinates. Because initial theory is
geometrical locally and globally, its coordinates and canonically
conjugated momenta satisfy standard Poisson algebra. This fact
means that we can calculate the Poisson brackets of the T-dual
coordinates using technical instruction given in subsection 4.1.

After T-dualizations along isometry directions (along x and
y) we obtain the same background as in Ref. [16] but, obtained
Q flux theory, which is still locally well defined, is commuta-
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tive. This is a consequence of the imposed trivial winding condi-
tions. Having in mind the generalized T-duality procedure,?*1:23]
T-dualization along z coordinate produces R flux nonlocal theory
because it depends on the variable AV which is defined as line
integral. Calculating Poisson brackets of the T-dual coordinates
we obtain two nonzero Poisson brackets and show that there is a
correlation between non-locality and closed string noncommuta-
tivity.

The form of noncommutativity is such that it exists when ar-
guments of the coordinates are different, 0 # &. That is another
difference with respect to the result of Ref. [16] but there is no
contradiction because the origins of noncommutativity are differ-
ent. In this article non-locality is related with noncommutativity
of R flux theory under trivial winding conditions while in Ref. [16]
it is about noncommutativity of Q flux theory under nontrivial
winding conditions.

From the noncommutativity relations it follows that Jacobi
identity is broken i.e. nonassociativity occurs. Nonassociativity
parameter, R flux, is proportional to the field strength H. Us-
ing generalized T-duality??>?!?3l we obtain the concrete form of
nonassociativity from string dynamics. Similar as noncommu-
tativity, discovery of nonassociativity pushes the scientists to ex-
plore the effects of nonassociativity in the field of renormalis-
ability of ¢* theory® as well as formulation of nonassociative
gravity.*®)

At the end we add an appendix containing some conventions
used in the paper.

2. Bosonic String Action and Choice of Background
Fields

The action of the closed bosonic string in the presence of
the space-time metric G, (x), Kalb-Ramond antisymmetric field
B,,(%), and dilaton scalar field ®(x) is given by the following
expression!’!

Szk-LdzéJjg

1 Q, 8aﬂ L v
x {[Eg PG (%) + ﬁBM(x)} Buxdpx” + @ (x) R(2>} ,

2.1)

where ¥ is the world-sheet surface parameterized by §* = (z, o)
[(@ =0,1), o € (0, )], while the D-dimensional space-time is
spanned by the coordinates x* (1 =0,1,2,..., D —1). We de-
note intrinsic world sheet metric with g4, and the corresponding
scalar curvature with R@.

In order to keep conformal symmetry on the quantum level
background fields must obey space-time field equationst”

G 1 po
= Ruv — 4 Buo B” +2D,8, =0, (2.2)

v

B¢ =D,B",, —2a,B",, =0, 2.3
PP n p D

7y

D - 26 1
— R— = B,,, B*° — D,a" + 44’ = c,

® =9
pr=amk— 24

(2.4)
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where c is an arbitrary constant. The function 8% could be a con-
stant because of the relation

DVIBSA. + 8Mﬁ¢ = 0 (25)

Further, R,, and D, are Ricci tensor and covariant derivative with
respect to the space-time metric G,,,, while

By, =0,B,+09,B,, +9,B,,, a,=09,, (2.6)
are field strength for Kalb-Ramond field B,,, and dilaton gradient,
respectively. Trivial solution of these equations is that all three
background fields are constant. This case was pretty exploited in
the analysis of the open string noncommutativity.

The less trivial case would be a case where some background
fields are coordinate dependent. If we choose Kalb-Ramond field
to be linearly coordinate dependent and dilaton field to be con-
stant then the first equation (2.2) becomes

1
Rlu) - Z B;Lpa va{r =0. (27)
The field strength B,,,, is constant and, if we assume that it is in-
finitesimal, then we can take G, to be constant in approximation
linear in B,,,. Consequently, all three space-time field equations
are satisfied. Especially, the third one is of the form

D-26 _
= -

2K

c, (2.8)

which enables us to work in arbitrary number of space-time di-
mensions.

In this article we will work in D = 3 dimensions with the fol-
lowing choice of background fields

R 0 0 0 Hz 0
Go=|0 R o], B,=|-Hz 0 o], (9
0 0 R 0 0 0

where R, (u = 1, 2, 3) are radii of the compact dimensions. This
choice of background fields is known in geometry as torus with
flux (field strength) H.'S! Our choice of infinitesimal H can be
understood in terms of the radii as that

H 2
— ) =o. (2.10)
R R, R

This approximation is known in literature as the approximation
of diluted flux. Physically, this means that we work with the torus
which is sufficiently large. Consequently, we can rescale the co-
ordinates

xll

X — —, (2.11)
R

1L

which simplifies the form of the metric

10
Gu=|0 1 (2.12)
00

= o O
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The final form of the closed bosonic string action is

S = K/ d’E9, x"T1,,,d_x"
z
21
=« | d°€ 7 (0;x0_x+ 0, yd_y + 3,.20_2)
z

+ 0y xHz0_y — B+sza_x:|, (2.13)

where 9, = 9, + 9, is world-sheet derivative with respect to the
light-cone coordinates §* = 1(t + ), M+, = By, +1G,, and

X
=1yl (2.14)

Let us note that we do not write dilaton term because its
T-dualization is performed separately within quantum formal-
ism and here will be skipped.

3. T-dualization of the Bosonic Closed String
Action

In this section we will perform T-dualization along three direc-
tions, one direction at time. Our goal is to find the relations con-
necting initial variables with T-dual ones called transformation
laws. Using transformation laws we will find noncommutativity
and nonassociativity relations.

3.1. T-dualization Along x Direction — from Torus with H Flux to
the Twisted Torus

Let us perform standard Buscher T-dualization™ of action (2.13)
along x direction. Note that x direction is an isometry direction
which means that action has a global shift symmetry, x — x + a.
In order to perform Buscher procedure, we have to localize this
symmetry introducing covariant world-sheet derivatives instead
of the ordinary ones

8ix —> Dix = Bix—{- V4, (31)

where v are gauge fields which transform as v, = —d.a. Be-
cause T-dual action must have the same number of degrees of
freedom as initial one, we have to make these fields v, be un-
physical degrees of freedom. This is accomplished by adding fol-
lowing term to the action

Sui = 5 / A2y, (0,0- — 0. v.), (3.2)
x

where y, is a Lagrange multiplier. After gauge fixing, x = const.,
the action gets the form

1
Sfix = K/dzé“ |:§ (vyv_ + 0490y +0,20-2) + vy Hz0_y

1
— 0 yHzv_ + §Y1(3+U7 — 8,v+):| . (3.3)
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From the equations of motion for y; we obtain that field
strength for the gauge field v. is equal to zero

Fii =d,0_ —d vy =0, (3.4)
which gives us the solution for gauge field

vy = Bix. (35)
Inserting this solution for gauge field into gauge fixed action (3.3)
we obtain initial action given by Eq. (2.13). Equations of motion
for v, will lead to the T-dual action. Varying the gauge fixed action
(3.3) with respect to the gauge field v, we get

v_ = —0_y; —2Hz0_y, (3.6)
while on the equation of motion for v_ it holds

vy =04y +2Hz0yy. (3.7)
Inserting relations (3.6) and (3.7) into expression for gauge

fixed action (3.3), keeping terms linear in H, we obtain the
T-dual action

.S= K/ AP0, (X)L T4 0 (. X)" (3.8)
x

where subscript , denotes quantity obtained after T-dualization
along x direction and

Y1
Xie=y | (3.9

z

Further we have the T-dual background fields

1
xn+uv = xBuv + ExG;Lva XBMV = 07

1 2Hz 0
Guon=|2Hz 1 o0]. (3.10)
0o 0 1

Obtained background fields (3.10) define that what is known
in literature as twisted torus geometry. String theory after one
T-dualization is geometrically well defined globally and locally or,
simply, theory is geometrical (lux H takes the role of connection).

Combining the solutions of equations of motion for La-
grange multiplier (3.5) and for gauge fields, (3.6) and (3.7), we
get the transformation laws connecting initial, »*, and T-dual,
X", coordinates

Bix = ﬂ:aiyl :EZHZaiY, (311)
where = denotes T-duality relation. The momentum r,, is canon-

ically conjugated to the initial coordinate x. Using the initial
action (2.13) we get

—8S— x — 2Hzy' 3.12
Ty = — = Kk(% — R .
5% ( zy’) ( )
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where A= 9, Aand A' = 3, A. From transformation law (3.11) it
is straightforward to obtain

Xy +2Hzy, (3.13)

which, inserted in the expression for momentum 7, gives trans-
formation law in canonical form

T = k). (3.14)

3.2. From Twisted Torus to Non-geometrical Q Flux

In this subsection we will continue the T-dualization of
action (3.8) along y direction. After x and y T-dualization we ob-
tain the structure which has local geometrical interpretation but
global omissions. Such structure is known in literature as non-
geometry.

We repeat the procedure from the previous subsection and
form the gauge fixed action

1
Sfix = /c/ de [E (01 y10-y1 + vyv_ +0,20_2) + 0. y1 Hzu_
b

1
+ v Hzd_y + 5 pa(dv- 8_v+)] . (3.15)

From the equation of motion for Lagrange multiplier y,
04v_ —0_vy =0 —> vy = 04y, (3.16)

gauge fixed action becomes initial one (3.8). Varying the gauge
fixed action (3.15) with respect to the gauge fields we get

vy = :I:Giyz — ZHZE)iyl (317)

Inserting these expressions for gauge fields into gauge fixed ac-
tion, keeping the terms linear in H, gauge fixed action is driven
into T-dual action

wS= K/d2$8+(xyX)“xyl'lﬂwa,(xYX)", (3.18)
where
2!
@X)" =1r|
z
. % —Hz 0
xyn+ul) = xy B;w + Expr,v = Hz % 0 (319)
1
0 0 3
Explicit expressions for background fields are
0 —Hz O 1 0 0
xy B;w = Hz 0 0 = _BMIH xp Guv = 01 0
0 0 0 0 01
(3.20)
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Let us note that background fields obtained after two
T-dualizations are similar to the geometric background of
torus with H flux, but they should be considered only locally.
Their global properties are non-trivial and because of that the
term “non-geometry” is introduced.

Combining the equations of motion for Lagrange multiplier y,
and for gauge fields v, we obtain T-dual transformation laws

dyy = +0py, — 2Hz0y;. (3.21)

The y component of the initial canonical momentum , is a vari-
ation of the initial action with respect to the y

8S
T, = E =«k(y + 2Hzx'). (3.22)

Using T-dual transformation laws (3.21) we easily get
§ =y, — 2Hzp, (3.23)

while from the transformation law (3.11), at zeroth order in H,
it holds ¥’ = y;. Inserting last two expression into , we obtain
transformation law in canonical form

Ty = k). (3.24)

After two T-dualizations along isometry directions, in the approx-
imation of the diluted flux (keeping just terms linear in H), ac-
cording to the canonical forms of the transformation laws (3.14)
and (3.24), we see that T-dual coordinates y; and y, are still com-
mutative. This is a consequence of the simple fact that variables
of the initial theory, which is geometrical one, satisfy standard
Poisson algebra

{x“(a), m(&)} =880 —3a), ¥ x"}= {nﬂ, nu} =0,

(3.25)
where
Ty
=17 |. (3.26)
T

3.3. From Qto R Flux — T-dualization Along z Coordinate

In this subsection we will finalize the process of T-dualization
dualizing along remaining z direction. For this purpose we will
use generalized T-dualization procedure.?*?!?% The result is a
theory which is not well defined even locally and is known in
literature as theory with R-flux.

We start with the action obtained after T-dualizations along x
and y directions (3.18). The Kalb-Ramond field (3.20) depends on
zand it seems that it is not possible to perform T-dualization. Let
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us assume that Kalb-Ramond field linearly depends on all coor-
dinates, By, = b, + 1 By, %" and check if some global transfor-
mation can be treated as isometry one. We start with global shift
transformation

Sxtt = A", (3.27)
and make a variation of action

— K P d2 L v
88 = §B,w,)k g £0,x"0_x

2k
= ?Bm,pk"e"’s /2 A2E[Dy (" 9px") — % (3, Dpx")]. (3.28)

The second term vanishes explicitly, while the first term is sur-
face one. Consequently, in the case of constant metric and lin-
early dependent Kalb-Ramond field, global shift transformation
is an isometry transformation. This means that we can make
T-dualization along z coordinate using generalized T-dualization
procedure.

The generalized T-dualization procedure is presented in detail
in Ref. [20]. In order to localize shift symmetry of the action (3.18)
along z direction we introduce covariant derivative

Biz e DiZ = Biz—|— V4, (329)

which is a part of the standard Buscher procedure. The novelty is
introduction of the invariant coordinate as line integral

2 = / dE D,z
P
:/ds+D+z+/ A6 D_z=z(£) — z(E) + AV,  (3.30)
P P
where
AV:/ &%y, =/(d§+v++d$’v,). (3.31)
P P

Here & and & are the current and initial point of the world-sheet
line P. Atthe end, as in the standard Buscher procedure, in order
to make vy to be unphysical degrees of freedom we add to the
action term with Lagrange multiplier

K
Sadd = E/ d’E yy(d v — dyv ). (3.32)
x
The final form of the action is
S= K/ 3 [— HZ" (3, y10_y, — 04 y20_y1)
x

(04 y10—y1 + 04 y20_y, + DyzD_2)

N —

+

+% ys(0 v — 8_v+)i| . (3.33)
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Because of existing shift symmetry we fix the gauge, z(£) = z(&),
and then the gauge fixed action takes the form

Sfix = K/ d’e [— HAV(3,y19_y, — 8, 7,0_11)
z
1
+E(8+Y1 0-y1 + 9:y20-y2 + viv-)

+ %maw, - a,m] . (3.34)

From the equation of motion for Lagrange multiplier y; we
obtain

dov_ —0v, =0=>vy =0:2, AV =Az (3.35)
which drives back the gauge fixed action to the initial action
(3.18). Varying the gauge fixed action (3.34) with respect to the
gauge fields v, we get the following equations of motion

vy = £0,y; — 287, (3.36)

where 8% functions are defined as

1
B = ii H(y10:y2 — y20¢11)- (3:37)

The B* functions are obtained as a result of the variation of the
term containing AV

s, (—2/{ / d?&e“ Ha,y195y2A v)

= / d% (B*sv, + B 8v.), (3.38)

using partial integration and the fact that 3. V = v,. Inserting
the relations (3.36) into the gauge fixed action, keeping linear
terms in H, we obtain the T-dual action

y2S =K / A7E Dy rye X" sy T4y 0 1y X, (3.39)
z
where
b2l 1
xszM = Y2 1> xyzH-Hw = xyzB/w + ExyzG/l.vv (340)
Y3
0 —HAj; 0 100
xzBu = | HAP; 0 0], 4:Guw=]0 10
0 0 0 0 0 1
(3.41)

Here we introduced double coordinate y; defined as

aiY3 = :I:Bi%. (342)
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Let us note that AV stands beside field strength H, which impli-
cates that, according to the diluted flux approximation, we calcu-
late AV in the zeroth order in H

AV = /dg*am —/dé’&y;. (3.43)

Having this into account it is clear why we defined double co-
ordinate j; as in Eq. (3.42). Also it is useful to note that pres-
ence of AV, which is defined as line integral, represents the
source of non-locality of the T-dual theory. the result of the
three T-dualization is a theory with R flux as it is known in
the literature.

Combining the equations of motion for Lagrange multiplier
(3.35), v+ = 9.z, and equations of motion for gauge fields (3.36),
we obtain the T-dual transformation law

diz = +d,y; — 287, (3.44)

Adding transformation laws for 9,z and 9_z we get the transfor-
mation law for z

2=y, + H(y1y, — v211)s (3.45)

which enables us to write down the transformation law in the
canonical form

/o~ 1 / /
y; = ;nz — H(xy' — yx)). (3.46)

Here we used the expression for the canonical momentum of the
initial theory (2.13)

T, = — —
=T 5z

Kz. (3.47)

4. Noncommutativity and Nonassociativity Using
T-duality

In the open string case noncommutativity comes from the
boundary conditions which makes that coordinates x* depend
both on the effective coordinates and on the effective momenta.!
Effective coordinates and momenta do not commute and, conse-
quently, coordinates x* do not commute. In the closed bosonic
string case the logic is the same but the execution is different.
Using T-duality we obtained transformation laws, (3.11), (3.21)
and (3.44), which relate T-dual coordinates with the initial coordi-
nates and their canonically conjugated momenta. In this section
we will use these relations to get noncommutativity and nonas-
sociativity relations.

4.1. Noncommutativity Relations

Let us start with the Poisson bracket of the o derivatives of two
arbitrary coordinates in the form

{A(o), B'(6)} = U(0)8(c — &)+ V(o) (0 — &), (4.1)
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where §'(c — &) = 9,8(c — &). In order to find the form of the
Poisson bracket

{A(o), B(o)},
we have to find the form of the Poisson bracket
{AA(o, 00), AB(G, 69)},

where

A Ao, 09) = /” dxA(x) = Alo) — A(o),

AB(G,5) = fﬁ dxB'(x) = B(G) — B(Go). (4.2)
N
Now we have
{AA(o, 00), AB(G, &)}
= /ﬁ: dx/(y: dy [U(x)8(x — y) + V(%) (x — y)] - (4.3)
After integration over y we get

{AA(0, 00), AB(G, Go)} = /a dx {U'(x) [0(x — &0) — O(x — &)]

90

+ V(%) [8(x — 60) — 8(x — 5)]}, (4.4)

where function 6 (x) is defined as

/Ox dnd(n) = % [x +2) % sin(nx)}

n>1

0(x)

0 ifx=0
=11/2 if0<x<2m. (4.5)
1 if x=2m

Integrating over x using partial integration finally we obtain

{AA(0, 00), AB(5.50)} = U(o)[0(c — o) — 0o — )]
—~U(o0)[8(00 — 50) — o0 — 5)] — U(@0)[f(o — 60) — 0(00 — 60)]
+U(G)[0(0 — &) = O(oo — )]+ V(0)[6(0 — Go) — 0(00 — o]
—V(3)B(o — &) — 6(o0 — &)]. (4.6)

From the last expression, using the right-hand sides of the ex-
pressions in Eq. (4.2), we extract the desired Poisson bracket

{A(0), B(6)} = —[U(o) — U(6) + V(0)]0 (0 — ). (4.7)

Let us rewrite the canonical forms of the transformation laws,
(3.14), (3.24) and (3.46), in the following way

/o~ 1 / /
Ty Y3 = ;nz — H(xy" — yx)). (4.8)
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In order to find the Poisson brackets between T-dual coordinates
yu we will use the algebra of the coordinates and momenta of
the initial theory (3.25). It is obvious that only nontrivial Poisson
brackets will be {y;(0), y3(6)} and {y:(0), y3(5)}-

Let us first write the corresponding Poisson brackets of the
sigma derivatives of T-dual coordinates y, using (4.8)

2 1
i(0). v3(0)) = —Hy'(0)8(0 = &) + — Hy(0)d'(0 —5),  (49)

2 1
(5(0). ¥3(6)) = == H¥ (0)3(0 = 5) — — Hx(0)8'(0 = &).
(4.10)

while all other Poisson brackets are zero. We see that these Pois-
son brackets are of the form (4.1), so, we can apply the result (4.7).
Consequently, we get

{yi(o), y3(6)} = s [2y(0) — y(6)]6(0 — &), (4.11)
{y2(0), y3(6)} = — [2x(0) — x(6)] O(c — 5). (4.12)

where function 0 (x) is defined in (4.5). Let us note that these two
Poisson brackets are zero when o = ¢ and/or field strength H
is equal to zero. But if we take that 0 — 6 = 27 then we have
6(27r) = 1 and it follows

H

{y1(o + 27), ys(o)} = - [47 N, + y(0)], (4.13)
H

{y2(0 + 27), y3(0)} = " [47 N, + x(0)] , (4.14)

where N, and N, are winding numbers defined as
x(0 +2m) — x(0) =27 Ny, y(o +27) —y(o) =27 N,. (4.15)
From these relations we can see that if we choose such o for
which x(0) = 0 and y(o) = 0 then noncommutativity relations
are proportional to winding numbers. On the other side, for

winding numbers which are equal to zero there is still noncom-
mutativity between T-dual coordinates.

4.2. Nonassociativity
In order to calculate Jacobi identity of the T-dual coordinates

we first have to find Poisson brackets {y;(c), x(5)} as well as
{y2(0), y(6)}. We start with

{Ayi(0, 00), %(G)} = {/ dny; (), x(ﬁ)}, (4.16)

and then use the T-dual transformation for x-direction in canon-
ical form

e = kY. (4.17)
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From these two equations it follows

1 o
{Aypi(o, 09), x(0)} = =z {/ anm.(n), x(&)} , (4.18)
a0
which, using the standard Poisson algebra, produces
o~ 1 - -
{Ayi(0, 00), x(5)} = - [6(c — &) — (o0 — 5)]

= {y1(0), x(6)} = —%0(0 - 5). (4.19)

The relation {y,(o), y(6)} can be obtained in the same way. Be-
cause the transformation law for y-direction is of the same form
as for x-direction, the Poisson bracket is of the same form

(1(0). ¥0)) = (o —3). (4.20)

Now we can calculate Jacobi identity using noncommutativity re-
lations (4.11) and (4.12) and above two Poisson brackets

{y1(01), 2(02), y3(03)} = {y1(01); {y2(02), y3(03)}}
H{y2(02), {y3(03), y1(01)}} + {y3(03), {y1(01) y2(02)}}

_ 2H
=-— [0(01 — 02)0 (0, — 03)
+ 0(02 — 01)0(01 — 03) + 0(01 — 03)0 (03 — 03) ] - (4.21)

Jacobi identity is nonzero which means that theory with R-flux is
nonassociative. For o, = 03 = 0 and 01 = o + 27 we get

2H
{yilo + 27), ya(0), y3(0)} = —- (4.22)

2
From the last two equations, general form of Jacobi identity and
Jacobi identity for special choice of o’s, we see that presence of
the coordinate dependent Kalb-Ramond field is a source of non-
commutativity and nonassociativity.

5. Conclusion

In this article we have considered the closed bosonic string
propagating in the three-dimensional constant metric and Kalb-
Ramond field with just one nonzero component B,, = Hz. This
choice of background is in accordance with consistency condi-
tions in the sense that all calculations were made in approxi-
mation linear in Kalb-Ramond field strength H. Geometrically,
this settings corresponds to the torus with H flux. Then we per-
formed standard Buscher T-dualization procedure along isom-
etry directions, first along x and then along y direction. At the
end we performed generalized T-dualization procedure along z
direction and obtained nonlocal theory with R flux. Using the re-
lations between initial and T-dual variables, called T-dual trans-
formation laws, in canonical form we find the noncommutativity
and nonassociativity relations between T-dual coordinates.

After T-dualization along x direction we obtained theory em-
bedded in geometry known in literature as twisted torus geom-
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etry. The relation between initial and T-dual variables is triv-
ial, m, = ky;, where m, is x component of the canonical mo-
mentum of the initial theory and y; is coordinate T-dual to x.
Consequently, flux H takes a role of connection, obtained the-
ory is globally and locally well defined and commutative, because
the coordinates and their canonically conjugated momenta sat-
isfy the standard Poisson algebra (3.25).

The second T-dualization, along y direction, produces nonge-
ometrical theory, in literature known as Q flux theory. The metric
is the same as initial one and Kalb-Ramond field have the same
form as initial up to minus sign. But, this theory has just local
geometrical interpretation. We obtained that, in approximation
linear in H, the transformation law in canonical form is again
trivial, , = «yj, where m, is y component od the canonical mo-
mentum of the initial theory and y, is coordinate T-dual to y.
As a consequence of the standard Poisson algebra (3.25), we con-
clude that Q flux theory is still commutative. This result seems to
be opposite from the result of the reference [16] where in detailed
calculation it is shown that Q flux theory is noncommutative. The
difference is in the so called boundary condition i.e. winding con-
dition. In the Ref. [16] they imposed nontrivial winding condition
which mixes the coordinates and their T-dual partners (condition
given in Eq. (C.18) of Ref. [16]) and the result is noncommutativ-
ity. In this article the trivial winding condition is imposed on x
and y coordinates. The consequence is that Q flux theory is com-
mutative. But as it is written in Ref. [16] on page 42, “a priori other
reasonings could as well be pursued”.

T-dualizing along coordinate z using the machinery of the gen-
eralized T-dualization procedure?*?:23l we obtain the nonlocal
theory (theory with R flux) and nontrivial transformation law
in canonical form. Non-locality stems from the fact that back-
ground fields are expressed in terms of the variable AV which
is defined as line integral. On the other side, dependence of the
Kalb-Ramond field on z coordinate produces the g*(x, y) func-
tions and nontrivial transformation law for 7. Consequently, co-
ordinate dependent background gives non-locality and, further,
nonzero Poisson brackets of the T-dual coordinates. We can claim
that there is a correlation between non-locality (R-flux theory)
and closed string noncommutativity and nonassociativity. In ad-
dition, nonzero Poisson bracket implies nonzero Jacobi identity
which is a signal of nonassociativity.

From the expressions (4.11), (4.12) and (4.21) it follows that
parameters of noncommutativity and nonassociativity are pro-
portional to the field strength H. That means that closed string
noncommuatativity and nonassociativity are consequence of the
fact that Kalb-Ramond field is coordinate dependent, B,, = Hz,
where H is an infinitesimal parameter according to the approxi-
mation of diluted flux. Using T-duality and trivial winding condi-
tions we obtained noncommutativity relations. The noncommu-
tativity relations are zero if o = & because in noncommuatativity
relations function 6 (o — &) is present, which is zero if its argu-
ment is zero. This is also at the first glance opposite to the result
of Ref. [16], but, having in mind that origin of noncommutativ-
ity is not same, this difference is not surprising. If we made a
round in sigma choosing 0 — ¢ + 27 and 6 — o, because of
0(2) = 1, we obtained nonzero Poisson brackets. From the rela-
tions (4.13) and (4.14) we see that noncommutativity exists even
in the case when winding numbers are zero, noncommutativity
relations still stand unlike the result in [16]. Consequently, we can
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speak about some essential noncommutativity originating from
non-locality.

We showed that in ordinary space coordinate dependent back-
ground is a sufficient condition for closed string noncommutativ-
ity. Some papers*® show that noncommutativity is possible even
in the constant background case. But that could be realized using
the double space formalism. At the zeroth order the explanation fol-
lows from the fact that transformation law in canonical form is of
the form 7, = «y,,, where y, is T-dual coordinate. Forming dou-
ble space spanned by ZM = (x*, y,), we obtained noncommua-
tive (double) space. In literature this kind of noncommutativity
is called intrinsic one.

Appendix: Light-Cone Coordinates

In the paper we often use light-cone coordinates defined as
L1
£ = (r%o). (A1)

The corresponding partial derivatives are

3
=3, 49, (A.2)
dE*

3iz

Two dimensional Levi-Civita %/ is chosen in (t, o) basis as
e™ = —1. Consequently, in the light-cone basis the form of ten-
sor is

£ = (_01 é) (A.3)

The flat world-sheet metric is of the form in (r, o) and light-cone
basis, respectively

10 1o
=(34) w=(3)
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Combined Fermionic and Bosonic T-duality of Type Il
Superstring Theory with Coordinate Dependent RR Field

B. Nikoli¢ and D. Obrié*

We investigate effects of fermionic T-duality on type Il superstring in presence
of Ramond-Ramond (RR) field that has infinitesimal linear dependence on
bosonic coordinate x*. Other fields are assumed to be constant. Procedure
that we employ for obtaining fermionic T-dual theory is Buscher procedure,
where we will consider two distinct cases. One, where action has not been
T-dualized along bosonic coordinates and other where it has. By analyzing
these two cases, their actions and T-dual transformation laws, we obtain
some insight into how background fields transform and what are necessary

ingredients for emergence of fermionic non-commutativity.

1. Introduction

T-duality represents a map that connects different superstring
theories, mapping geometry and topology from one theory to
another.[!l This symmetry was originally developed with bosonic
coordinates in mind, where two theories are connected by trans-
formation laws that establish a link between coordinates.? It
was not until 2008 that it has been noticed that the same dual-
ity can emerge in case of fermionic coordinates. In their paper!®]
Berkovits and Maldacena showed that tree level superstring the-
ories in presence of supersymmetric background fields posses
new kind of symmetry. Symmetry that maps supersymmetric
background fields of one theory to supersymmetric backgrounds
of other theory, where dilaton and RR fields are now different.
Just like in case of bosonic T-duality, mathematical machinery
for obtaining T-dual theories is Buscher procedure!*3] applied to
fermionic coordinates % and 6.

Busher T-dualization procedure including its extension to
fermionic coordinates!®®! and its generalizations!'*'2) mainly
follow the same steps. We notice some global symmetry in the
theory, usually shift symmetry, which is then localized by replac-
ing partial derivatives with covariant ones. Covariant derivatives
come with new gauge fields that insert new degrees of freedom
into the theory, these degrees of freedom are eliminated with help
of Lagrange multipliers. Next step is utilizing gauge freedom to
fix starting coordinates. After that, finding equations of motion
for gauge fields and inserting their solutions into the action we
obtain T-dual theory. Extension of procedure for fermionic coor-
dinates does not introduce any new steps into the play. However,
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extending the procedure to include coor-
dinate dependent background fields does
introduce one additional step. Namely,
we need to replace all coordinates with
invariant ones constructed as integrals of
covariant derivatives. This step is neces-
sary in order to preserve local shift sym-
metry.

In our previous paper!!?] we demon-
strated that T-dual of type II superstring
which is moving in coordinate dependent
RR field possesses non-commutative
Poisson brackets. Since T-duality was
performed only along bosonic coordinates it produced non-
commutativity only between bosonic T-dual coordinates. In addi-
tion to this, we had that background fields that were constants in
original theory became functions of both bosonic and fermionic
coordinates in dual theory. This has left us with one open ques-
tion: Would fermionic T-duality of starting theory or even theory
that has been dualized along bosonic coordinates produce non-
commutative relations between fermionic coordinates? While
it has been shown that, in case of closed bosonic string, non-
commutativity arises only in coordinates that had appeared in
background fields of starting theory!!#l, it is not clear if that is the
case for fermionic coordinates, especially when we have emer-
gence of new coordinate dependence in background fields after
bosonic T-duality.

In this article, our goal is to find what effects fermionic T-
duality has on action where RR field has dependence on bosonic
coordinates and do these effects change for fully dualized action.
By obtaining background fields in different stages of T-duality we
can determine how geometry of theory changes and when the
theory makes the switch from being local to non-local one. At the
end we provide few notes on how fermionic T-duality interacts
with bosonic T-duality in providing new non-commutative rela-
tions.

2. Type Il Superstring, Choice of Fields and
Bosonic T-Duality

In this section we will present action for type II superstring in
pure spinor formulation. We will also define background fields
in which string propagates. Finally, we present action that has
been T-dualized along bosonic coordinates.

2.1. Type |l Superstring in Pure Spinor Formulation

The most general form of type II superstring action in pure
spinor formalism!'>1% is given as

S=S,+ V. (2.1)

© 2022 Wiley-VCH GmbH.
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First term is action for string that propagates in flat background
fields.

S, = /zdlg(gnwamxﬂanxvnw — 7,0 0% + 6+9“ﬁa> +S,+5S;,
(2.2)

where terms S, and S;represent actions that are composed of
pure spinors and their canonical momenta. The pure spinors sat-
isfy pure spinor constraints

A4 A7 = AT¥),,47 = 0. (2.3)

All modifications to flat background fields are accomplished
by introducing second term in equation (2.1). This term is an
integrated vertex operator for massless type II supergravity

Vo = / AEXTYMA WX, (2.4)
z

In general case matrix A, is composed of physical fields, their
curvatures (field strengths) and auxiliary fields that can be ex-
pressed with physical ones. These fields are some functions of
both bosonic coordinates x* and fermionic coordinates 6% and
0. Dependence of fields on fermionic coordinates is given as ex-
pansion in powers of % and 8%. In our particular case, we will
set all background fields except RR field to be constant. Further
more, in order to simplify calculations, all terms that are non-
linear in fermionic coordinates #* and 8* will be neglected. With
these assumptions in mind we have that vectors X and X™ and
matrix A,y have following form

2,6 0.6
XM = 0, x" M = oa_x"

7, | z, |

1 \THv 1 Kruv

N+ N

K 0 0 0

0 k(ig, +B,) L2 0
Ayy = 25 1 Sy " : 25
MN = —ye 2(fe0 4 Coxr) 0 (23)

v k 4
0 0 0 0

Pure spinor contribution to vectors X¥ and X™ are encoded in

1 —
- (uvlya 2p v o
o, (W) 29, N =

N =2

@, (T, 2P (2.6)

N —

Since this term does not contribute to the vertex operator, we have
that pure spinor actions are decoupled from the rest. This allows
us to neglect pure spinor parts from now on.

Our choice of matrix A,y is composed of following fields:
symmetric tensor g,,, Kalb-Ramon antisymmetric tensor B,,,
Mayorana-Weyl gravitino fields ¥ and ‘PZ, Ramond-Ramond

field %(f “f 4+ C*x?) where f*# and C* are constant tensors. We
have also assumed that dilaton field @ is constant. This means
that factor e® is included in constants f*# and C*. This choice of
background fields is accompanied with following condition

vyt chr =0, y*C’=o0. (2.7)

af “u af Tu
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String propagates in superspace spanned by bosonic coordi-
nates ¥* (4 = 0, 1, ..., 9) and fermionic ones 6%, * with 16
independent real components each. Fermionic coordinates are
accompanied by their canonically conjugated momenta =, and
7,. Both fermionic coordiantes and their momenta are given as
Majorana-Wejl spinors. World sheet Z that string sweeps in this
superspace is parameterized by £" (£° = 7, &' = 5). By combin-
ing these parameters we can define light-cone parametrization
&t = %(r + 0) and light-cone partial derivatives 9, = 9, + 9,.

Inserting all these assumptions into action (2.1) and integrat-
ing out fermionic momenta, we are left with following expression

S= k/dzé [nwaﬁﬂa,xv
s

+ (0,0 +0,x"¥) (F' (%)) ,(0-6” +'¥o_x")|, (2.8)

1
2
where we have introduced following tensors

In,, =B +1G

+uv HV — 2 Hv?
af — faof af yoH
F(x) =" + CPx",

(F N ap = (Fap = F o &P (F - (2.10)

To obtain meaningful T-dual transformation laws we need to
assume that x* dependent part of tensor (F~'(x)),, is antisym-
metric and infinitesimal. This additional assumption does not
infringe on constraint (2.7).,11%)

Having obtained one of relevant actions , we will now focus on
bosonic T-dualization of (2.8) to obtain our second action of in-
terest.

2.2. Bosonic T-dualization

Bosonic T-dualization of action (2.8) is given in detail in [13].
Here we will only summarize the most important results.

One way to obtain T-duality is by Buscher procedure. This pro-
cedure is based on localization of translation symmetry. When
we localize symmetry we replace all partial derivatives with co-
variant ones, while in cases where background fields depend on
coordinates we also need to introduce invariant coordinate. In-
variant coordinate is non-local addition to action and it is the sole
reason for emergence of non-commutative behavior in closed
strings. Introduction of covariant derivatives and invariant coor-
dinates produces additional gauge fields in action, which in turn
add new degrees of freedom to the theory. T-dual and original
theory represent same physical system and we expect that those
two theories carry exact same degrees of freedom. Because of
this, we remove all newly introduced degrees of freedom with La-
grange multipliers. By utilizing gauge freedom of action we can
fix bosonic coordinates to be some constant, in essence remov-
ing them from action. This gauge fixed action is only a function
of gauge fields and Lagrange multipliers. Finding equation of
motion for Lagrange multipliers and inserting them into action
we can restore original action. On the other hand, finding equa-
tions of motion for gauge fields and inserting them into action
we obtain T-dual action.

© 2022 Wiley-VCH GmbH.
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Action (2.8), due to antisymmetric part of tensor F_; () is in-
variant under global translations of bosonic coordinates. Follow-
ing steps of Busher procedure, described in preceding paragraph,
we obtain following T-dual action

bg = g/dzg[%éwa%a_yv + aﬁ“("F*l(V(O)))aﬁa_eﬂ
z

+0,y, P ("F (V) 0.0

+a+§“(bF’l(V‘O’))aﬂb‘P””d_yv]. (2.11)

Here, y, is a dual coordinate, left superscript ” denotes bosonic
T-duality and V° represents following integral

1 . .
avor =2 /P dg @ [0,y - 0,0°(F ), 9" |

- 1/d§‘é{ﬂ1 [a,yp + e (f-l)a,,a,oﬂ]. (2.12)
2 P 1 1

T-dual tensors that appear in action have following interpreta-
. Sy o = _ 1 \da o _
tion: @# _1s inverse tensor of I, ,, =TI, + ¥/ (F (%)) P! =
mn,, - %‘{’Z(f‘l)aal Czlﬂlx”(f‘l)l,lﬂ‘l‘f, defined as
o~fl,,, =8, (2.13)

where

Sy Auv 1 o (- a - 1Y
O =6+ EG‘—“‘PM(’[ 1)M1C01ﬂ1 VO (f 1)/311?‘{]6;@—1 , o (2.14)

eri,,, =6, 0" =0"- %@5/‘@;;1 (F)ap¥ @17 (2.15)
P = fh 4 %\pzeg@g’, (2.16)
0", =68,  O_=-4G;'TLG)". (2.17)

Tensor (*F'$(V©)$),, is T-dual to (F'(x)),;,

— — 1 — a UV
(bF 1(V(0)))aﬂ — (F 1(V(O)))aﬂ _ E(F 1(V(O)))aa1l}l}tl®ﬁ lIl/jl

x (F1 (V) (2.18)

Y

Finally, "P#* and "¥"# are T-dual gravitino fields, given as

_ 1=, 1= 7
e _ L gmge 4 1 @ungp (5-1,10) hevwv g
= 2® Y+ 49* \Pm(F (v ))ﬂﬂl\yv O,
— 1@;{\/@0, (219)
2 - H
byvh — _llpﬁ(:);:v _ l\yﬁ@/:m\;m (F—l(v(o))) lPalc:)ilv
2 - 2+ # e
- _Llyew. (2.20)
20

Having obtained actions (2.8) and (2.11), we can now consider
dualization along fermionic coordinates.
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3. Fermionic T-duality

In this section the objectives are to find fermionic T-dual trans-
formation laws and actions that have been T-dualized along
fermionic coordinates for case where we performed bosonic T-
duality and case where we have not.

Bosonic T-duality relies on utilization of symmetries of
action to produce T-dual action and T-dual transformation
laws. This task is usually accomplished by utilizing Busher
procedure.[*>1%121 The main idea of fermionic T-duality is essen-
tially the same, we utilize isometries of fermionic coordinates to
generate T-dual action and T-dual transformation laws.[>¢-# Just
like in bosonic case, we localize translational symmetry by intro-
ducing covariant derivatives and, in cases where necessary, in-
variant coordinates. After this we introduce term that eliminates
additional degrees of freedom and gauge fix existing symmetry.
From this point on, finding equations of motion for gauge fields
and inserting those equations of motion into gauge fixed action
we obtain T-dual action.

Before proceeding with fermionic variant of Buscher proce-
dure, we can notice that our actions (2.8) and (2.11) do not
posses terms proportional to d, 8% and d_0°. This means that our
fermionic coordinates have following local symmetry

80 =&%(c7), (o =71 +o). (3.1)

We need to fix this symmetry before obtaining T-dual theory, one
way to do this is through BRST formalism. This symmetry has
following corresponding BRST transformations for fermionic
fields
0% =c*(c7),  sB° =2(o"). (3.2)
Here sis BRST nilpotent operator, ¢* and ¢* represent ghost fields
that correspond to gauge parameters €* and €” respectively. In
addition to ghost fields we also have following BRST transforma-
tions
sC,=b,,, sC,=b_,, sb,=0, sh_, =0. (3.3)
where C, and C, are anti-ghosts, b,, and b_, are Nakanishi-
Lautrup auxiliary fields.

Fixing of gauge symmetry is accomplished by introduction of
gauge fermion, where we have decided to follow in the same
choice as”!

%l_)_ﬂaﬂ")ca] ,

(3.4)

- ’%/zdz.f[éa@ﬁ“ + %a”’ﬁbw) + (a_é“ +

here a*’ is arbitrary invertible matrix.
Applying BRST transformation to gauge fermion we obtain
gauge fixed action and Fadeev-Popov action

k _ _ -
sgf = E ./zdzé [b_aa+9(x + a—aabﬂr + baaaﬂb‘*'ﬁ]’ (35)

Sp_p= % /Z d?&[C,0,c" + (0_t°)C,]. (3.6)

© 2022 Wiley-VCH GmbH.
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Fadeev-Popov term contains only ghosts and anti-ghosts and
it is decoupled from the actions (2.8) and (2.11). From this point
on, this term will be ignored. Gauge fixing term contains auxiliary
fields b_, and b, , that can be removed with equations of motion

by=-0_0"(a),,, b =—(a"),,0,0, (3.7)
giving us
_k / d*&0_6"(a"),;0,0”. (3.8)
2 s

Inserting guage fixing term into (2.8) and (2.11) gives us actions
that can be dualized with Buscher procedure.

3.1. Type Il superstring - Fermionic T-Duality

Since both action (2.8) and gauge fixing term (3.8) are trivially
invariant to global translations of fermionic coordinates, we lo-
calize this translational symmetry by replacing partial derivatives
with covariant ones

9,0 — D,0% = 0,6 +u", (3.9)
9,0 - D,0% = 0,6 + " (3.10)

New gauge fields u and #% introduce new degrees of freedom
that are removed by addition of term

Spda = = /d2 0 u" = 0_ut) + (0,8 —0_i%)z,]. (3.11)

Gauge freedom can be utilized to fix fermionic coordinates
such that % = 6 = const and 8" = 6 = const. This in turn re-
duces our covariant derivatives to

D,6" > u®,  D,0%— .

+

(3.12)

H R

With all this in mind, we have following action
Sy = k/zdzg[nwa X' + -(uj +0,%%) (F (),
)aﬂu + z(()u —o_u})
1 —a -
+ 50,7 — 0.3 )za]. (3.13)

On one side we have equations of motion for Lagrange multi-
pliers 7, and g,

o ut —0ut =0 - =0,6°, (3.14)

0,8 —0.0° =0 - =0,6° (3.15)

Inserting solutions for these equations into action (3.13) we
obtain starting action plus gauge fixing term. Variation of action
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with respect to gauge fields produces following set of equations of
motion

= —(F“ﬂ(x)a_zﬁ + ‘PZ&_x"), (3.16)
ul = —a"0,z,, (3.17)
B = 0,2, F(x) — 0, %", (3.18)
=0z, (3.19)

Utilizing these equations we can remove gauge fields from ac-
tion, resulting in action that depends only on Lagrange multipli-
ers and bosonic coordinates

f5=k/d2§[n 9,x"9_x" +1azw o
z

+uv 2 at Y-

+%6+2aF“ﬂ(x)0_zﬁ - Ea W0z, — za z,a0,z,|.

(3.20)
Just like in the bosonic case, we have that left superscript/ de-

notes fermionic T-duality. From here we can deduce background
fields of feriomionic T-dual theory

M, =Mm,,, (3.21)
F(F ') = F(x), (3.22)
19, (Fw) =% - T8, =-90(F (), (323)
JF )W, = - T, = (F (), P (3.24)

Unlike bosonic case, fermionic T-dual theory is local. This
can be attributed to the fact that background fields do not de-
pend on fermionic coordinates. This in turn means that the-
ory is geometric and we should not expect emergence of non-
commutative phenomena.

3.2. Type Il Superstring - Full T-Duality

To obtain fully dualized theory we start with action that is al-
ready T-dualized along bosonic coordinates (2.11). Procedure for
fermionic T-duality is mostly the same as described before. The
only difference comes from the fact that bosonic T-duality intro-
duced non-local term W which depends on 6% and 8% and now
we need to introduce invariant fermionic coordinates in order for
action to exhibit to local shift symmetry

D,6" = 9,6 +u’, (3.25)
D,8" = 9,0" + 1, (3.26)

/d:mD 0" = /dgm 0,,0% +ul) = Ag" + AU%,  (3.27)

/démD 9"—/d5m 0,0 +0%) = AG" + AT".  (3.28)

© 2022 Wiley-VCH GmbH.
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Fixing gauge symmetry as before, setting fermionic coordi-
nates to constants, we deduce following relations

D,0" - ul, DG —ul, 67 — AU, 67 — AU
(3.29)

With these relations we obtain action that is only a function of
gauge fields, lagrange multipliers and dual coordinates

k Law I
vSy = E/Zdzg[z(aﬂ 9,y,0-y, + i ("F (V1))
+0,y, P ("F (V) +us (CF(VO)) Py,

—ai(a*)aﬂm +Z,(0,u" —o_ul)+

(3.30)

In order to simplify calculations we introduce the following
two substitutions

("F(VO)),, oy, + 0.2, = Z,

0.y, P ("F (V) = 0.2 = Z,y. (3.31)

Now, our action can be expressed as
b5, =& [ |18 0,y,0., + a0 (CFVO)) W+ Z, 00
of — E . 5 E +Yu Yy + u+( ( ))a/}u_ + +ﬂu_

O Z, — i (@) Uy 02Ul — 00,2, | (3.32)

Similar to the first case, we can always revert to starting action
by finding equations of motion for Lagrange multipliers and in-
serting their solutions into the action. In both cases equations of
motion are the same so we take the freedom to omit them here.

Equations of motion for gauge fields differ in this case. Since
we have that VO depends on fermionic coordinates, equations of
motion have additional term that depends on invariant coordi-
nate.

ul = —(@)%0,z,,  # =0_z,(a)", (3.33)
0 = b pa - 0)\ hapva

u==Z,, "Fr*(vO) — g (v, UO) P, (3.34)
W = bFﬂ“(vw))z_ - BV, U) by, (3.35)

The beta functions, f#(V®, UY), are obtained by varying V**
(seel3] for more detaﬂs) They are given as

ﬂi(v(O) U(O))
1 a \% o — Q- \%
= F g0, |07+ Vol (7)), G (), | U 4+ 2 V|
1 TTo v\ — a v
2 [O7 v | (), COR ) 0, [ U+ 9 V2.

(3.36)
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Inserting equations of motion for gauge fields into action
(3-32) and keeping only terms linear with respect to CZ/’ , we ob-
tain fully dualized action

k
o_ K 2
S 2_/2d§

1- v = a, s a
X [3070,,0-9, = Z,,"F7(VO)Z_, = 0.2,(@) 70,2,

(3.37)
Expanded, we have
2 v 1 o

=k d @‘ 9,y,0_y, — +yﬂ®f Yo _z,
—1() 2, WU0M0y, + 1,z bEA(VO)o_z

4 +%a Ty — —Yv 2 +~a -

1 — llﬁ
—Eafza(a) 9,2, (3.38)

From here, we can read background fields of T-dual theory

1

bfﬁiv — Zé;jv _ %b\i]ya (bF—l(V(O)))aﬁh\Pvﬂ — @5\/,

V(F )" = PE ) = )+ 0,

Y (F ()" = = Lo
o 2 - v

U 1= navy —
- Hgr= 7O PU(F (),
— @, v va 1 o v
Y (F () P = e = -
- Yy= (F‘ (%)), ¥0". (339

Comparing background fields in different stages of T-
dualization we notice that both fermionic T-duality and bosonic
T-duality affect all field, where all T-dual theories now have co-
ordinate dependent fields. It should also be noted that non-
commutative relations in theory emerge only after performing
bosonic T-duality. Fermionic T-dual coordinates are always only
proportional to fermionic momenta therefore Poisson brackets
between fermionic coordiantes always remain zero.

3.3. Bosonic T-Duality of Fermionic T-Dual Theory

For completion sake, we will also T-dualize fermionic T-dual ac-
tion (3.20) along »* coordinates. In this specific case, where only
RR field depends on bosonic coordinate, we expect that bosonic
and ferionic T-dualities commute. Therefore, this section can be
thought of as a check for calculations from previous section.
Bosonic T-duality is mostly the same as fermionic one,!1%1]
where only difference is the lack of introduction of Fadeev-Popov
and gauge fixing actions. We again start by localizing transla-
tional symmetry, inserting Lagrange multipliers and fixing gauge

© 2022 Wiley-VCH GmbH.
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fields. This produces following auxiliary action
. S D
fSaux =K / de I:V:—H-%—M\/V_ + Ea+sz ﬁa_Zﬁ

@y + "

+%0+5 CP0_z,AV* + %aJrza‘PZv‘j - %v"‘i’“a z
1. _ 1 " u
- Ea_zaa 0,2, + EY;:(‘)J’_ —o_v,)|. (3.40)
Introducing the variables
Y, =0y, -0.2Y,, Y, =dy,-¥oz, (3.41)

the action (3.40) gets much simpler form

fsuux = K/dzf I:Vin-k/xyvi + %5+2Jaﬁa_z/,

1. Co1l, o, 1
+50,2,CP0 2 AV = ZY, V' + Evﬁy_,,] . (342
Varying the above action with respect to gauge fields v} and v¥,
we get, respectively,

. 1

I, v = —(EY_# + ﬂW(V)) , (3.43)
, 1

vl =5 = Au(V), (3.44)

where 3, are the beta functions obtained from coordinate de-
pendent term in the action

b, = 1% (2.C00.2, - 0.2,C%2, ). (3.45)

Inserting (3.43) and (3.44) into the auxiliary action (3.42), keeping
the terms linear in C%, we obtain fully T-dualized action (first
fermionic, then bosonic T-dualization)

Ps = / dzé[%djaF”‘/’(AV)a_zﬁ + %YW(H;l)’”Y_V] . (3.46)

Expanding above action we prove that it is identical to one given
in (3.38).

4. Few Notes on Non-commutativity

In paper!!®] it has been shown that bosonic T-duality produces
non-commutative relations between bosonic T-dual coordinates.
With this in mind, following question naturally arises: can we
expect emergence of same behavior for fermionic coordinates af-
ter fermionic T-dualization? To get the answer for this question
we have to express fermionic T-dual coordinates as some com-
bination of starting coordinates and their momenta and connect
T-dual Poisson brackets with Poisson brackets of original theory.
Original theory is geometric theory with regular Poisson struc-
ture

{x"(0). 7,(8)} = 6/8(c - 5),

{0%(0), 7,()} = {0"(0), 7,(6)} = 8}8(c = 5), (1)
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where all other Poisson brackets vanish.

We start with case that has only been T-dualized along
fermionic coordinates. To find how T-dual coordinates depend
on starting ones and their momenta we can begin by find-
ing fermionic momenta of starting theory. It is useful to re-
member that starting theory did not posses terms that are pro-
portional to 9,0% and d_0* and that this symmetry was fixed
with BRST formalism. Addition of gauge fixing term intro-
duced modification to momenta of starting theory and to ob-
tain correct non-commutative relations we should be working
with theories that have gauge fixing term in them. With this in
mind, it is easy to find fermionic momentum of original theory
(3.13)

m = =508 o)), -0 0, 62

Ty =

N =

[(F'(9),,(0.0" + Wlo_x) = (a™),,0,0°]. (4.3)

Since we want to obtain Poisson brackets for equal = we want
to find o partial derivatives of dual coordinate

=N

0,z,=0,z,—0_2, =

Ty (4.4)

0,2,=0,2,— 0%, = —%7[

—“a

(4.5)

«

Momenta of original theory commute with each other and
with x# coordinates, therefore we deduce that there has been no
change to geometric structure of this theory.

For fully dualized theory, transformation laws (3.33) (3.34)
(3.35) all depend on dual bosonic coordinate however, when we
insert transformation laws that connect original bosonic coordi-
nates with T-dual ones (more details in(!3])

0.y, = z[a+xvr‘[+w + p;(x)] +0,0%(F(x)),, ¥, (4.6)
ay, = —2[1=I+Md_x” ¥ ﬁ;(x)] ~ 9 (F'(x)),,0.0", (4.7)

into transformation laws for fermionic coordinates (3.33), (3.34)
and (3.35) we again obtain relations (4.4) and (4.5).

On a first glance it would seem that fermionic T-duality has not
produced any new Poisson brackets, however this is not the case.
While it is true that there are no modifications to Poisson brack-
ets between fermions, we have new Poisson bracket structure be-
tween fermions and bosons. This can be seen from ¢ derivative
of bosonic T-dual coordinate

Ty B (x), (4.8)

P

=
1R

where ﬁ';’(x) is combination g (x) + f, (x) given as
1 na Vi — a — V;
) = 30u[57 4 [0, [0 0
1 na v \pa — a fy (£— vy
-5[0 +x Wvl](f Yy C(f 1)ﬂ1,,ac[aﬂ+\yfzx ]

(4.9)

© 2022 Wiley-VCH GmbH.
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Finding Poisson brackets between o derivatives of coordinates
and integrating twice we obtain following relations

,00). 2,60} = [0°(0) + ¥ (012, = 2(0%(6) + ()% )|

X (f ) aay P (f ), H(o = B), (4.10)
0,000 200} = 160, P )
x [0ﬁ (0) + ¥’ x" (o) - 2(0” (6) + ¥/ " (5))]

X H(c — &). (4.11)

5. Conclusions

In this article we examined effects of fermionic T-duality per-
formed on action of type II superstring in pure spinor formal-
ism. We carried out our investigation in two cases, one where we
performed fermionic T-duality on previously non dualized action
and in second case where we had action that was already dualized
along bosonic coordinates. Starting (non dualized) action that we
worked with described closed string that propagates in presence
of Ramond-Ramond field with linear coordinate dependence. We
made a decision to only consider dependence on bosonic coordi-
nates, furthermore this dependence was tied to infinitesimal an-
tisymmetric term C5/. Rest of the background fields were held
constant. Terms in action that were non-linearly dependent on
fermionic coordinates were neglected. These choices were in ac-
cordance with consistency conditions for background fields and
were made in order to keep calculations manageable.

On the other hand, bosonic T-duality of starting action pro-
vided us with theory that was non-local. Unlike starting the-
ory that only dependent on coordinates through RR field, this
theory manifested coordinate dependence on all background
fields. Furthermore, bosonic T-dual coordinates now exhibit non-
commutative properties.

Before we could start with T-dualization we noticed that both
cases posses additional local symmetry which removed terms
proportional to 9,6 and 9_#*. In order to obtain correct T-dual
theory this symmetry was fixed through BRST formalism. In
both cases procedure for obtaining fermionic T-duality was the
same, we employed Buscher T-dualizing procedure. Procedure is
based on localization of translational symmetry where we replace
partial derivatives with covariant ones. Introduction of covariant
derivatives carries with itself new degrees of freedom in shape
of gauge fields. By demanding that starting and T-dual theory
give description of same physical system we inevitably demand
for both theories to posses same degrees of freedom. Thus, all
additional degrees of freedom must be removed with Lagrange
multipliers. By utilizing gauge freedom we can also remove all in-
stances of fermionic coordinates in action obtaining action that is
only a function of gaguge fields and Lagrange multipliers. Find-
ing equations of motion for gauge fields of this gauge fixed action
and inserting their solutions into the action we obtain T-dual the-
ory.

Carrying Buscher procedure for fermionic coordinates of non
dualized action we obtain local theory where all fields depend
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on bosonic coordinates. This theory is commutative, its Poisson
brackets are identical to Poisson brackets of starting theory.

Buscher procedure in case of theory that has been dual-
izied along bosonic coordinates does not change coordinate
dependence of the background fields. All fields are still de-
pendent on both bosonic and fermionic coordinates and the-
ory is still non-local. However, this theory posseses two ad-
ditional non-trivial Poisson brackets. We have emergence of
non-commutativity between bosonic and fermionic coordinates,
where non-commutativity is proportional to infinitesimal con-
stant C3/.

Same result is obtained even in case where we first perform
fermionic and then bosonic T-duality. Commutativity between
different dualities was expected since fully T-dual theory must be
unique. Only distinction between different paths of T-dualization
procedures can be noticed in intermediate theories, where most
important change is transition of theory from being local to non-
local.

We suspect that it is possible to obtain T-dual theory that is
fully non-commutative, theory that has non-commutativity even
between fermionic coordinates, but we would need starting the-
ory that has background fields that depend on both bosonic and
fermionic coordinates.
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Noncommutativity and Nonassociativity of Type Il
Superstring with Coordinate Dependent RR Field

B. Nikoli¢, D. Obri¢,* and B. Sazdovié¢

In this paper we will consider noncommutativity that arises from bosonic
T-dualization of type Il superstring in presence of Ramond-Ramond (RR) field,
which linearly depends on the bosonic coordinates x*. The derivative of the
RR field CZ’S is infinitesimal. We will employ generalized Buscher procedure
that can be applied to cases that have coordinate dependent background
fields. Bosonic part of newly obtained T-dual theory is non-local. It is defined
in non-geometric space spanned by Lagrange multipliers y,,. We will apply
generalized Buscher procedure once more on T-dual theory and prove that
original theory can be salvaged. Finally, we will use T-dual transformation laws
along with Poisson brackets of original theory to derive Poisson bracket
structure of T-dual theory and nonassociativity relation. Noncommutativity
parameter depends on the supercoordinates x*, 6% and %, while
nonassociativity parameter is a constant tensor containing infinitesimal Cf,’ﬂ o

1. Introduction

In 1982 emerged a modell!! that would offer the possibility of
obtaining bosonic coordinates of space-time as emergent prop-
erties of more fundamental fermionic coordinates. While this
model worked with supersymmetric particle, this approach sug-
gested that maybe we can express bosonic coordinates as a Pois-
son bracket of fermionic coordinates. In addition to these Pois-
son brackets, Poisson brackets between bosonic coordinates as
well as between bosonic and fermionic coordinates would remain
zero. Later, in paper,[?] it has been suggested that the same result
can be obtained in context of string theory in case of coordinate
dependent RR field. It is also suggested that unlike supersym-
metric particle model, coordinate dependent RR field would pro-
duce full spectrum of non-commutative relations, bosonic coor-
dinates themselves would become non-commutative. In this pa-
per our goal is to determine if coordinate dependent RR field,
while remaining background fields are as simple as consistency
relations allow, can produce suggested non-commutative rela-
tions.

Superstring theory, as a theory of extended objects propagat-
ing in space-time, is defined in 10 dimensions.>* In order to
establish link between this mathematical model and real world
observations, surplus space-like dimensions are compactified
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on circles of radius R. From this kind of
geometry arises new kind of symmetry, T-
duality, that links theories that have radii
of compactification R with ones that have
radii of compactification o’ /R.>®! Exis-
tence of T-duality between different theo-
ries implies that those theories are phys-
ically equivalent and it gives us a way
to explore how geometry and topology of
one theory is connected to other. This
connection between different geometries
makes T-duality a useful tool in examin-
ing emergence of non-commutativity in
context of closed strings.”]

While in string theory both open and
closed strings, under certain conditions,
exhibit emergence of non-commutativity,
mechanisms that enable this emergence
are different. In case of open string,
we have that endpoints of string that propagates in pres-
ence of constant metric and Kalb-Ramond field become non-
commutative.l®] Basic idea of open string non-commutativity
is that initial coordinates can be expressed as linear combi-
nation of effective coordinates and momenta by employing
boundary conditions. In case of closed string, we do not have
string endpoints therefore we don’t have emergence of non-
commutativity when string propagates in presence of con-
stant background fields. In order to achieve same effect as
in case of open string, we have to use coordinate depen-
dent background fields. By finding T-dual of theories with this
kind of geometry we obtain T-dual theory in non-geometric
background, where T-dual coordinates are expressed as lin-
ear combinations of original coordinates and their conjugated
momenta.

Mathematical framework for obtaining T-dual theories is stan-
dard Buscher procedure.l”!%] Procedure is based on existence of
shift symmetry in relevant action and its implementation can be
summarized in few steps. First step is localization of translational
symmetry by introduction of covariant derivatives and introduc-
tion of Lagrange multipliers that make newly introduced gauge
fields nonphysical. By gauge fixing and finding equations of mo-
tion of both gauge fields and Lagrange multipliers we obtain T-
dual transformation laws. These transformation laws inserted
into gauge fixed action produce T-dual action. For cases where
we have coordinate dependent background fields there exist gen-
eralized Buscher procedure,''"! this extension has one addi-
tional step, replacement of all initial coordinates with invariant
coordinates. Further extension of generalized Buscher procedure
is possiblel'®! and it is applicable to theories that do not posses
shift symmetry.

© 2022 Wiley-VCH GmbH.
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In this article we will deal with closed superstring propagating
in presence of linearly coordinate dependent Ramond-Ramond
(RR) field using type II superstring model in pure spinor formu-
lation. All calculations we will do in approximation of diluted flux,
which means that in all calculations we keep constant and linear
terms in infinitesimal derivative of the RR field strength. Rest of
the fields, metric, Kalb-Ramond and gravitino fields are constant.
Furthermore all dependence of background field on fermionic
terms will be neglected for mathematical simplicity. This choice
of field configuration is in full accordance with consistency equa-
tions for background fields.!”]

Because we are currently only interested in non-commutative
relations between bosonic coordinates, T-dualization procedure
will be applied only on bosonic part of action. To find T-dual ac-
tion and T-dual transformation laws we will employ extension
of generalized Buscher procedure that works with coordinate de-
pendent background fields.'!) After finding T-dual theory, we will
apply Buscher procedure once more to see if we can obtain orig-
inal theory.

Transformation laws that connect variables from initial with
variables from T-dual theory will be written in canonical form,
where initial momenta are expressed in terms of the T-dual coor-
dinates. By inverting these transformation laws we obtain how
sigma derivatives of T-dual theory depend on linear combina-
tions of coordinates and momenta of original theory. Taking into
account that original theory is geometrical, both locally and glob-
ally, we have that its coordinate and conjugated momenta sat-
isfy standard Poisson brackets. By using this fact we are able to
find Poisson structure of sigma derivatives of T-dual coordinates
and by doing integration, Poisson structure of T-dual coordinates
is obtained.

The form of obtained non-commutativity is such that non-
commutativity exists when arguments are different, ¢ # 6. Im-
posing trivial winding conditions, we obtain string winding num-
bers from Poisson brackets.

In the end, we give conclusions and in appendix we present
some technical details regarding derivation of §; functions.

2. General Type Il Superstring Action and Choice of
Background Fields

Starting point of this investigation will be action of type II super-
string theory in pure spinor formulation.["®21] We will present
and explain assumed approximations in order to obtain type II
pure spinor action with non-constant RR field-strength. It turns
out that ghost fields are neglected and only quadratic terms are
considered. Final form of this kind of action will be used in sub-
sequent sections.

2.1. General Form of the Pure Spinor Type Il Superstring Action

Sigma model of type IIB superstring has the following
forml17]

S=S,+ V. (2.1)
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This general form of action is expressed as a sum of the part that
describes the motion of string in flat background

S, = / d2 S,0,50,5° 0" = 7,0.0° +0+9“7fa>
+S,+5;, (2.2)

and part that governs the modifications to the background fields
Vg = / BEXTIMA XN (2.3)
z

Modifications to the flat background are introduced by integrated
form of massless type II supergravity vertex operator V.. The
terms S, and S; in (2.2) are free-field actions for pure spinors

S, =/d21§wa0_/1", S;:/dzfcbazh/_l“. (2.4
z z

Here, A% and A* are pure spinors whose canonically conjugated
momenta are o, and @,, respectively. Pure spinors satisfy pure
spinor constraints

AT 540 = )27 = 0. (2.5)

In general case, vectors XM and X" as well as a supermatrix
A,y are given by

0,6" 0_6%
o I _ i
- d{l ’ - aA B
NI Lmy
Alxﬁ Aav E{lﬁ Qa,;u/
A A E’ Q
_ P Hv u uvp
Ayn = E, Fe pa c,, , (2.6)
qu,ﬁ qu,p Cﬂuv Suv,/w

where notation is in accordance with Ref [17]. The components
of matrix A,y are generally functions of x*, #* and §*. Compo-
nents themselves are derived as expansions in powers of §* and
6° (for details consult'"”)). The superfields A, E%, E¢ and P/ are
known as physical superfields, while superﬁelc{s that are in the
firstrow and the first column are known as auxiliary because they
can be expressed in terms of physical ones.!'”] Remaining super-
fields Q, , (2,,,), C*,, (C’,) and S, ., are curvatures (field
strengths) for physical fields. Components of vectors XM and X~
are defined as

1 1 a 1 na 1 0
I =0, x" + 79 (M),50,0", TI* =o_x* + 79 (*),50_6”,
(2.7)
d, = Loy, 0.2+ Liorva,o
a_”a_i( I )a[ +x +Z( + )]’
- _ 1 _ 1= _
d, =7, - 3(,0), [ix‘ + Z(erﬂa,a)], (2.8)
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1

NV = Ewa(l“[“”])“ﬂ/lﬂ, N* = =, (T, 27 (2.9)

N —

The world sheet ¥ is parameterized by &" = (&% = 7, & = 6)
and world sheet light-cone partial derivatives are defines as
0, =0, % 0,. Superspace in which string propagates is spanned
both by bosonic x# (4 =0,1,...,9) and fermionic 6%, 6% (« =
1,2,...,16) coordinates. Variables =, and 7, represent canoni-
cally conjugated momenta of fermionic coordinates #* and ¢,
respectively. Fermionic coordinates and their canonically conju-
gated momenta are Majorana-Weyl spinors. It means that each
of these spinors has 16 independent real valued components.

2.2. Choice of the Background Fields

In this particular case we will work with the supermatrix A,y
where all background fields, except RR field strength P*#, are con-
stants. RR field strength will have linear coordinate dependence
on bosonic coordinate x*. With these restrictions in mind, super-
matrix A,y has the following form

0 0 0 0
0« (l . +B ) 7] 0
Ayy = 28 g " ) (2.10)
2
0 -y =(fP + CiPx?) O

0 0 0 0
Here g, is symmetric tensor, B, is Kalb-Ramond antisymmetric
field, ¥} and ‘T’Z are Mayorana-Weyl gravitino fields, and finally,
ff and CZ/’ are constants. Let us stress that dilaton field @ is
assumed to be constant, so, the factor e® is included in f*/ and
C*. This will be a classical analysis and we will not calculate the
dilaton shift under T-duality transformation. Based on the chiral-
ity of spinors, there are type IIA superstring theory for opposite
chirality and type IIB superstring theory for same chirality.
This particular choice of supermatrix imposes following re-
striction on background fields

by — HoorB —
7l Chr =0, ylcr=o. (2.11)

Remaining constraints!'”] are trivial and applied only to non-
physical fields.

In addition to choice of supermatrix, in order to simplify cal-
culation of bosonic T-duality, because all background fields are
expanded in powers of #* and 8%, all #* and 6% non-linear terms
in X™ and XV will be neglected. With this in mind, components
of these two vectors reduce into the following form
I - o.x", d, -, d, = 7,. (2.12)
Taking into account all these assumptions, the action (2.1) takes
the form

S= / e [%mwaﬁ“a,xv — 7, (0_0% + P 0_x")
z

na QN = 2 a, a —
+(0,0° + 0,07, + S, (7 + cﬂﬁxﬂ)nﬁ] . (2.13)
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Here, new tensor I, ,, = B, + %Gﬂv is introduced, where G, =
N, + 8, is metric tensor. Terms for S, and S are fully decoupled
from action and they will not be considered from now on.

Before considering T-duality, we can notice that fermionic mo-
menta act as auxiliary fields in full actions. These fields can be in-
tegrated out and final action will be function of only coordinates
and their derivatives. Finding equations for motion for both 7,
and 7, we get following two equations

K

7y =5 (F(2),,(0-0" + ¥j0_x"), (2.14)

7, =% (aﬁf’ +0.00) (F1(¥),,,. (2.15)

where F*/ (x) and (F~'(x)),, are of the form
FP(x) = f* 4+ Colxt,
(F 0N ap = (Fap = (€ (F 1) % - (2.16)

In order to invert previous equations and T-dual transforma-
tion laws, as well as to simplify calculations, we take two addi-
tional assumptions. First assumption is that CZ/’ is infinitesimal.

Second assumption is that (f'),, C,/ i) 5,5 is antisymmetric
under exchange of first and last index. In other words, tensor
(F'(x)) s has only antysimetric part that depends on x* and it
is infinitesimal. These assumptions are in full accordance with
constraints.[”]

Substituting equations (2.14) and (2.15) into (2.13) the final
form of action is

S=x / d’e ., 0,x"9_x"
z

—_

+5(0,0" +0,x"¥) (F' (%)) ,(0-6” + l}lfa,xV)] . (217)

\S]

In the following sections, this form of action will be used for in-
vestigation of bosonic T-duality and for obtaining transformation
laws between starting and T-dual coordinates.

3. T-dualization

In this section T-duality will be performed along all bosonic coor-
dinates in order to find relations that connect T-dual coordinates
with coordinates and momenta of original theory. These trans-
formation laws will then be used in subsequent chapters to find
non-commutativity relations between coordinates of T-dual the-
ory.

Starting point for considering T-duality will be general-
ized Buscher T-dualization procedure."'l Standard Buscher
procedure!®!% is designed to be applied along isometry directions
on which background fields do not depend. Generalized Buscher
procedure can be applied to theories with coordinate dependent
background fields. The shift symmetry in the generalized proce-
dure is localized by introduction of covariant derivatives, invari-
ant coordinates and additional gauge fields. These newly intro-
duced gauge fields produce additional degrees of freedom. Since
we expect that starting and T-dual theory have exactly the same

© 2022 Wiley-VCH GmbH.
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number of degrees of freedom we need to eliminate all exces-
sive degrees of freedom. This is accomplished by demanding that
field strength of gauge fields (F,_ = d,v_ — d_v,) vanishes by ad-
dition of Lagrange multipliers. Next step in procedure is fixing
the gauge symmetry such that starting coordinates are constant
and action is only left with gauge fields and its derivatives. From
this gauge fixed action, finding equations of motion for gauge
fields, expressing gauge fields as function of Lagrange multipli-
ers and inserting those equations into action we can obtain T-dual
action, were Lagrange multipliers of original theory now play the
role of T-dual coordinates.

In cases where shift symmetry is absent, T-duality can still be
performed by extending generalized Buscher procedure.l'! This
extension is based on replacing original action with translation
invariant auxiliary action. Form of this auxiliary action is exactly
the same as the form of action where translation symmetry was
localized and gauged fixed, that is, derivatives have been replaced
with gauge fields and coordinates with integrals of gauge fields.
Auxiliary action gives correct T-dual theory only if original action
can be salvaged from it. In cases where this is possible, original
theory is obtained by finding equations of motion with respect
to Lagrange multipliers and inserting their solutions into auxil-
iary action.

Action (2.17) is invariant to translation symmetry, by the virtue
of antisymmetric part of F,, tensor (f~'C,f™'),,. Following an-
tisymmetricity of this tensor, we can rewrite the action (2.17) in
the following way

S=x / A&, 0, %"9_x"
z
1 mn na pa — v
€0, (B 4 3 (F1(),,0,(67 + Wl )]. (3.1)

Let us now consider the global shift symmetry §x* = A# and
vary the action (3.1)

K - - no o,V
58 = —E(f "Cf 1) ap A /Zdzfemnam(e +¥x")0,(0" + ¥x’),
(3.2)
where m, n are indices of the twodimensional worldsheet. After
one partial integration, we obtain one surface term and one term

which is identically zero because it is summation of symmetric,
0,,0,, and antisymmetric, €™, tensor. The surface term is zero

m=n?
for trivial topology. So, the shift isometry exists.
In order to find T-dual action we have to implement following
substitutions

0,x" = D, xt =0, x" +l, (3-3)
¥ -l = /Pd.f’”Dmx" = x"(&) — x"(&) + AVH,
AVH = /dé’”vﬁq(é), (3.4
P

S— S+ % / FE[oy, —v'a,y,]. (3.5)
z

Fortschr. Phys. 2022, 70, 2200048

2200048 (4 of 9)

www.fp-journal.org

Because of the shift symmetry we fix the gauge, x#(&) = x*(&,)
and, inserting these substitutions into action (2.17), we obtain
auxiliary action suitable for T-dualization

v 1 na I\ —
Saux = K‘édzf I:H+vaiv_ + 5(04—0 +V:-lp;¢)(F 1(AV))aﬂ

X (0_07 + W) + %(via_y” - vfd+y#)] . (3.6)

It should be noted that, path P that is taken in expression for A V?
goes from some starting point &, to end point &. Introduction of
this element makes this action non-local, however, this is a nec-
essary step in order to find T-dual theory of coordinate dependent
background fields.['!]

In order to check if substitutions we had introduced are valid
and that they will lead to correct T-dual theory of starting action,
we need to be able to obtain original action by finding solutions to
equations of motion for Lagrange multipliers. Equations of mo-
tion for Lagrange multipliers give us

ovi—0 =0 = v =09.x" (3.7

Inserting this result into (3.4) we get the following
AV? = / d&'"0,,x" (E') = x°(€) — %" (&) = Ax”. (3.8)
P

Since, we had shift symmetry in original action, we can let x”(&,)
be any arbitrary constant. Taking all this into account and insert-
ing (3.7), (3.8) into (3.6) we obtain our starting action (2.17).

Before we obtain equations for motion for gauge fields, we
would like to make following substitution in action

Y, =0,y,— aj“(F‘l(AV))aﬁ‘Pﬁ,

Y_, =0y, + ¥ (F'(AV)),0.6, (3.9)
mn,, =I,, + %@’Z(F’l(AV))aﬁ‘I‘f

=11, - %@;(f-l)ml Col(f), YA VY, (3.10)

1, =1, + %lif;j(f*l)aﬂtpf. (3.11)

With these substitutions in mind we have that auxiliary action
takes the following form

S = K/dzé [I_] vty Ly
s

+uv i+ — 2 + T —u 2 - +u
1. i
+50,0°(F 1(AV))nﬂa_6”]. (3.12)

This action produces following equations of motion for gauge
fields

_ 1 - 1
+/4VV— = _(_Y—y + ﬁ;(v))’ H Vﬁ = _Y

2 +uv 2 +v

~ (V). (313)

Here, function f*(V) is obtained from variation of term con-
taining AV” in expression for F~}(AV) (details are presented in

© 2022 Wiley-VCH GmbH.
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Appendix A)
B(V) = %a+ [+ Ve | (1), P )0 + 92 V]
- % [é“ + vvl@;'l] )y C ()00, [aﬁ +w vvz],
(3.14)

B (V) =

"

0 v, o0 [ e v

Al

1 Sa v — oy (£~ V2
_Za_[e +V \Pw](f 1)‘“’1C/4ﬂ(f 1)ﬂ1ﬁ[0ﬁ+lpflv ]

(3.15)

Here we have took advantage of the fact that 9, V¥ = v} (more
details in Appendix A). Let us note that V¥ in the expressions for
beta functions is actually V© because it stands besides Cy/. We
omit index (0) just in order to simplify the form of the expres-
sions.

In order to find how gauge fields depend on Lagrange multi-
pliers, we need to invert equations of motion (3.13). Since CZ”
is an infinitesimal constant, these equations can be inverted
iteratively.[?2] We separate variables into two parts, one finite and
one proportional to CZ” . After doing this we have

P = —ézﬂ[%Y_y + ﬁ;(v“’))], Vi = [1Y —ﬂ;(V‘O’)]@Z“-

2 +v
(3.16)

Functions f,, (V%) are obtained by substituting first order of
expression for v, into g, (V), where V© is given by

AVOr — /d«:mvﬁ?”
P

1 . o
=3 [aerrfoy, —o.00 .,

- %/Pd{é{ﬂl [6_))’,] +lil;l(f*1)nﬂa_9ﬂ]. (3.17)
Where ©" is inverse temsor of Il =T, +
SWe(F1(AV)),, W7, defined as
oL, =6, (3.18)
where

AUV SV 1x Jro — a - Vv
" =M + Eeﬁﬂlwul(f ")y cplﬂl vOr(f 1),,],,\115;@_1 . (3.19)

QUVTT  — SH UV — v_ 1 g (f- viv
0L, =6l O =0 - oM (), ¥ 01 (320)

- 1 _

aff _ fap 2w Ul
JO=f+ SO, (3.21)
O I, =8, O =—-4(G;' TG )", (3.22)
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Tensor Gg,, = G, — 4(BG™'B),,, is known in the literature as the
effective metric.

Inserting equations (3.16) into (3.6), keeping only terms that
are linear in C;:” we obtain T-dual action

z

Comparing starting action (2.17) with T-dual action, were we note
that 0, x* transforms into d,y, and »* transforms into V¥, we
can deduce that T-dual action has following arguments.

= % o, (3.24)
(EVO),, = (F1(VO),,

*@W(*F—l(v(m))aﬁ = %@f”i’f(F_l(V(o)))a,y (3.26)

(FVM), 7 = =3 (), 6 62

In order to express T-dual gravitino background fields in terms
of its components, it is useful to calculate inverse of field *F;ﬁl

Q, a, 1 a @QHV
*FP (VO = F(vO) + El{fﬂ@j 9. (3.28)

With this equation at hand it is straightforward to obtain T-dual
gravitino fields. Here we present T-dual gravitino fields expanded
in terms of their components
*\P U 1_v_a 1_¢l_ﬁ —1(v/(0)
P = §®M Y+ Z@‘_‘I‘Pul(F (V)

P @QVV1 o
5, PO (3.29)

myt = _Lyrge - Lgrguage (51 (v0)) wu@n (3.30)
9 H 9 H m a v

The general conclusion is that all background fields get the linear
corrections in C;"ﬁ comparing with the results of the case with
constant background fields.[3! Also the coordinate dependence
is present in all T-dual background fields.

From the above equations we see how background fields of
original theory transform under T-duality. It should be noted that
these actions are of the same form taking into account that initial
coordinates x* are replaced by y, after T-dualization.

4. T-dualization of T-dual Theory

From requirement that original theory and T-dual theory be phys-
ically equivalent, it should be possible to obtain original theory
from T-dual one by applying T-duality procedure a second time.
Since original action possessed translation symmetry, we have
that this symmetry is inherited by T-dual action. T-dual theory is
invariant to translations of T-dual coordinate. However, even in
cases where starting action is not invariant to translation symme-
try we can expect emergence of this symmetry in T-dual theory.
This is a natural consequence of introducing A V'% and of the fact

© 2022 Wiley-VCH GmbH.
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that T-dual theory is intrinsically a non-local one. T-dualization
of T-dual theory is obtained with generalized Buscher procedure
and steps are identical as before.

aiyu _)DtYu = atyu + utu - DiYM = utﬂ’ (4'1)
AV SAUOP, (4.2)
0 _1 . .

N Pd§+®{ﬂ[u o= 00,0 |
1 - pa (-1 Y

-3 /P g0 [u,ﬂl +W (f7),50_0 ] (4-3)

Yoy =Usy =y, — a+ém(F_l(A U(O)))a,glp,/i (4.4)

Y, =U_, =u, +¥(F(auY)) o6 (4.5)

*5—>*s+§/zd2 (U 0" — u_,0,%"). (4.6)

In first line we immediately fixed gauge by choosing y(£) =
const. Inserting these substitutions into (3.23) we get

k y o (
Sy = E/y_dz SO"U,, U, +0,0°(F'(aU")) 0.6’

+(u,,0_x" — u_“0+x“)] . (4.7)

+u
Finding equations of motion for Lagrange multipliers and insert-
ing solution to those equations into gauge fixed action we return
to the starting point of this chapter, T-dual action. On the other
hand, finding equations of motion for gauge fields

- z[a ©1L,,, + ﬁ‘(x)] +0,6"(F (), ¥, (4.8)
U, = -z[ o 0X" + B[ ] ¥ (F'(x),,0.60", (4.9)

and inserting these equations into the gauge fixed action, keeping
all terms linear with respect to C*V,, we obtain our original action
(2.17). Here we use the freedom to choose Ax* = x(&) — x(&)),
with x(&) =0

5. Non-commutative Relations

Having found T-dual action and equations that link T-dual co-
ordinate with original coordinates in previous chapters, in this
chapter we will focus on establishing a relationship between Pois-
son brackets of original and T-dual theory. Furthermore, we will
mainly focus on Poisson brackets between bosonic variables and
their momenta. Original theory is a geometric one with variables
%*(&) and r, (£). Therefore, it is natural to impose standard Pois-
son structure on original theory

{¥"(0), 7, ()} = 6)6(c —5), {x(c

{z,(0).7,(6)} = 0. (5.1)

), x"(8)} =0,
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In order to find Poisson brackets of T-dual theory, we need to
find T-dual transformation laws which connect the initial and T-
dual coordinates. Starting with relations (4.8) and (4.9) and using
equations of motion for Lagrange multipliers x*, u,, = d,y,, we
obtain T-dual transformation laws

d,y, = 2[a+xvr'1+w + ﬁ;(x)] +0,8°(F () ¥, (5.2)
0.y, = =2[ML,,.0.%" + p(x)] - Pi(F () 0.0, (5.3)

where symbol = denotes T-dual transformation. Subtracting
these two equations, we get
Y, 210, 0_x" +0,x'TL,,, + B7 + 6,

+vu
1. 20/ [
+ Ea+9"(1~“ (%)), 20 + E‘PV(F '(x)),,;0-6" . (5.4)

Taking into account that bosonic momenta, = u of original theory
are of the form

z, —K[H o.x" +0,xT1

+pv’— +vu

L (g
+ ¥ (' (),,0-0"

+ %6+0_"(F’1(x))aﬂ‘1’€] , (5.5)

and /32 = p; + B, , we obtain

N

Y, = ?" + (). (5.6)

Here f)(x) is given by

1

Po0) = 20, [0+ 208 (1), CP () [0 + 90 5]

1 no Vi - o - v
-3 [9 +x 1‘I‘V1] (), CP )00, [aﬁ + z] .
(5.7)
To find Poisson bracket between T-dual coordinates, we can
start by finding Poisson bracket of sigma derivatives of T-dual co-

ordinates and then integrating twice (see [13, 24, 25], B ). Imple-
menting this procedure we have that Poisson bracket is given as

v, (0).7,,6)}

=} i[za? 5522 - 55126521][ (0') + K (0')] H(c - 06), (5.8)

HaHy

where, for the sake of simplicity, we introduced
K,u(0) = (8(0) + 2 @)% ) (F)us, C 1))

“U ), C ) () + W (0)). (59)

Here, H(o — &) is same step function defined in Appendix B. It
should be noted that these Poisson brackets are zero when ¢ = 5.
However, in cases where string in curled around compactified

© 2022 Wiley-VCH GmbH.
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dimension, that is cases where ¢ — 6 = 2z, we have following
situation

{le (O- + 2”)’ sz (O-)}

1 .
> orl26018) — 526111[K,,,, () + K, (0)]
T o — a — I z
+ E NM‘P!H (f 1 )aal C}‘iﬂl (f ] )ﬂlﬁ‘{’lﬂlz [6::1 5“’412 5C23 - 5:21 6(/412 5/‘:3
+ 81§ — i ErEh . (5.10)
KoV VioVy o H

Here we used fact that H(2x) = 1, while N’ is winding number
around compactified coordinate defined as

x'(o + 2x) — x/(c) = 2z N*. (5.11)

From this relation we can see that if we choose x*(¢) = 0 than
Poisson bracket has linear dependence on winding number. In
cases where we do not have any winding number, we still have
non-commutativity that is proportional to background fields.

Using the expression for sigma derivative of y, (5.6) and ex-
pression for Poisson bracket of T-dual coordinates (5.8), we can
find non-associative relations. Procedure is the same as for find-
ing Poisson brackets of T-dual theory, we find Poisson bracket of
sigma derivative and integrate with respect to sigma coordinate,
this time integration is done once. Going along with this proce-
dure we have the final result

{Yv (O-)' {Y\q (o-l)’ sz (62)}}

1 pa (- « -
= ﬁH(O_l - GZ)TM(f 1)M1 Cﬂ;ﬂl(f l)ﬂ‘ﬂq’i3

X H(O’l — 6)[25141 OH2 M3 — Qe SH2 §H3 — SH1GH2 §H3 + oML §H2 5/43]
vV TV, v Vi Vy v VoV oy, V) Vp oV

+H(o, — 6)[26"16"26" — 261 6" 6" — 611626 4 51161 615)
2 v TV v, Vy Vv VoV vy Vi vy v

(5.12)

Since Jacobi identity is non-zero for T-dual theory we have that
coordinate dependent RR field produces non-associative theory.
However putting o = ¢, = 6 and 6, = 6 + 2z we have following
Jacobi identity

@) {v, (6 +27),y,,()}}

P e o ()5, ¥, (288,280 — 26018028,

1R

— B8 + 656 (5.13)

Examining equation (5.6), we notice that d,y, is not only a lin-
ear combination of initial coordinate and its momenta but also
has terms that are proportional to fermionic coordinates. This
might lead us to believe that T-dual theory would have nontrivial
Poisson bracket between T-dual coordinate and fermionic coor-
dinates. However, this is not the case, and it can be directly cal-
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culated by finding Poisson bracket between sigma derivative of
T-dual coordinate and fermion coordinates (more details in B).

{0°(0).v,(0)} =0, {9°(0).y. (@)} = 0. (5.14)

6. Conclusion

In this article we examined type II superstring propagating in
presence of coordinate dependent RR field. This choice of back-
ground was in accordance with consistency conditions for back-
ground field and all calculations were made in approximation
that are linear with respect to the space-time derivative of the RR
field, CZ" , which is infinitesimal one. We have also excluded parts
that were non-linear in fermionic coordinates and neglected pure
spinor actions. Using equations of motion for fermionic mo-
menta we obtained action that was expressed in terms of bosonic
coordinates, their derivatives and derivatives of fermionic coordi-
nates.

Action with our choice of background fields possessed transla-
tion symmetry, therefore we use generalized Buscher procedure
that was developed for such cases. By substituting starting action
with auxiliary action we gave up on locality in order to be able to
find T-dual theory. Finding equations of motion of newly intro-
duced Lagrange multipliers we were able to salvage starting ac-
tion giving us assurance that auxiliary action we selected would
produce correct T-dual theory. After this we found equations of
motion for gauge fields and by inserting them into action, we
found T-dual theory.

Having found T-dual theory, we applied T-dual procedure once
again as a more thorough way of checking if action we obtained
was in fact correct T-dual of starting action. Unlike starting ac-
tion, T-dual action was non-local from the start by virtue of con-
taining V term. Applying steps of generalized Buscher pro-
cedure we obtained starting action, again confirming that our
choice of auxiliary action was correct.

We obtained non-commutativity relations in context of T-dual
theory, where we used T-dual transformation laws as a bridge
between Poisson brackets of starting theory and T-dual theory.
T-dual transformation laws were expressed in terms of coordi-
nates and momenta of original theory, which produced non-
commutativity in T-dual theory. From expression for Poisson
brackets (5.8) we can see that non-commutativity is proportional
to infinitesimal part of RR field. Non-commutativity relations are
zero in case when o = &, while in case where o = 6 + 27 we see
the emergence of winding numbers. Noncommutativity param-
eters are linearly dependent on bosonic coordinates x* as well as
on fermionic ones, % and 8°.

Taking into account Poisson brackets of T-dual coordinates
and expression for sigma derivative of T-dual coordinate we were
able to find non-associative relation for T-dual theory. In gen-
eral case this relation was non-zero and it was proportional to
infinitesimal constant, which is proportional to Czﬂ . In special
case when we put o, = 0, = ¢ and o; = & + 27 we noticed that
non-associativity relation remains constant.

It should be noted that since we did not preform T-dualization
along fermionic coordinates their Poisson structure would re-
main the same as in original theory. However, unlike original the-
ory, T-dual coordinates depend on sigma derivatives of fermionic

© 2022 Wiley-VCH GmbH.

85U8017 SUOWWIOD BAIKR.D 3(edl|dde ay) Aq peusenob ke sapie YO ‘8sn J0 Se|ni oy Akeiqi8UIIUO AB]IM UO (SUORIPUOD-PUR-SLLBYWI0D A8 | 1M Afe.d 1 |BulUO//SdnLf) SUORIPUOD Pue SW L 8L 88S " [202/T0/72] Uo Ariq18ulluo A8|IM ‘VIGHIS - IMVNIH/IS VNI Ad 870002202 do.d/200T 0T/I0p/woo A8 | im Afe.d 1 jpuluo//sdny Wwolj pepeoumod 'S ‘220z ‘8L6£T2ST


http://www.advancedsciencenews.com
http://www.fp-journal.org

ADVANCED
SCIENCE NEWS

Fortschritte
der Physik

Progress
of Physics

www.advancedsciencenews.com

coordinates. This dependence does not affect the Poisson brack-
ets of the T-dual coordinates and fermionic coordinates (5.14). So,
T-dual SUSY algebra has non zero Poisson bracket of the bosonic
coordinates, while the rest ones are zero. In further investigation
we will study fermionic T-dualization and we expect the effect on
the algebra of the fermionic coordinates.

Appendix A: Obtaining B;; Terms

In this paper function f;(V) emerged in T-dual transformation
laws as a consequence of variation of term that was proportional
to AV. Here we will present derivation of this function.

Here we will use substitutions 0,0% = 9,6 +1}/'¥? , 0.0/ =
0.6 + ‘I“V’Z v, also we will use F,,
infinitesimal constant

to represent term containing

/ #£0,0°F,,,AV70_0’ = / d&e™0,0°F, , AV70, ©F
z z

1 Qa
- /Z dzé[zem”de) F,,, AV

1 Sa 0 8
~3€"0,0°F,,AV"0,0 ]

1 Qa
=3 /E dzg[emn(a F,p,0,AV 79,0

; g O°F,, 9 Av<0ﬂ®/’]

afp“m

_ 1 2 0 Qa o
=3 /E d*¢e™o, AV [0°F,,,0,0/ —0,0°F,; ]

=3 [ #eemn (65,000 - 0,6°F,,00]
z

afpn
_ 2 m
= /zd R (A1)
Variation with respect to gauge field v, and setting F,,, =
~( ey zlﬂl(f )s,» Produces desired f functions (3.14), (3.15)

in equations of motion (3.13). Here we have used the prop-
erty that (f™),,, C/ MY )5, > i€ Fyp,, is antisymmetric under ex-
change of @ and ﬂ this, in combination with the fact that we can
express d,00_0 as ¢""9,00,,0, removes all terms proportional
to ,0_, using identity €"©9,,0,0 = 0.

It should be noted that g, (V) functions are not unique, we
could have obtained different function simply by not using us-
ing symmetrization in (A.1). In case of non-symmetric g, ,(V),
all results that have been obtained would take a simpler form.
We have chosen to work with symmetric function because re-
sults that are deduced from this case can be easily reduced, by
neglecting terms, to simpler case.

Appendix B: Poisson Bracket Between Sigma
Derivatives of T-dual Coordinate

In this article, in order to find Poisson brackets of the T-dual coor-
dinates we had to find first Poisson brackets of the sigma deriva-
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tive of T-dual coordinates, y, = 9,y,(0). In this section we will
demonstrate how to obtain Poisson brackets from Poisson brack-
ets that contain sigma derivatives. We will use canonical form of
the T-dual transformation law (5.6) and standard Poisson alge-
bra, because the initial theory is geometric one. First, we have to
calculate the following Poisson bracket

{ao'l le (61)’ aaz sz (62)}

szvl (62)0526(62 - 61) Kvlvz (61)0 6( - 0-2)

-1
T2k
+9, K, , (61)8(0; — 03) =9, K, , (63)6(0, — 01) |, (B.1)

03" VoY

where K, () is given by (5.9).
On the other side we have

{AY\/I (60’ 6)’ AYVZ (6_0’ 6_)}

= / dal / do-Z{ao'l Yv] (Gl)’ aaz sz (62)}

{le sz } {le sz O—O } {YV1 O—O sz (O—)}

+{y,, (00).,,(60)} (B.2)
where
Ay, (00,0 / 40,0, 3,(0) = ¥,(0) = v,(00). (B.3)

Combining the equations (B.1) and (B.2) we have

%c/ dcl/ do,

o'1)‘7515(‘71 —0,)

{AY\/I (0—0’ 6)’ AYVZ (&0' 6_)} =

X vzvl (02)6 5( - 61) vlvz(

+9, K, , (6y)6(c; —0,)—0, K, , (0 )5(62—61)]. (B.4)

01" V2 03" VoY1

By applying partial integration, it is straightforward to extract the
Poisson bracket of T-dual coordinates given by (5.8).

In paper!™ it has been shown that Poisson brackets between
o derivatives of coordinates have following form

{an'l ;t ’ 62 v 0-2)} = 661 uv(o-l) (61 _0-2)
+L,,(01)9, 6(01 — 0,). (B.5)

Applying integrating twice and using partial integration this
equation reduces to

{X,(01). Y, (02)} = = [K,.(01) = K, (02) + L, (02)]|8(0; = ).

v

(B.6)

In our case, we can bring equation (B.1) to the form of equa-
tion (B.5) by making following substitutions

© 2022 Wiley-VCH GmbH.
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aal K (61) = ao'l K (61)’ ao'z szvl (O-Z) = aaz szvl (62)’

ViV Viva
K (O-l) = _Lvlvz (61)’ szv1 (62) = _vav1 (62)'

Viva

(B.7)

Because we chose to work with symmetric f; function we obtain
duplicated terms in (B.5).

Same procedure can be applied to find Poisson bracket be-
tween T-dual coordinate and fermionic momenta. That is, we
start from Poisson bracket for sigma derivative of T-dual coordi-
nate and fermionic momenta, then integrate once and compare
left and right hand sides.

The step function H(x) is defined as

0 if x=0

H(x):/ ds&(s):iznez/ e”=41/2 if 0<x<2r.
0 27 0
1 it x=2z

(B.8)
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1 Introduction

Noncommutativity of coordinates has come into focus of physics about hundred years ago
when the problem with infinite value of physical quantities occurred. The solution was
proposed by Heisenberg in the form of noncommutative coordinates. But after developing
of renormalization procedure coordinate noncommutativity was forgotten as a tool for
cancelling of infinities.

Commuting of coordinates means that there is no minimal possible length in Nature
i.e. that we can measure the position of particle with infinite precision. The return of
noncommutativity into physics starts with the article of Hartland Snyder [1]. Usually we
treat space-time as continuum but Snyder showed that there is Lorentz invariant discrete
space-time. Consequently, this means that commutator of coordinates is nonzero, and
noncommutativity parameter dictates the scale at which noncommutativity exists.

In the paper [2] existence of noncommutative manifold was shown using propagators
in open bosonic string theory with constant metric and constant Kalb-Ramond field. This
result is proven in many articles [3-12] after that but using different mathematical meth-
ods. Obtained noncommutativity with constant noncommutativity parameter is known



in literature as canonical noncommutativity. Consequently, canonical noncommutativity
implies that theory is still associative one.

One of the first application of canonical noncommutativity was in Yang-Mills (YM)
theories [13-16]. Noncommutative YM theories are constructed and their renormalisability
properties are analyzed. It turned out that some processes forbidden in commutative YM
are allowed in noncommutative YM theories. Consequently, cross sections for those decays
and processes are calculated [17, 18]. Such predictions offer the possibility of indirect check
of idea of noncommutativity.

The next type of noncommuatativity which is considered in literature is Lie-algebraic
one, which means that commutator of two coordinates is proportional to the coordinate.
The k-Minkowski space-time is an example of this kind of noncommutativity and it is
considered in various contexts [19-24]. The s-Minkowski space is noncommutative but
it is easy to check that is associative one. But, in general, if the commutator of the
coordinates is proportional to the some linear combination of coordinates, then the space
is nonassociative because jacobiator and associator are nonzero. For example, such spaces
are closely related to the L, algebra [25].

The mathematical framework for T-dualization is standard Buscher procedure [26, 27].
It consists of the localization of the shift symmetry and adding a term with Lagrange
multiplier in order to make gauge fields unphysical degrees of freedom. Also there is an
improvement of standard Buscher procedure developed and applied in refs. [28-31], gener-
alized Buscher procedure. In the application of the generalized procedure of T-dualization
there is one additional step with respect to the standard one. We introduce invariant
coordinate in order to localize shift symmetry in the coordinate dependent backgrounds.

The first articles addressing the subject of coordinate dependent backgrounds appear
in the last ten years [32-43]. A 3-torus with constant metric and Kalb-Ramond field
with just one nonzero component, B,, = Hz, was considered within standard Buscher
procedure [33]. Authors made two successive T-dualzation along isometry directions x and
y, and, using nontrivial winding conditions, obtained noncommutativity with parameter
proportional to field strength H and winding number Nj.

Using generalized T-duality procedure [30, 44] we obtained coordinate dependent non-
commutativity and, consequently, nonassociativity. Also it is shown that final theory is
nonlocal. In ref. [30] the bosonic string is considered in the weakly curved background —
constant metric and linearly coordinate dependent Kalb-Ramond field with infinitesimal
field strength, while in [44] we consider the same model as in [33], but T-dualizing along
all three directions and imposing trivial winding conditions. Obtained nonlocality comes
from the coordinate dependent background, or more precisely, from invariant coordinates.
At the end of T-dualization procedure background fields depend on AV, defined as line
integral. Nonlocality has been become very important issue in the quantum mechanical
considerations [45].

In this article we will deal with closed bosonic string propagating in the constant
metric and linear dependent Kalb-Ramond field with B,, = Hz, the same background as
in [33, 44]. But our goal here is to examine the influence of order of T-dualizations. In
ref. [44] we T-dualize first along isometry directions, first along = and then along y, and at



the end, along direction z. The first T-dualization produces configuration known as twisted
torus which is commutative, and it is globally and locally well defined. After second T-
dualization we obtained nongeometric theory with @ flux which is still locally well defined
and it is commutative. The final T-dualization along z direction produces nonlocal theory
which is noncommutative and nonassociative one. This line of T-dualizations we will call
XYz one.

But what it will happen, if we change the order of T-dualizations, regrading (non)lo-
cality issue as well as (non)commutativity and (non)associativity? It is quite obvious that
nothing will be changed if we T-dualize along line yxz, because the first two directions,
which are T-dualized, are isometry ones. Some nontrivial issues could be expected if
we T-dualize first along z direction. In this article we will present T-dualization of the
model from [33, 44] along the T-dualization line zyx. After every step of T-dualization
we will rewrite the T-dual transformation law in canonical form using the expressions for
canonical momenta of the initial theory. Also we will check whether the obtained theory
is commutative or not and, consequently, we will see whether it is associative or not.

The fact which is quite sure is that all three theories which we will obtain from the
T-dualization line zyx are nonlocal. The explanation comes from the fact that background
field By, is z dependent and according to the generalized T-dualization procedure, after T-
dualization along z, we obtain quantity AV which is defined as line integral. Consequently,
the theory is nonlocal. But because y and x T-dualizations do not affect AV, all three
theories obtained in zyx T-dualization line are nonlocal. That is a difference with respect
to the zyz T-dualization line considered in [44].

The interesting thing is that transformation laws can be obtained from the corre-
sponding ones in [44] by replacing H — —H, but because in this article we T-dualize in
the opposite direction, that produces theories of the different commutative and associative
features with respect to [44]. After first T-dualization we get commutative and associative
theory which is the same as in xyz case from [44]. But the second T-dualization here
produces noncommutative and associative theory of x-Minkowski type. That is different
with respect to the zyz case, where second theory in the line is both commutative and
associative. At the end we obtain the same theory as in [44] which is nonassociative and
noncommutative. The noncommutativity and nonassociativity parameters have one addi-

7

tional “—” sign comparing with the corresponding ones in [44]. In this article as well as
in [44], we impose trivial winding conditions which means z#(o + 27) = (o) + 2rNH,
where N* is a winding number.

At the end we comment some quantum aspects of the problem and add two appendices.
The first one contains conventions regarding light-cone coordinates, while the second one is
related to the mathematical details concerning derivation of two kinds of Poisson brackets

appearing in the article.

2 Bosonic string action and choice of background fields

In this section we will introduce the action for bosonic string propagating in 3D space with
constant metric and Kalb-Ramond field which single component is different from zero,



B,y = Hz. This model is well known in literature as torus with H-flux. Since we are
working with the same model as in [33, 44], for completeness we will repeat most of the
steps from introductory part in the [44].

The closed bosonic string which propagates in the presence of the space-time metric
G (z), Kalb-Ramond field By, (x), and dilaton field ®(x) is described by action [46-48]

gob
N

where world-sheet surface ¥ is parameterized by £¢ = (7,0) [(a = 0,1), 0 € (0,7)],

S = R/Edzf\/TQ{ [;go‘ﬁGW(x) + By (x)| Oqat0ga” + CI>($)R(2)} , (2.1)

while z# (= 0,1,2,..., D — 1) are space-time coordinates. Intrinsic world sheet metric is
denoted by gng, and the corresponding scalar curvature with R®.

Conformal symmetry on the quantum level is not preserved for any choice of back-
ground fields. If we want to keep conformal symmetry on the quantum level, background
fields must obey the space-time field equations [49]

1

= R — 7 Bupo B + 2Dy, =0, (2.2)

= D,B" ., — 20,8, =0, (2.3)
D —26 1

® = ok 6 R — ﬂBupUB“pU — Dya* +4a* = c, (2.4)

where c is an arbitrary constant. From
DY, +9,8% =0, (2.5)

it follows that third beta function, 5%, is equal to an arbitrary constant. Here R, and D,
are Ricci tensor and covariant derivative with respect to the space-time metric G,,. Field
strength for Kalb-Ramond field B, and dilaton gradient are defined as

By = 0By, + 0,Byy + 0,Buy,  ay = 0,P. (2.6)

One of the solutions of these equations which is important for us here is the solution
where some background fields are coordinate dependent. Let us choose Kalb-Ramond field
to be linearly coordinate dependent and dilaton field to be constant. The equation (2.2)
turns into

1
Ryuy = 1 Bups B, = 0. (2.7)

If we assume that field strength is infinitesimal, then we take G, to be constant in ap-
proximation linear in B,,,,. Consequently, the third equation (2.4) is of the form

D-26
—— =

2Tk

c. (2.8)

The constant c is arbitrary, and fixing its value at ¢ = —23§T £ we obtain D = 3, dimension

of the space in which we will work further.



The choice of background fields in the case we will consider is

R0 0 0 Hz0
Gw=|0R 0|, Bu=|-Hz 0 0], (2.9)
0 0 R} 0 00

where R, (1 = 1,2,3) are radii of the compact dimensions. In terms of radii, the imposed
condition that H is infinitesimal, can be rewritten as

_H i -0 (2.10)
RiRsR3) '

Physically, infinitesimality of H means that we work with sufficiently large torus (diluted
flux approximation). If we rescale the coordinates

o — 2™ = Ry ot 2.11
o

where indices on the right hand-side of equation are not summed, the form of the met-
ric simplifies
100
Gw=1010]. (2.12)
001

Taking all assumption into consideration, the action is of the form
S = Ii/ d*€0 2y 1, 02" (2.13)
b
1
= n/ d%¢ [2 (O4x0_x + 04yO_y + 0420_2) + OyxHz0_y — OyyHz0_zx| |
by

where 01 = 0; £ 0, is world-sheet derivative with respect to the light-cone coordinates
gi = %(T * 0)7 H:I:;w = B;w + %G,w and

=y (2.14)
z

T-dualization of dilaton is done within quantum formalism and here it will not be presented.

3 Family of three R flux non-local theories

In this section we will perform T-dualization of closed bosonic string equipped by H-
flux torus background fields, one direction at time. T-dualization procedure will go along
zyx line. We will show that all three theories are nonlocal with R-flux. Also we will
find expressions connecting initial and T-dual variables, so called T-dual transformation
laws. Using transformation laws in canonical form, we will check after every step whether
obtained theory is (non)commutative and/or (non)associative.



3.1 T-dualization along z direction — shortcut to R-flux

Unlike the cases considered in [33, 44], where T-dualization drives along zyz line, let us
do that in opposite direction and perform generalized T-dualization [28] of action (2.13)
along z direction.

3.1.1 T-dualization procedure

It looks like that this direction is not isometry one. But we can show that it can be treated
like isometry direction. Let us consider the global transformation

St =AM, (3.1)

and vary the action with respect to this transformation

68 = gBWp)\p /E d*€0, x'0_a¥ = %BW,,A%@L* /E d*€[0 (21 0p2") — 2" (90 0p2")] . (3.2)

The second term vanishes as a consequence of contraction of antisymmetric (¢*?) and
symmetric (0,03) tensors, while the first one, surface term, survives, and it is, in general,
different from zero. But, the expression .5 is an topological invariant, so it vanishes if the
map from the world-sheet to D-dimensional space-time is topologically trivial. Essentially,
infinitesimal field strength H does not affect the vanishing of the surface term.

There is one more explanation of vanishing of this surface term. It is more technical
and adjusted to the approximation we used in this article which essence is the explanation
in paragraph above. Because we work in the approximation up to the linear terms in H, z*
satisfies equation of motion for constant G, and B,,,, 040_x* = 0, which solution is well
known in literature. If the winding number is equal to zero, it holds z# (27 + o) = z#(0),
and since the configuration in the initial 7; and final moment 7; is fixed, the surface term
vanishes.

So, in the weakly curved background case (H-flux torus background is such like that),
z direction is an isometry one. Localization of the shift symmetry of the action (2.13) along
z starts with introducing the covariant derivative

O+z —> Dyz =042z + v, (3.3)

where vy is a gauge field. In order to make gauge fields unphysical ones, we introduce term
with Lagrange multiplier

Soa = /E Peys(D4v- —_v,). (3.4)

These two steps are the part of the standard Buscher procedure. Because of coordinate
dependent background field B, generalized T-dualization procedure has an additional
step, introducing of an invariant coordinate

L _ /PdfaDaz _ /I;d€+D+z +/Pd§_D—Z = Z(f) — 2(50) + AV, (3.5)



where
_ a, + -
AV —/Pdf va—/P(df vy +dEvo). (3.6)

The form of the action is now

S = /{/ d*¢ [Hzm”(&ra:a_y — 04yo_z) + %((’Lx({)_:c + 04+y0_y+ DyzD_xz)
b

+ % y3(Oyv_ — 8_v+)} . (3.7)

Fixing the gauge, z(£) = 2(&), we get gauged fixed action in the form

S iz = /{/ d*¢ [HAV((%m@y — 04y0_x) + %(&r:n@,x + 04y0_y +vyv_)
b

+ %yg(a_w_ _ 8_v+)] . (3.9)

The equation of motion for Lagrange multiplier y3 obtained from above action (3.8)
produces
Otv_ —0_vy =0= vy =012, (3.9)
which drives us back to the initial action (2.13). On the other side, if we found equations
of motion for gauge fields vy, we get

vy = +0ry3 — 267, (3.10)

where 8% functions are defined as
1
Bt = :FiH(x(?;y —yo+x). (3.11)

The f* functions stem from the variation of the term containing AV. The derivation of
beta functions S* is based on the relation d-AV = vi. In the derivation of the beta
functions there is one nontrivial technical point and that is vanishing of the surface term
after one partial integration. That surface term is of the same form as in eq. (3.2), so
the same reasons for surface term vanishing hold here. Mathematical details regarding
derivation of 3% functions can be found in refs. [28-31, 44].

Inserting the relations (3.10) into the gauge fixed action, keeping linear terms in H,
we obtain the T-dual action

S =k / d*€0,4 , X" 104 ,,0_, X", (3.12)
by
where
N 1
XM= Yy ) zHer/ = zB;w + §ZG[LZ/? (3'13)
Y3
0 HAV 0 100
B = -HAV 0 0|, :Guw=1010 1. (3.14)
0 0 0 001

Let us note that presence of AV, defined as line integral, represents the source of
nonlocality of the T-dual theory.



3.1.2 T-dual transformation law

Combining the equations of motion for Lagrange multiplier (3.9) and for gauge fields (3.10),
we obtain T-dual transformation laws

0+z =2 +01ys F H(x@iy - yaix) , (3'15)

~

where = is used here to mark T-dual relation. Momentum of the initial theory (2.13)
canonically conjugated to the coordinate z is of the form

oL
=57 =
where £ is a Lagrangian density defined as S = fz d’¢L. Calculating # using T-dual

K2, (3.16)

Tz

transformation law (3.15), we get the T-dual transformation law in canonical form

1
yh s + H(zy' —y2'), (3.17)

which is of the same form as in the zyz case.

In all further expressions we will keep the symbol AV, but we must have in mind
that we used equations of motion for Lagrange multipliers (3.9) at the end of T-dulization
procedure along z coordinate, so, having in mind (3.6) and (3.15), we get

AV = Az = /d§+8+y3 — /dg_a_yg =7;3. (3.18)

The variable AV is multiplied by infinitesimal field strength H, so, in the above expression
we used 04z = +01y3, as a consequence of diluted flux approximation.

3.1.3 (Non)commutativity and (non)associativity

The initial theory is geometric one and its variables satisfy the standard Poisson algebra
{z"(0),2"(@)} = {mu(0), m ()} = 0, {a¥,m,(0)} = &",6(0 — ), (3.19)

where 2# are the coordinates of the initial theory, while 7, are their canonically conju-
gated momenta. Using expression (3.17) and standard Poisson algebra (3.19), we obtain
that coordinates of the theory obtained after one T-dualization, ,X*, are commutative.
Consequently, Jacobiator is equal to zero, which means that theory is associative.

Summarizing this first step of T-dualization, obtained theory is commutative and as-
sociative nonlocal R-fluz theory. Comparing with the results of the ref. [44] after first
T-dualization, qualitatively we obtain the same result, but with the essential difference
that here obtained theory is nonlocal R-flux theory unlike that in [44] which is geometrical
one, locally and globally well defined.

3.2 Step 2 — T-dualization along y direction

Our starting point is the action given in eq. (3.12). The background fields are independent
of y, so, we apply standard Buscher procedure. This means that, unlike the previous
case, we perform just first two steps in T-dualization procedure and skip the third one —
introducing of invariant coordinate. The T-dualization procedure is already presented, so,
we will skip explaining procedure steps further.



3.2.1 T-dualization procedure

The gauge fixed action is of the form

1
Stiz = m/ d*¢ [2 (O120_x +viv_ + 04y30_ys) + HAV (v_04x — v30_x)
2

K
+ 2/ d*€yn(01v_ — 0_vy). (3.20)
by
Varying with respect to the Lagrange multiplier yo we get

v =01y, (3.21)
while the equations of motion for gauge fields are
vy = +0+ys F2HAV 1. (3.22)

Inserting the expression for gauge fields (3.22) into gauge fixed action (3.20), we obtain the
T-dual action

WS =k /Z d*€ 04 Ly XF T, 0— XY, (3.23)
where
o 1
zyX# =1 92 > zyHJr;w = zyB/u/ + 5 zyG;w ) (3.24)
Y3
1 —2HAV 0
B =0, WG = | —2HAV 1 0. (3.25)
0 0 1

Let us note that after two T-dualizations in the xyz case in [44] we also obtained that
T-dual Kalb-Ramond field is zero.

3.2.2 T-dual transformation law

Combining equations of motion (3.21) and (3.22) we get the corresponding transforma-
tion law
O+y &2 +01yo F2HAV 01 . (3.26)

Let us now prescribe the transformation law in canonical form. The momentum canonically
conjugated to the initial coordinate y is obtained by variation of the initial action (2.13)
with respect to the y and it is of the form

my = k(y + 2Hz1'), (3.27)
while from transformation law (3.26) we have
U2 yh—2HAVZ . (3.28)

Combining last two equations and using the fact that, in the approximation linear in H,
AV and z are T-dual to each other, we get
1

L 3.29
~my (3.29)

I

Y

As we see the transformation law is the same as in the xyz case.



3.2.3 (Non)commutativity and (non)associativity

In this paragraph we will calculate Poisson brackets of the coordinates ., X* using trans-
formation laws in canonical form given by egs. (3.17) and (3.29).

With the help of the standard Poisson algebra (3.19) and instructions from appendix
B, it is easy to see that

{z(0),2()} = {12(0),y2(0)} = {y3(0),y3(0) } = {x(0),42(0)} = {z(0),y3(7)} = 0.
(3.30)
The only non-zero Poisson bracket is

{y2(0),y3(0)} = % [24/(0)d(0 — &) + 2(0)d (0 — )] , (3.31)

where ¢’ = 0,0(c — ). This result is obtained by straightforward calculation using T-
dual transformation laws, (3.17) and (3.29), and standard Poisson algebra (3.19). The
relation (3.31) is of the form (B.1), where A'(0) = y4(0), B'(5) = y4(5), U'(0) = £22/(0)
and V(o) = %w(a). With these substitutions in mind, we have that final expression is of
the form (B.8)

[12(0),35(0)} =~ [22(0) ~ 2(0)] 60 ~ ) . (332)

For ¢ — 0 + 27 and 6 — ¢ we have
. H
{y2(o +2m), y3(0)} = ——[2(0) + 4mNz] , (3.33)
because 0(27) = 1 (B.6), while N, is winding number for = coordinate
x(o+2m) —x(0) = 27N, . (3.34)

As we can see the noncommutativity relation (3.32) is of xk-Minkowski type. It is straight-
forward to see that

{z(01), {y2(02), ys(o3)}} + {y2(02), {ys(03), x(01)}} + {y3(o3), {z(01),y2(02) } } = 0.
(3.35)
Because the Jacobiator is zero, we conclude that this R-flux theory is noncommutative

and associative one.

3.3 Step 3 — T-dualization along x direction

In this subsection we will finish T-dualization procedure not repeating the mathematical
details, but giving just the important equations and results.
The gauge fixed action is given by the following equation

1
Stiz = n/ d*¢ [2 (viv— + 04y20_ya + 04+y30_y3) — HAV (v40_ya + 04+y2 v_)
b
K

T3

/E d*€y1(01v_ — D vy). (3.36)
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The equations of motion for Lagrange multiplier produces

vy =0t (3.37)
while the equations of motion for gauge fields vy give
Uy = i@iyl +2HAV aiyg . (3.38)
Inserting expressions for v4 into gauge fixed action we get the T-dual action
zy:vS = /f/ d2§a—|— zy:cXM zya:H-I—uV ZyT XV7 (339)
b
where
Y1 1
X = s | vl = syaBu + 5 G (340)
Y3
0 —HAV O 100
waeBuw = | HAV 0 0|, 2yeGu=1010 | . (3.41)
0 0 0 001
Combining the equations of motion (3.37) and (3.38) we obtain the T-dual transfor-
mation law
O+x = +01y1 + 2HAV Irys . (3.42)
It directly follows that
Ty +2HAV . (3.43)

From the initial action (2.13) it is obvious that momentum canonically conjugated to x is
of the form

T = ki — 26Hzy' . (3.44)
The T-dual transformation law for y (3.26), in the approximation linear in H, produces
that ¢’ = g5. Taking into account the relation (3.43), we get the canonical form of the

T-dual transformation law 1
i T (3.45)

As we see the full set of T-dual transformation laws, (3.17), (3.29) and (3.45), are the same
as in the case where T-dualization was along zyz line [44] up to H — —H. The full T-
dualized theory is of the same form as in [44] with the expressions for noncommutativity

{v1(0),y3(0)} = g 2y(0) —y(a)]0(c — ), (3.46)

{y2(0), y3(0)} = —g 22(0) — 2(3)]0(c — 7), (3.47)
and nonassociativity

{y1(o1),y2(02), y3(03) } =
{y1(01), {y2(02), y3(03) }} + {2(02), {y3(03), y1(01)}} + {y3(03), {y1(01), y2(02) }} =
2 (o~ 02)0(0 — 05) + 602 — 01)0(01 — 03) + 01 — 05)6(os —2)] ,  (3.48)

which can be obtained from the corresponding ones in zyz case [44] by replacing H — —H.

- 11 -



4 Quantum aspects of T-dualization in the weakly curved background

In proving isometry and computing the f* functions we assumed the trivial topology and
the surface term occurring there vanishes. Now we want to discuss some quantum as-
pects of the considered problems in nontrivial topologies. We will consider the action for
bosonic string in the weakly curved background — constant metric and Kalb-Ramond field
depending on all coordinates and with infinitesimal field strength. Torus with infinitesimal
H-flux is special case of this model.

On th classical level there are a few problems in the theory. In order to perform the
éLTL’U
is multivalued and the proof of equivalence of gauged and initial theories needs the part

generalized T-dualization procedure the invariant coordinate z  is introduced. But it
considering global characteristics. Moreover, in the quantum theory at higher genus, the
holonomies of the world-sheet gauge fields complicate the situation a little bit. Fortunately,
these problems can be resolved in Abelian case in the quantum theory [50-52].

First, we make Wick rotation 7 — —i¢7, which makes the term which contains metric
tensor G, gets multiplier ¢, while the terms which contain Kalb-Ramond field B, and
Lagrange multiplier y, stay unchanged. Then the partition function is of the form

00
223 [Dypuen oG vt PV (41)
g=0

We use differential forms and omit the space-time indices to simplify writing of equations.
The Hodge duality operator is denoted by star. The index g denotes the genus of manifold.

The first step in the calculation process is separation the one form dy into the exact
part dy. (ye is single valued) and the harmonic part y;, (dy, = 0 = diy;)

dy = dye + yp. (4.2)

For the closed forms the co-exact term dfy,, in the Hodge decomposition is missing.

The path integral (4.1) goes over all degrees of freedom including local degrees of
freedom as well as the sum over different topologies. Consequently, according to the (4.2),
we substitute Dy with the path integral over y. and the sum over all possible topologically
nontrivial states contained in y;, (marked by Hy)

Dy —Dye» . (4.3)
Hy

The integration over y. induces vanishing of the field strength

Z= / Do §(dv) e 5 0 G vrin fy eBIVIV S o fow (4.4)
HL/

The 1-form v can be expressed as sum of exact, co-exact and the harmonic parts

v=dz+ dve + vy, (4.5)

- 12 —



which means that
Dv — DxDd v dH,. (4.6)

The functional integration over harmonic part v, drives to the ordinary integration over
topologically nontrivial periods (marked by symbol H,). After integration over d'vee we get

7 /Ddev 6_% Js; v G *vtik [guB[V]v Ze% Js VYh (47)
Hy

The last term in the exponent is responsible for nontrivial holonomies. Eliminating
Vee part, the 1-form v becomes closed and the Riemann bilinear relation becomes usable

/Evyh:g[iiv}iyh_iiyhiv]' (4.8)

The symbols a;,b; (i = 1,2,...,¢g) represent the canonical homology basis for the world-
sheet. Because of the periodicity of the Lagrange multiplier y, its periods are just the
winding numbers around cycles a; and b;

N, :j{ Yn, Ny, :j{ Yn, - (4.9)
a; b;

7 K3

Ai :% v, Bz :%U, (410)
a; bz

g
/ vYp = Z(NbiAi — N, B;). (4.11)
z i=1

Denoting the periods with

we get

Now the partition function (4.7) gets the form

7 = /DSU dAdele—% fEUG*v—FZ’HfE vB[V]v Z 6% zg:1(Nb¢Ai_NaiBi). (412)
Na; Ny, €Z
The periodic delta function is defined as d(x) = % nez e which produces
7 = /D:L’ dA;dB;6 (gA’) ) (gBl) =5 JsvGrutin [y vB[V]v (4.13)

It is useful to examine the path dependence of the variable V#, which form is now
VH©) = 2(€) - at(60) + [ . (4.14)
P

Let us consider two paths, P and P>, with the same initial £ and the final points .
Now we will subtract from the value of V# along P; the value along path P, and obtain
the integral over closed curve PPy L of the harmonic form

VI[P — VHP) = Jé - vl (4.15)
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Establishing the homology between the closed curve PP, 1 and curve > [niai + mibz-],
(ni,m; € Z) we get finally

VEP] = VHPy] + > (niAl + m;B). (4.16)

The variable V#() in classical theory is path dependent if holonomies are nontrivial.
Integrating eq. (4.13) over A; and B; implies that periods A; and B; are zero. Conse-
quently
v =dz. (4.17)

The variable V# becomes single valued, and the initial theory is restored
7 /Dme—’; Js dz G *da+ik [ deBlx]de _ /Dxe—nfz d?¢02T1 4 [x]0x ] (418)

Consequently, starting with partition function of the gauged fixed action of bosonic
string in the weakly curved background, within path integral formalism and in the presence
of nontrivial topologies, we came to the partition function of the initial theory. That means
that introducing coordinate dependent Kalb-Ramond field is consistent with path integral
quantization process.

5 Conclusion

In this article we studied the 3D closed bosonic string propagating in the geometry known
as torus with H-flux — constant metric and Kalb-Ramond field with just one nonzero
component, By, = —By, = Hz. The choice of background fields is consistent with the
consistency conditions if we work in the diluted flux approximation which assumes that
in all calculations we keep just the constant terms and those linear in the infinitesimal
field strength H. Our goal was to study the T-dualization line which goes in the oppo-
site direction from the standard one. First, we T-dualize z direction, then y and at the
end along x direction — so-called zyx T-dualization line. We analyzed in every step the
(non)commutativity and (non)associativity of the obtained theory and made comparisons
with the case of xyz T-dualization line considered in [33, 44].

The common fact for all three theories obtained in the process of T-dualization step by
step is that all three ones are nonlocal R-flux theories. The nonlocality comes as a result
of the first step in T-dualization procedure, T-dualization along z direction. Generalized
T-dualization procedure has one additional step with respect to the standard Buscher
procedure and that is introduction of invariant coordinate. In the process of T-dualization
invariant coordinate turns into variable AV which is defined as line integral. Consequently,
this means that obtained theory is nonlocal. Further T-dualizations does not affect AV
and, all three theories are nonlocal ones. As we know, in the case of zyz T-dualization
line [44], we obtained three different theories in geometrical sense — twisted torus, Q-flux
theory (which is local) and nonlocal R-flux theory.

The dualization along z direction produces nonlocal R-flux theory unlike the zyz
case [33, 44] where the theory obtained after first T-dualization is locally and globally
well defined. Because initial theory is geometrical one, its variables satisfy standard Pois-
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son algebra (3.19). Using (3.19) and T-dual transformation law written in the canonical
form (3.17), we showed that theory obtained after T-dualization along z coordinate (using
generalized T-dualization procedure) is commutative and, consequently, associative one
as in [44].

The second step in T-dualization is T-dualization along y direction. Using standard
Buscher procedure, we obtained the form of the T-dual theory and the corresponding T-
dual transformation law, which is rewritten in the canonical form (3.29) in terms of the
coordinates and momenta of the initial theory. Using standard Poisson algebra (3.19) and
T-dual transformation laws in canonical form, (3.17) and (3.29), we easily proved that
theory after two T-dualizations is noncommutative, but it is still associative one. In this
article we used trivial winding condition (3.34) and showed that T-dual coordinates y2 (o)
and y3(o) are commutative for equal arguments, ¢ = &, but they are noncommutative
if 0 — & = 27. The result is qualitatively similar to the result of [33], where after two
T-dualizations the obtained theory is noncommutative one. But, the difference is in the
winding condition which is nontrivial in [33], mixing different coordinates. The different
winding condition induces the noncommutativity for ¢ = & (for more details see [33]).
On the other hand in the analysis presented in [44] (zyz T-dualization line) the theory
obtained after two T-dualizations is commutative under trivial winding condition.

The final step in T-dualization procedure is T-dualization along x direction. The
theory after full T-dualization is the same as in xyz case [44] with the noncommutativity
and nonassociativity parameters which can be obtained from those in zyz case [44] adding

w_»

sign. This is a consequence of the fact that the full set of T-dual transformation
laws is the same as in [44] up to the replacing H — —H. This difference up to the “—”
sign stems from the initial actions. In this article we start from (2.13), while in [44] the
starting action for z T-dualization is @-flux action, formally the same as (2.13) up to the
replacing H — —H.

Finishing the discussion of the results obtained in this paper it is interesting to make
comparison with some similar efforts. We studied the abelian isometries using both stan-
dard and generalized T-duality procedure, while in the paper [53] nonabelian isometries
using standard Buscher procedure are considered. The authors of [53] showed that spaces
with isometry maps to the nonisometry spaces, while in this paper there is isometry in
every T- dualization step. One of their conclusions that T-dual transformations are more
than continuous isometry can be added to the concluding remarks of this paper. In the
ref. [43] generalized T-duality and nongeometric background are considered, but using low
energy effective action, unlike here, where we used sigma model action. The paper [54]
deals with T-dualizations along nonisometry directions like in [31], using extension of gauge
symmetry, while the authors of [31] use the generalized T-dualization procedure introduc-

2

ing invariant coordinates (in [54] they call them “covariant” coordinates). In this paper we
use this generalized T-dualization procedure but all directions considered here are isome-
try ones. It is useful to mention that in the paper [55] bosonic string in the presence of
the weakly curved backgrounds is considered using double space formalism as well as the
influence of the order of T-dualizations. The double space formalism gives the result which

is in accordance with the result of the current paper.

~15 —



Consequently, we conclude that in the case of the full T-dualization the form of the
T-dual theory do not depend on the order of T-dualization, while parameters of noncom-
mutativity and nonassociativity change sign.

A Light-cone coordinates

In the paper we often use light-cone coordinates defined as

1
¢ =S +0). (A.1)
The corresponding partial derivatives are
0t = 0 _ 0r £0 A
+ = agj — T :i: o - ( 2)
Two dimensional Levi-Civita €*? is chosen in (7, ) basis as €77 = —1. Consequently,

in the light-cone basis the form of tensor is

erf = (_O ) : (A.3)

The flat world-sheet metric is of the form in (7, 0) and light-cone basis, respectively

10 l 30
= ol = , A4

Let us stress that in whole article we use standard notation for 7 and o derivatives —
A=0;A and A’ = J,A, where A is an arbitrary variable.

N[ +—
O Nl

B Two types of Poisson brackets used in the paper

In this paper, we have seen that T-dual transformation laws connect derivatives of T-dual
coordinates with coordinates and momenta of initial theory. While initial theory satisfies
standard Poisson brackets, in order to find Poisson brackets for T-dual theory, we first need
to find Poisson brackets between o derivatives of T-dual coordinates. This type of Poisson
bracket will, in general case, be some function of initial coordinates, Dirac delta functions
and their derivatives with respect to ¢. Having this in mind, general case for our Poisson
brackets will have following form

{A'(0),B'(5)} =U'(0)d(c — ) + V(0)§' (0 — 7), (B.1)

where 0'(c—5) = 0,0(0c —a). For terms A’(¢), U'(0) and B'(5), symbol ' stands for partial
derivative with respect to o and &, respectively. If we want to calculate the Poisson bracket

{A(0), B(9)},
first we have to calculate the following one

{AA(0,00),AB(7,00)}, (B.2)
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where

AA(o,00) = / " A A (2) = A(0) — A(oy), AB(5,50) = / " d2B'(z) = B(5) — B(5y).
7 " (B.3)

Substituting the expressions (B.3) into (B.2), we have
(AA(0,00), AB(5, 50)} = / " da / iy [U@)5 -y + V@) —y)] . (BA)

After integration over y we get
{AA(0,00),AB(c,60)} =
- / da{U'(2) [0(a - 50) — 0(x — 0)] + V() [5(z — 50) — 6z — 8]}, (B.5)

0

where 0(x) is defined as

= 1 1 0 ifz=0
0(z) =/ dnd(n) = —— |z +2) _ —sin(nz)| =1 1/2if 0 <z < 27, (B.6)
0 21 n .
n=1 1 ifx=2rx
where 6(x) = % nez e Finally, integrating over z, we obtain

+
/S —
Ql
e
=
R)

|
Qi
N

|
>
S)
(e)

|
Qi
()

|
=
Ql
=
R)

|
Qi

|
=
S)
(en)

|
D
vy
-

From the last expression, using (B.3), we extract the searched Poisson bracket
{A(0),B(0)} = —[U(0) =U(a) +V(9)]0(c —5) . (B.8)

In order to calculate Jacobiator we have to find Poisson brackets of type {y(c),z(5)},
where y(o) is coordinate T-dual to initial one x(o). Having this in mind, we start with the
following Poisson bracket

ol s(@) ={ [

and using T-dual transformation law in canonical form

(o

dny/ (1), xw)} , (B.9)

0

=Ky, (B.10)
we get
ol a(@)} = { [ dum.alo)} (B.11)

where (o) is momentum canonically conjugated to the coordinate z(c). Initial theory is
geometric one which variables satisfy standard Poisson algebra, so, the final result is of
the form

(Ay(0,00),3(3)} = —2 [0(0 — ) — (o0 — )] —> {y(0),2(5)} = —%9(0 _ ).
(B.12)

=
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1 Introduction

String theory as a possible candidate for unification of all known interactions offers a
framework for description of both gauge interactions and gravity. Analyzing the relation
between world-sheet diffeomorphisms and transformations of the background fields for open
bosonic string [1-3] it is concluded that Kalb-Ramond field gets one additional term that
is in fact a field strength of some gauge field. In sigma-model action it looks like that
gauge fields are attached at the string endpoints moving along Dp-brane. Finiteness of
the gauge theories (UV cutoff) demands existence of some minimal length. Consequently,
noncommutativity naturally arose in open bosonic string theory in the presence of the
constant background fields [4-7].

The fact that noncommutativity appears together with gauge theory produces a new
line of investigation in quantum field theory — noncommutative gauge theories [8-10], but
not noncommutative gravity.

The open bosonic string in the presence of the constant background fields gives con-
stant noncommutativity [4-7], but, consequently, Jacobi identity is zero and associativity
is not broken. Closed string in the presence of the constant background fields remains
commutative.

Noncommutativity in open string theory comes from the boundary conditions (see [5—
7]). Coordinates and their canonically conjugated momenta are mixed in the boundary



conditions, and because they obey standard Poisson algebra, at the end we get noncom-
mutativity of the initial coordinates. All these facts tell us about the way how we can
reach noncommutativity in the bosonic closed string case. Kalb-Ramond field must be,
at least, linearly coordinate dependent, and the generalized T-dualization procedure is a
machinery [11-19]. The noncommutativity relations are coordinate dependent and produce
nonzero Jacobi identity — nonassociativity appears in the closed string theory [13, 18, 20—
22].

The noncommutativity and nonassociativity can be considered also within superstring
theory [23, 24]. In ref. [25] we considered one special case of the type II superstring theory
in pure spinor formulation [26-30] — all physical background fields are constant except
Ramond-Ramond (RR) field strength. The RR field strength consists of the constant
part and linearly coordinate dependent one, which is infinitesimal. In accordance with
consistency conditions, we have chosen constant part of RR field strength to be symmetric
and cooordinate dependent part to be antisymmetric tensor.

The motivation for this choice of background fields is the quest for the anticommutation
relation between fermionic coordinates suggested in [30, 31]. Formally, this case is similar
to the bosonic string case with coordinate dependent Kalb-Ramond field (weakly curved
background). The difference is that in the superstring case noncommutativity parameter
depends both on the bosonic and fermionic coordinates. Also we obtained that Jacobiator
is nonzero. Both noncommutativity and nonassociativity parameters are proportional to
the infinitesimal tensor from RR field strength.

In this article we consider the same action as in [25], but we will not imply the ad-
ditional restrictions on the constant and coordinate dependent part of RR field strength
as in [25]. The fundamental difference in relation to the choice of background field in [25]
is in the fact that action with RR field strength without restrictions does not possess
translational isometry. In that sense this case can be considered as general one comparing
with [25].

We will use the generalized T-dualization procedure [16, 19] along bosonic directions.
Because this general case cannot be deduced to the form of the bosonic string with linearly
dependent Kalb-Ramond field, as it could in the case [25], we obtained more complicated
form of T-dual transformation laws and, consequently, the generalization of /3, functions
in the form of N(§) functions. Besides the complexity of the T-dual transformation laws
we succeeded to find expressions for noncommutativity and nonassociativity as well as the
form of the T-dual theory.

At the end we give some concluding remarks. In the appendices we present the deriva-
tion of N () functions and show their properties.

2 General type Il superstring action and choice of background fields

In this section we will shortly present how we derive the action of type II superstring in
pure spinor formulation with all constant background fields except RR field strength from
the general form of that action given in [26-30].



2.1 General form of the pure spinor type II superstring action

The general form of the type II superstring action in pure spinor formalism is derived and
given in [30]. It consists of two parts and can be represent as their sum

S =Sy + Vs, (2.1)

where Sy describes the motion of string in flat background
%zéﬁ%?w%ﬂ&ﬂwWwﬁﬁ%ﬁﬂ%Q+&+&, (2.2)
while the second one contains all possible interactions
lggziéd%LYUMAMNXN. (2.3)

The second part of the action is expressed in terms of the integrated form of massless type
IT supergravity vertex operator Vsg. The actions Sy and S5 in (2.2) are free-field actions
for pure spinors

&:/f&wjﬁ,gz/f@wgw (2.4)

Here, A* and A% are pure spinors whose canonically conjugated momenta are wq and wq,
respectively.
The vectors XM and X and matrix Ay n are of the form

8+9a 6_0_’\ Aaﬁ Aay Eaﬁ Qa,uu

H,U _ Hu A A EB Q
xM _ + XM _ . A _ up pv W Hvp 25
%Niy %Nﬁy Qs Quvp CBW Syv,po

where notation is taken from refs. [25, 30]. Every component of the matrix Ay is function
of bosonic, z*, and fermionic, #* and 0%, coordinates. For more details about derivation of
the components consult [30]. The superfields A,,, Eﬁ‘, EY and P# are known as physical
superfields, superfields that are in the first row and the first column are known as auxil-
iary because they can be expressed in terms of physical ones [30]. Remaining superfields
Quvp (), C% (CPL) and S 0, are curvatures (field strengths) for physical fields.
Components of XM and XV are of the form

1 1 ~
nizmw+§wm%wﬁﬁ Hﬁ:&ﬂ+§mm%wﬁ% (2.6)

1 1
da = Ty — i(l—‘ﬂg)a 34_%“ + Z(@F“&ﬂ)

)

%:m;mm46ﬂ+hwmeﬂ, 2.7)

v 1 Yo N4 4 1_ Vo oy
N* zziwauﬂu])ﬁA5’ N* ::§waaﬂul)ﬁAﬁ. (2.8)

The world-sheet is spanned by ¢™ = (£° = 7,¢! = o), while world-sheet light-cone
partial derivatives are defined as 04+ = 0; £ J,. Superspace contains bosonic z# (u =
0,1,...,9) and fermionic %, #* (o = 1,2,...,16) coordinates. Variables m, and 7, are
canonically conjugated momenta to the fermionic coordinates 0% and 6%, respectively.



2.2 Choice of the background fields

In this particular case we will use the supermatrix A;ny where all physical background
fields, except RR field strength P®? are constant. RR fields strength will have linear
coordinate dependence on bosonic coordinate x*. Consequently, supermatrix Ay is of
the following form

0 0 0 0
0 k(39w + Bu) v 0

Ansn — 29pw T By K , 2.9

MY o —wg 2(ff 1 09Par) 0 (29)
0 0 0 0

where g, is symmetric tensor, B, is Kalb-Ramond antisymmetric field, ¥} and \T/fj are
Mayorana-Weyl gravitino fields and f*# and CE‘B are constant tensors. Let us stress this
will be a classical analysis and we will not calculate the dilaton shift under T-duality
transformation.

From the consistency conditions given in ref. [30], following this choice of background
fields, it follows

VhsCl =0, AH,C0 =0. (2.10)

Because all background fields are expanded in powers of 8% and 6%, 6% and 6 terms
in XM and XV will be neglected. Taking into account all imposed assumptions and
approximations, the full action S is getting the form

S:/Ed2§

k v a « v N \TLAY
§H+W8+9:“8_95 — Ta(0-0% + WJ0_2") + (040% + 012"V} 7,

(2.11)
2 (poB | b o
+%7Ta(f + Cp €T )ﬂ-ﬁ 5
where 111, = B,,, + %GW, and G, = 1w + guv is metric tensor. The actions Sy and S5
are fully decoupled from the rest and they will not be analyzed from now on.

It is easy to notice that fermionic momenta play the roles of the auxiliary fields in full
action. They can be integrated out finding equations for motion for both 7, and 7,

k

o= (F‘l(x))ﬁa (0_6% + W2O_a") (2.12)
T = —g (0.0 + 012 wf) (F_l(x))ﬁa , (2.13)

where F*5(z) and (F~!(x))as are of the form
FPz) = fP + CPak . (FH(@))ap = (f Has = (F Daar Co 2 (f . (2.14)

For practical reasons, we assume that C*3 u is infinitesimal. This assumption is in accor-
dance with constraints (2.10). Substituting equations (2.12) and (2.13) into (2.11) the final
form of action is

S=k / d2¢ Ty, 002" 0_ 2" + é(méa + 042 0) (F~N () (0-0° + W00 _a")| .
by

of
(2.15)




Let us note that we did not impose any conditions on tensors f** and Cﬁ‘ﬁ as we did in
ref. [25]. The case considered in this article is more general than the case studied in [25],
because action does not possess translational symmetry.

3 T-dualization

Here we will make T-dualization of all bosonic directions aiming to find T-dual transforma-
tion laws — relations between T-dual coordinates and canonical variables of the original
theory. The T-dual transformation laws will be used to calculate Poisson brackets of the
T-dual coordinates.

3.1 Implementation of the generalized T-dualization procedure

In implementing of T-dualization procedure we will use generalized Buscher T-dualization
procedure [16]. The standard Buscher procedure [14, 15] is made to be used along directions
on which background fields do not depend (isometry directions), while generalized Buscher
procedure can be applied to theories with coordinate dependent background fields along
all directions. The generalized T-dualization procedure follows three steps — introduction
of covariant derivatives, invariant coordinates and additional gauge fields, which produces
additional degrees of freedom. The starting and T-dual theory must have the same number
of degrees of freedom. In order to achieve that we eliminate all excessive degrees of freedom
demanding that field strength of gauge fields (F;_ = dyv_ — d_v4) vanishes by addition
of Lagrange multipliers. Then we fix the gauge symmetry (shift symmetry) and action is
left with gauge fields and their derivatives. Finding equations of motion for gauge fields,
expressing in terms of the Lagrange multipliers and inserting those equations into action
we obtain T-dual action, where Lagrange multipliers have roles of T-dual coordinates.

T-duality can be performed also in the cases of the absence of shift symmetry [19].
Then we replace original action with translation invariant auxiliary action. Form of the
auxiliary action is exactly the same as the form of action where translation symmetry was
localized and gauge fixed. It produces correct T-dual theory only if original action can be
salvaged from it.

Action (2.15) is not translational invariant. Consequently, we make the following

substitutions
Orat — vl (3.1)
2P - AVP = / dﬁlmvfn(fl), (3.2)
P
k
S — S+ 5/ d*¢ [ho_y, — v 04y, , (3.3)
)

and insert them in action (2.15). The result is auxiliary action convenient for T-dualization
procedure
1 - _
KoV o o -1 B B,V
Mo”4 (040 + o 05) (F (AV))aﬂ (0_6° + Thy”)

1
+§(vﬁ8_y# — v, y,)

Saux = k/ d2£
b

(3.4)

Let us note that path P starts from &y and ends in £. In this way action becomes non-local.
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Finding equations of motion for Lagrange multipliers
O_vl =0t =0 ol = dsat, (3.5)

and inserting them into (3.2) we have

AV? = [ g™ 02" (€) = 27(€) — a?(&0) = A, (3.6)

In absence of translational symmetry, in order to extract starting action from auxiliary
one, we impose z”(£y) = 0 as a constraint. Taking all this into account, we get the starting
action (2.15).

Euler-Lagrange equations of motion for gauge fields vy (k) give the following ones

- %6_3/“(/-6) Ly (k) + %@3 (FHAV))  0-0%() + Wi () (3.7)
- % /Z PE[0,.0°(€) + v (TS (FDacs O (F )5, N (57) [0-0° (€) + w507 ()],
%myu(m) = Tl () + §<a+éa<n> T (R)E) (FHAY)) v (3.8)

— 5 LD + o2 (O] o € () s N () 0-0%(€) + Wiy (€)].

Here, function N (k%) is obtained from variation of term containing AV* in expression for
F~1(AV) (details are presented in appendix A). They represent the generalization of beta,
functions introduced in ref. [25]

=
=
X
j
I
(=%}

(€€ ) —n) [HE - s — HEG = D], (39)
(€T (€)M w)) = wY) [HE k)~ HG —x7)],  (3.10)

=
=
X
|
I
(=%}

where more details on Dirac delta function and step function are given in appendix A. As
we see the expressions for derivatives of y, are more complex comparing with those in [25],
where translational symmetry is present.

Assuming that C’ﬁ"g is an infinitesimal, we can iteratively invert equations of mo-
tion (3.7) and (3.8) [20]. Separating variables into two parts, one finite and one infinitesimal



proportional to Cﬁ‘ﬁ , we have

v(k)= —%(:)lfjl {ayyl (k) + U2 (£ (AV))ap0—0° (k) (3.11)

1 — a1 — a3 V2V T, —
58 (e O 2 AV (™ oy U530 (9 (9) + WEL (f ) 505007 () )

-/ PE[0F ()4 5 (04940 ()~ 08 (O (F s W2 )02 T ] (s O
X (f_1)515N(’{+) [6*9'6(5) - %\I]E}géiz‘w (a*yuz (5) + ‘T’Z?; (f_l)’YS’ma*‘gM (f))} }7
o (k) = iéﬁw{mym (k) = 046° (k) (F 1 (AV))as ¥, (3.12)

1 — _ o\ A piopis T Be /e _
5 (0591 (R) = 04 8° () (F ™y Wi ) O W) (1) 33, O AVP ()05 0,

_ 1 ~ S M2V T - a1 1
- /E @€ [0:0%() + 5 (9:90a(€) = 087 () (™ M)yna U2 ) 012105, | (1 aren Ot

< (PN (57) [0-67(8) — S0 (0 (€) + T (F D 074(6)) | }

Tensor © is inverse tensor to Iy, = Iy + 502 (f ) ap ¥l

O 1Ly, = 0k, (3.13)
where
ayl4 v 1 T [ f— Vv
oL = e — ey (f Das ¥l 047, (3.14)
_ o 1 o U=
fob = fof 5 V50" oo, (3.15)
O Ty, =06k, O_=—4(G5'TI_G")™. (3.16)

Effective metric tensor is defined as G = G — 4(BG_1B)W.

In above expressions AV is a quantity in the zeroth order in C’fjﬂ

AV”z/d{*Uﬁ—l—/dﬁ‘Uf (3.17)

1 cle g - 1 - 1 T, O —
:§/pd§+9pfp[a+ym*5+9 (f l)aﬁ‘l’fl]*gfpdé* O [0 ypy + U5, (f1)ag0-0"].



Using (3.7) and (3.8) and inserting them into (3.4), we get T-dual action

1=
ST—dual = k/ d2£ [465V6+yuayu (318)
P

1_ _ _
+ GO (F o G AVA(f )5, 0270 yu0 -y

45020 (N AV + 57 o O AV s U O T ()5
= SO WO T (), + (7 s U O B (I P AV ()5
= 1 o U BT (s O AV ), WSO T () ) 007

+ imyyéﬁ“@z‘l ((F‘l(AVm,e + ;(f‘l)aal03“15%‘/”(1"_1),8352‘Ifff@il”‘flfl(f‘l)ﬁlﬁ)
x 0_6°

1, 5 - L. o1 QMM 2 [ £— asf1 - Quiv
- 184-00[ ((F 1(Av))a5 + Q(f 1)04041\1111 @liﬂ \IIM (f 1)0620430[)35 Avp(f 1)515>\1151®—1

X 8y,,] .

Let us note that above we kept terms up to the first order in C’fjﬁ.
T-dual action contains all terms as initial action (2.15) up to the change z* — y,,.
Consequently, T-dual background fields are of the form

s — Lgmr  Lgmmga [(p- - o -
Y = 201+ O W | (FHAV)ag+ (/™ aea O AVE(F ) 515 (3.19)

[

— a1 QM2V2 4], — L. oo — R Ya Y LT —
_*(f l)amqjué@? 2\1'521(.}0 1),31[3+§(f 1)aa10p1 QAVp(f l)azasll'pg@liQ ngé(f 1)615
(F oo To1OM22 W0 (f71) 5 5 CHAAVP(f71) 5,5

(F ™ )aan Wo2OH2H3G02 (£71) 0, OSB3 AVP(f71) 5,5, U202 001 (f71) 5, 5| WE ©17,

HFH@)ap = (F7H(AD))ap + %(f_l)aalC,?laQAV”(f_l)azas‘I’Z“Sé’i”‘i’fl (fap (3.20)

1, . — = _ 1, . =T _ -

— 5 (e VR O W () g5+ 5 (£ oo WL O T (f 1) 5y, O AVA(f )5
1. A - . . S -

= 1 Daay W O R (™ ) ayay Cp P AV (F ) 5,5, U2 02 W (F 1) 31,

= 1 = 1

*\I}MO‘ — 5@‘1”\1137 *\I/Vﬁ = —5\:[/5@‘1” (321)

Comparing background field of T-dual theory with background fields from [25] we imme-
diately notice that background fields have become more complex. However, this is just an
illusion. In both cases background field are exactly the same only difference is that here
we did not introduce tensor fI+W =1y + %i’ﬁF‘l(AV)aglllf and its inverse, therefore
we are missing ingredients to express our fields in more compactified format.



3.2 T-dualization of T-dual theory

Since the initial theory is not symmetric under translations, T-dual action that is obtained
from auxiliary action (3.4) and it is now invariant to translations of T-dual coordinates.
Consequently, we can dualize T-dual theory by generalized Buscher procedure. We start
with the introduction of following substitutions

O+yy — Diyy = 0ryy + Uty — Diyy = usy, (3.22)
Ay — Au”, (3.23)
AP = ;/Pdéé’ilp [u+p1 - a+9‘a(f*1)a5\1/§1}
— % /P d¢— e [u_,,l + W5 ( f—l)aﬁa_eﬁ} , (3.24)
S— S+ %(uﬂﬁ,m“ —u_,0yat). (3.25)
From the first line we see that gauge is fixed choosing y(§) = const. Inserting these

substitutions into (3.18) we obtain

1 aY 14
Sgauge fix = /<;/Pd2§ Ll@’i Ug Uy (3.26)
1~ \T — o ~ — QAV1V
+ GO L (o O AT (F 1) 5,597, O iy
1 no - ~ L. alo = - asg QMY -
+ 58-&-6 ((F 1(Au))aﬁ + §<f 1>C¥a10p1 QAup(f 1)Oz20z3\11,uS@li \Iﬂgl (f 1)513
1, a1 ALY T _ 1, . 1 ALY T _ oy e
- §(f 1)04061\:[";;1@,1 \1151 (f l)ﬂlﬂ + §(f 1)040¢1\I/u1@li \1153(f 1)B352C5251Aup(f l)ﬂlﬂ
1

- Z(fﬁl)aoq\ljzlélim @zf(fil)azoé:sCSSBSAﬂp(fil)BS@\Pffézly‘ilgl (f71)51,3>a—05

1 _ = o _ _ 1, .- o — — QV1V], -
@ (P AD)as + 51y O AT ()3 WO W (£ 05)
x 0_0°

1 N — — 1 — a1 Q) T, — « - — V1V
= 3000 (P (A@)ap + 5 (e U O U s O A (1)) W, 62
X U_y
1
+ i(u_wf)_x“ - u_ua+x“)] .

Using equations of motion for Lagrange multipliers, we return to the T-dual action. Finding
equations of motion for gauge fields, we have

upu(k) = 20,0427 (5) — 042" (K)US(F ooy Co P Al (1), 500 (3.27)
+0,6%(k) (F~1(AZ))ap V)

— [ E(040°(6) + 010 O, ) (o G ()N ()

x (0-6°(&) + Wio_a"(6)),



U () = ~20 D (5) + T )y C28 AT (f )55 WED_ab (k) (3.28)
— U (AF))apd_0" ()

+ [ (04079 + 010" (o O ()N ()

x (0-0°(€) + w5, 0-2"(€))

Here we have that Azt = z(&) — x(&p), and inserting these equations into the gauge fixed
action, keeping all terms linear with respect to C/’j” and selecting &y such that (&) = 0,
we obtain our original action (2.15).

4 Non-commutative relations

In this section we will establish a relationship between Poisson brackets of original and
T-dual theory using results from the previous one. Original theory is a geometric one,
which means that canonical variables x#(£) and 7, (§) satisfy standard Poisson algebra

{z"(0),m(0)} = 0y6(0 — ), {a"(0),2"(0)} =0, {mu(0),m,(7)} =0. (4.1)

We will find Poisson structure of T-dual theory using relations (3.7) and (3.8) and ex-
pressing them in terms of the coordinates and momenta of the initial theory. Replacing
gauge fields with solutions of equations of motion for Lagrange multipliers, we get T-dual
transformation laws in Lagrangian form. Because we implement here canonical approach,
the next step is removing of all terms that are proportional to d;z#(§). The most of the
terms of this type will get incorporated into expression for canonical momenta (), but
term that is non-local and which is dependent on function N(£¥) remains. One way of
removing this term is to first use equations of motion for coordinate z# (), and then replace
remaining 0,z* term with canonical momentum. By doing all the steps that were outlined,
we have following relationship between T-dual coordinate and variables of starting theory

Ty

aayu(a) = 2Buuaa$'u - Gl/u(ﬁ-i- + Hi)lylu[ L

-5 (P @) 000 (4.2)

- %méa (F'@))
1

+ 5‘3,3‘1(f_l)aalC,?“ﬂlx"(a)(f_l)ﬁlﬁ‘l’ﬁz (53882 — abrak2) (ILy. + 1) 1

B
aﬁ \IIVI - 2 M1

1_
Ty + =00 (F_l(w))aﬂ \1152} (611612 — 611512y a2

T 1-, . 1, -, — =
x []: 9 p(f D)y 007 — §8+97(f 1)771\1121 + 1 Oo P! — H+p1pao'xle-

To find Poisson bracket between T-dual coordinates, we can start by finding Poisson
bracket of sigma derivatives of T-dual coordinates and then integrating twice (see [25]).
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Implementing this procedure we have that Poisson bracket for sigma derivatives is given as

{afflyyl (01)78023/1/2 (02)} = (4'3)
2 - —
= E(H-i- + Hi) thapz [Gmm BV2u28025(01 —03) — By Guzu28015(01 - ‘72)]
1= « — « — v3 SV. vy SV I I — I I —
+ 7\111/3 (f l)aoélcp 151 (f l)ﬂlﬂ\llli (6u§ 5/14?1 + 6#§6ui)(n+ + Hz) Lnap (H+ + HI) Luapz

k
X [GVWlB'/2M2$p(Ul)8025(‘71 - 02) - Bl/lulGl/ﬂmxp(o'Z)amé(Ul - 02)}'

Then we integrate with respect to o1 (02), where we set boundaries as o (9) and o ().
Extracting only Poisson bracket terms that contain o and &, we have
_ 2 = =\ _
{901 (0).90(0)} = (T + TE) ™42 [ Gy By + By Goga| H (0 — 0) (4.4)
1

+ U0 (e G5 (£, (0705 + 012303 (T + TLE) ~Heor (I o T )~ Heare

% | Guips Buaps”(3) + Bugyu Guapuo”(0) | H (0 = 7).
Here, H(o — &) is same step function defined in appendix A. It should be noted that these

Poisson brackets are zero when ¢ = ¢. However, in cases where string in curled around
compactified dimension, that is cases where 0 — ¢ = 27, we have following situation

2 _

{90 (0 + 2m), 915 (0)} = + (I +T1) 74972 [ Gy By + Buyys Gl (4.5)
1- _ _ _ _

+ LU Daa O3 (71500, (G307 + 0ja0ya) (T + TLE) 1 (T o T ) e

= [47TGV1mBV2u2Np + (Goypy Buapis + BV1M1GV2u2)$p(U)]~

We used fact that H(27) = 1. The symbol N* denotes winding number around compact-
ified coordinate, if is defined as

(o +2m) — 2t (o) = 2nNF. (4.6)

Let us note that if we choose z#(¢) = 0 than Poisson bracket has linear dependence on
winding number. In cases where we don’t have any winding number, we still have non-
commutativity that is proportional to background fields.

Using the expression for sigma derivative of y,, (4.2) and expression for Poisson bracket
of sigma derivatives (4.3), we can find non-associative relations. Procedure is the same as
for finding Poisson brackets of T-dual theory, we find Poisson bracket of sigma derivatives
and integrate with respect to sigma coordinate, this time integral is done trice. Going
along with this procedure we have following final result

Gy, = e
{1(@). {wn (1), 9 (02)}} = =3 (I + TI) 717" (4.7)
XU (f N aat CoP (1) a5 W0, (873814 + 54 643 ) (T + TIL) s (ITy. + TIF) ~Heane

< [Gorr Buags H (0 = 02) + By Gongn (o = 00) | H(ors = ).
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Since Jacobi identity is non-zero for T-dual theory we have that coordinate dependent RR
field produces non-associative theory. However putting o1 = 09 = 6 and 0 = 7 + 27 we
have that Jacobi identity disappears

{yl/(a- + 27T)7 {ym (5)’ Yy (5)}} =0. (4'8)

5 Conclusion

In this article we examined type II superstring propagating in presence of coordinate de-
pendent RR field. This choice of background was in accordance with consistency conditions
for background field and all calculations were made in approximation that are linear with
respect to coordinate dependent part of RR field. We have also excluded parts that were
non-linear in fermionic coordinates and neglected pure spinor actions. Using equations of
motion for fermionic momenta we obtained action that was expressed in terms of bosonic
coordinates, their derivatives and derivatives of fermionic coordinates. Unlike [25] we do not
impose any conditions on the constant and coordinate dependent part of RR field strength,
S0, it is not possible to deduce this case to the form of the weakly curved background one.

Action with our choice of background fields did not possess translation symmetry,
therefore we needed to use Buscher procedure that was extended to such cases. By substi-
tuting starting action with auxiliary action we gave up on locality in order to be able to
find T-dual theory. Finding equations of motion of newly introduced Lagrange multipliers
we were able to salvage starting action giving us assurance that auxiliary action we selected
would produce correct T-dual theory. After this we found equations of motion for gauge
fields and by inserting them into action, we found T-dual theory.

Having found T-dual theory, we applied T-dual procedure once again as a more thor-
ough way of checking if action we obtained was in fact correct T-dual of starting action.
Unlike starting action, T-dual action possessed translation symmetry and was non-local
from the start by virtue of having dual coordinate AV#. Applying steps of generalized
Buscher procedure [16, 19] we obtained starting action, again confirming that our choice
of auxiliary action was correct.

We obtained non-commutativity relations in context of T-dual theory, where we used
T-dual transformation laws as a bridge between Poisson brackets of starting theory and
T-dual theory. T-dual transformation laws were expressed as functions of coordinates
and momenta of original theory and using their standard Poisson algebra, we got non-
commutativity in T-dual theory. From expression for Poisson brackets (4.4) we can see
that non-commutativity is proportional to infinitesimal part of RR field as well as to
symmetrised inverse of field II. Non-commutativity relations are zero in case when o = &,
while in case where 0 = ¢ + 27 we see the emergence of winding numbers.

Taking into account Poisson brackets of sigma derivatives and expression for sigma
derivative of T-dual coordinate we were able to find non-associative relation for T-dual
theory. In general case this relation was non-zero and it was proportional to infinitesimal
constant C4”. In special case when we put 01 = 02 = 0 and o = 0 + 27 we noticed that
non-associativity relation disappears. During the implementation of the T-dualization

- 12 —



procedure and calculations, we obtained generalization of 3, functions in the form of the
N-functions.

It should be noted that since we did not preform T-dualization along fermionic coor-
dinates their Poisson structure would remain the same as in original theory. Furthermore,
since background fields do not depend on fermionic coordinates it should be expected, as
in the case of bosonic coordinates [18], that T-duality would leave Poisson brackets be-
tween fermionic fields the same. We expect that, if proposed non-commutative relations
from [30, 31] are even possible, we would need at least RR field that depends both on

fermionic and bosonic coordinates.
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A Obtaining N (k%) terms

In this paper function N (k%) emerged in T-dual transformation laws as a consequence of
variation of term that was proportional to AV. Here we will present derivation of this

function.

8 (FH(AV) gy g mBU8,(€) _
57}5_(,{) __(f )aa1C 515/ d§ 5v+(li) (A-l)
= (e O (s / 4T — w3 k)
£/+

= ~(f aa O (f Ngus Yt ST = rM)SE ()~ r7)

’L

dt
= (e O (F s / dud(u— )5 (€ ((€7) () = x7)

=~ e O (I apd (€7 (€M) = w7) [HE = ") = H (&S — 7))
= _(fil)amGﬁlﬂl (fil)BhBN(KJr)-

In third line we have parametrized the path with parameter ¢t where &’ +(ti) =& and
0 7) = &', In fourth line we introduced substitution u = ¢’ *(t), in delta function this
substitute is inverted. Fifth line is obtained by using following integration rule for Dirac
delta function

/ " dnf(m)s(n — i) = £(7) [H(o —7) — H(oo —7)]. (A.2)
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Here, H(x) is a step function defined as

H(z) = / dnd(n {a: + Z — sin nm)}

n>2
0 if x=0
=4q1/2 if O0<z<2m . (A.3)
1 if x=2n

Procedure for obtaining N (k™) is similar.

B Properties of N(k*) terms

Here ve will list some properties of N(x*) function.

Where x° and ! represent 7 and o coordinates respectevly

/E d*¢0, N(kT) =1, /2 d*¢0_N(k™) =0, (B.3)
/E d*€0_N (k™) =1, /2 d*€0, N (k™) = 0. (B.4)
These relationships can be checked directly by applying partial derivatives to expressions
from A.
[ 0N ()= [[de(e (€))7 () = )0u [H(ET — M)~ H(gH — )

= [ s (67 (€N M)~ )l —nt) = [des (€€ HEN —wT). (B5)

In appendix A we had following parametrisation of path P: &¥(t;) = &7 and ¢/ (tf) =
¢*. Applying inverse parametrisation we have (&7)~1(&5) = t; and (&7)71(€r) = t;.
With these we have

Jaems(e (€)M —r) = [Ldeo(e ) — )
- /ngw; € -n)=1 (B.6)

Same rules apply for N(k7), N(x°) and N(x!). In cases where F~1(x),5 is antisym-
metric we can transfer partial derivatives from 0+V™u to N(k¥) and obtain standard A+
functions.
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1. Introduction: String theory and higher noncommutative geometry

The second Training School of the COST Action Quantum Structure of Spacetime was de-
voted to the general topic “Quantum Spacetime and Physics Models”. While this is a broad topic
with many potential directions (some covered by other lectures at this School), for the purposes of
these lectures this refers to the problem that Einstein’s general theory of relativity cannot be consis-
tently quantized via quantum field theory, due to the ultraviolet divergences that plague perturbation
theory around a flat background which require infinitely-many counterterms. To attempt to solve
this problem one can consider physics models with a natural minimal length providing a suitable
ultraviolet regularization. In this contribution we consider two such theories and how to reconcile
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them within the context of the School. Our treatment in this section and some other portions of this
article have been influenced by various other reviews available, such as e.g. [85, 94, 91, 26].

One approach is based on noncommutative geometry. In attempting to reconcile quantum me-
chanics with gravity, which is a theory based on the geometry of spacetime, one is inevitably led to
the notion of ‘quantum geometry’, which refers to the application of the principles of quantum me-
chanics to spacetime itself. One way to think of such a quantization is by promoting the spacetime
coordinates x' to ‘operators’ which do not commute:

X', x/] = ih 0" (1.1)

for some bivector 8/ which naturally incorporates a minimal area: Applying the standard uncer-
tainty principle to the commutation relations (1.1) implies Ax' Ax/ > % |6%/|, so that the minimal
value of |8”/| may be thought of as the Planck length /p of spacetime. Quantum field theory on
such noncommutative spaces exhibits very interesting features of forbidden interactions, controlled
Lorentz violation, and UV/IR mixing (see e.g. [113] for a review), and it can be extended to a non-
commutative theory of gravity [14, 13] as discussed in the lectures of L. Castellani at this School.
However, there are two major pitfalls to this approach. Firstly, although a minimal length scale is
naturally introduced, there is no coarse-graining of spacetime that one would expect from a quan-
tum theory of gravity: An underlying discrete structure such as a quantum of minimal volume does
not appear in this framework. Secondly, most treatments assume that the brackets (1.1) satisfy the
Jacobi identity; in particular, when the bivector 6 = B! is invertible, it is not clear how to deal
with the cases with non-vanishing flux H = dB # 0. As we will discuss in the following, these
two drawbacks are in fact related and are simultaneously dealt with by extending noncommuta-
tive geometry into the world of nonassociative geometry, which deals with deformations by higher
structures in geometry.

Another approach is based on string theory, which certainly provides a concrete physical
model of a quantum spacetime. Strings are extended one-dimensional degrees of freedom and
so, unlike the point particle probes of quantum field theory, naturally come with intrinsic mini-
mal length Ax’ > ¢, where /, is the string length. The interactions of strings thus violate local-
ity, while the theory directly contains gravity and is on-shell ultraviolet finite. It is then natural
to ask whether the spacetime approaches based on noncommutative geometry and string theory
are related or are complementary to each other in some sense. The precise connection between
open strings and noncommutative geometry was discovered near the end of the last millenium, see
e.g.[52,8,9, 103,45, 104, 101, 102], and is by now well-established. Open strings on D-branes in
background B-fields (which provide a gauge flux on the D-brane worldvolume) probe a noncom-
mutative worldvolume geometry. The massless bosonic field content of open string theory consists
of gauge fields A; on the worldvolume together with scalar fields ¢¢ governing the transverse fluctu-
ations of the D-branes in spacetime. In the Seiberg-Witten scaling limit which decouples open and
closed string modes, the effective low-energy dynamics is governed by a noncommutative gauge
theory on the D-brane worldvolume.

Although this connection is precise, and has led to a flurry of investigation over the last 20
years, this does not explain the connection of noncommutative geometry with gravity, nor how
noncommutative geometry can be used to formulate a consistent theory of quantum gravity. In the
present context, one needs to look at closed strings. The massless bosonic field content of closed
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string theory consists of the spacetime metric g;;, the Kalb-Ramond field B;;, and the dilaton field
®. Thus the closed string sector contains the data of background geometry and gravity, and it
is here that one should seek analogs of a quantum geometry and suitable decoupling limits to
make contact with the problem of quantizing gravity. Such a connection should certainly appear if
noncommutative geometry indeed improves the ultraviolet behaviour of quantum gravity.

The connections between noncommutative geometry and closed string theory has been a topic
of increasing interest over the last eight years, where it has been realised that closed strings are
related to not only noncommutative but even nonassociative target space geometries. To understand
how nonassociativity can arise in closed string theory, it is helpful to take a step back and look at
in more detail why noncommutativity emerges in open string theory. An instructive pedagogical
analogy from quantum mechanics is provided by the Landau problem [111]: The planar quantum
dynamics of electrons of mass m and charge e propagating under the influence of a perpendicularly
applied constant background magnetic field of magnitude B. The Lagrangian is

. .o B ;
L:%X’z—e)_é-A with Aiz—aeijx]- (1.2)

The limit B > m of strong magnetic field induces the projection onto the lowest Landau level, de-
scribed by a first order Lagrangian L‘m:O = % ig | x/ with degenerate phase space whose canonical
quantization gives the commutation relations of a noncommutative space:

.. iR .. y
"X =—¢€Y=11h0" . 1.3
[, ] °B 1 (1.3)

This simple model is analogous to that of bosonic open strings in a B-field background, which
at tree-level in string perturbation theory is described generally by the worldsheet action

1 . . . .
S / (gij(x) dx A xedx/ — 27 €2 Bj(x) dx' Adx/) (1.4)

- FK? )
where x' are maps from the string worldsheet, which is a disk X, to the target spacetime M. The
low-energy limit /; — 0 describes the decoupling of massive string states, while the Seiberg-Witten
scaling limit g;; ~ % — 0 ensures that gravity is non-dynamical and that the bulk modes of the string
decouple from the boundary degrees of freedom. In this limit the action (1.4) reduces to a simple
topological action given by the pullback of the Kalb-Ramond two-form to the string worldsheet:

1 . .
S‘g,azo -2 ,/22 Bjj(x)dx' Adx/ . (1.5)

In the absence of NS—-NS flux H = dB = 0, and for target space M = R, using Stokes’ theorem the
action (1.5) gives a pure boundary interaction S ‘gq 6=0= " 39822 dr X-A, where B = dA and & = J,x'
denotes a tangential derivative of the string field along the worldsheet boundary circle d¥,. Again
this action is of first order in worldsheet time derivatives, so that the open string endpoints have a
degenerate phase space in the decoupling limit. For a constant B-field with the symmetric gauge
choice A; = — % Bij x/, the action becomes

1 o
oo =3y, 48 (1.6)
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and if the B-field is moreover non-degenerate then its canonical quantization produces the noncom-
mutative coordinate algebra

] = (%h)ij —: inQY . (1.7)

Thus the scaling limit of the open string sigma-model is formally analogous to projection to the
lowest Landau level for charged particles in strong uniform magnetic fields.

The more precise dynamical mechanism behind this heuristic argument can be infered from
studying the two-point disk correlators deformed by the non-zero two-form B;;, which plays the
role of a magnetic flux on the worldvolume and can be turned on by a left-right asymmetric rotation
of the D-brane via T-duality. The B-field allows one to distinguish the insertions of string fields
x'(t) and x/(¢') on the boundary of the disk in the correlation function, which depends only on the
ordering of the two boundary insertion points [102]:

(O (1)) = — 2 Gilog(t ') + % 0 sen(t —1') (1.8)

where we used the open-closed string relations

1 1 0

-4 1.9
g+2nl2B G+2n£§’ (19)

with G the open string metric and the bivector 0 is the source of noncommutativity since it is not
symmetric under interchange of x' with x/. The transformation (1.9) is familiar from the Biischer
rules for T-duality, with the precise connection suggested by the worldsheet approach of [55], and
it explicitly determines the open string variables (G, 6) in terms of the closed string variables (g, B)
by

G=g—(2n??Bg'B and 6=-(2n2)’G 'Bg!. (1.10)

Note that G = g and 0 = 0 exactly when B = 0. Using this correlation function, the operator product
expansion of open string tachyon vertex operators on the boundary of the disk is computed to be

eik-)c(t) . eiq-x(t') _ (t_t/)22fkiGiqu ef%kieijqj ei(k+q)~x(t’) o a.11)

for ¢ > 1. The second factor in (1.11) does not depend on the worldsheet coordinates and is purely
a target space effect, and in the low-energy limit £, — O whereby 8 = B!, this phase factor is
encoded in scattering amplitudes by the star product of fields f, g given by

(F+8)0) = [ dk [ dg F0alg) e H"w et (112)
in Fourier space, which is equivalent to the formal expansion in terms of a bidifferential operator:

f*g:-exp(%eij9i®8j)(f®g). (1.13)

This is simply the Moyal-Weyl star product which is a noncommutative deformation of the point-
wise product f - g of functions on spacetime. Its characteristic features are that it quantizes the
commutator [x',x/] = i7" (by defining [f,g] := fxg — g* f and setting f = x, g = x/), and it
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is associative: fx (gxh) = (fxg)*h. Since f g differs from f - g by a total derivative, the star
product deformation is consistent with the conformal SL(2,R) symmetry of the worldsheet theory
which leaves the cyclic ordering of boundary vertex operator insertions invariant, in the sense that
the star product is 2-cyclic:

/dxf*g:/dxg*f:/dxf-g. (1.14)

Moreover, consistency with associativity of the operator product expansion in conformal field the-
ory only requires crossing symmetry of the worldsheet correlation functions, which leads to the
weaker 3-cyclic condition:

/dxf*(g*h):/dx(f*g)*h. (1.15)

It is in this way that one arrives at a noncommutative gauge theory for the massless bosonic open
string modes A; and ¢¢; see e.g. [54, 110] for reviews and further details.

Now let us try to understand how an analogous scenario could be realised in a connection be-
tween noncommutative geometry and closed strings. Closed strings see geometry in a different way
than open strings do, which from a target space perspective is due to T-duality. From the worldsheet
perspective, the relevant tree-level amplitude involves correlation functions on the sphere S2, but
the situation must be different and one has to pass to higher correlators, as first pointed out by [28],
since now the ordering on S? is ambiguous because two points can be interchanged by an SL(2,R)
transformation. However, the insertion of three string fields on the sphere depends only on the
relative orientation of the three points, i.e. whether the insertion of a third point lies on the same
or opposite hemisphere as the other two points. A trivector flux 67% can be used to distinguish
configurations, and in analogy with the Moyal-Weyl star product (1.13) it deforms the algebra of
functions with the “triproduct”

ih .
fiafeofs=-op (< 0708300) (e Lo f), (1.16)
which leads to a nonassociative tribracket defined by
i, f faln =Y, sgn(T) fey & fr2) A fe3) - (1.17)
T€S;

This quantizes the basic coordinate brackets
iJok] iy pijk
[x', x/, x"]p =10 6YF . (1.18)
The purpose of these lectures is to discuss, and answer as far as possible, the following immi-
nent questions at this stage:

(Q1) What is the trivector §7/%?

We will see that this trivector is a ‘locally non-geometric flux’, called the R-flux. To properly
discuss this, we shall have to review some ingredients of non-geometric flux compactifications,
generalized geometry, and double field theory, some aspects of which are discussed in the lectures
by C. Hull at this School, and which we undertake in Section 3.
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(Q2) What is the origin of the triproduct A ?

We will see that the nonassociativity encoded in off-shell closed string amplitudes is probed by
suitable redefinitions of the coordinate fields x in linear flux backgrounds. We shall find in Sec-
tions 4 and 5 that the triproduct is not the fundamental algebraic entity, but arises as the result of a
non-vanishing Jacobiator for a nonassociative star product on the closed string phase space.

(Q3) Is there a nonassociative version of the closed string effective action?

Recall that the closed string effective action for the massless bosonic modes g;;, B;; and @ is given
by

SgraV:%/M<*R1C—ﬁe /H/\*H—gdcb/\*dcb). (1.19)

Conformal invariance of the worldsheet theory at one-loop requires vanishing beta-functions, which
are equivalent to the target space equations of motion resulting from (1.19). We shall discuss some
aspects of this far-reaching future goal in Section 6, but will not provide a complete and decisive
answer to the problem of the relevance of a nonassociative theory of gravity in closed string theory,
which is currently a topic of ongoing investigation.

2. A first glimpse at nonassociative geometry: Magnetic monopoles

As we saw in the case of open strings, a simple yet instructive quantum mechanical analogue
for the appearance of noncommutative geometry is provided by the motion of electric charges in
background magnetic fields. A straightforward but far-reaching extension of this model likewise
provides an instructive physical scenario in which to understand the appearence and implications
of nonassociative geometry in the closed string sector. We shall see later on that this model has a
precise analogue for closed strings propagating in locally non-geometric flux backgrounds, and it
enables us to introduce some of the geometric ideas that will be used throughout this paper. The
treatment of the quantum mechanical system of this section is originally due to [76, 77].

Consider the motion of a charged particle on R? in a fixed magnetic field B, possibly with
sources. The kinematical momentum of the particle is j = mX, which is the physical gauge-
invariant quantity and is not to be confused with the (gauge-variant) canonical momentum. The
Hamiltonian is taken to be the kinetic energy

=2
P
H=—. 2.1
o 2.1
In the quantum theory, the Lorentz-Heisenberg equations of motion
KN i o €, =B = . 1 o ﬁ
=—-[H,p|=—(PxB—Bx d =—-|HX| == 2.2
p=zIH.pl=5(p p) and  ¥=_[HX] =~ (2:2)

require the deformed canonical commutation relations of a noncommutative momentum space:

Koxl=0,  [W.p)=ind;,  [pnpj]=iheF;(X)  with F;j=&B". (2.3)
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This formulation depends only on the magnetic field B, and in particular it allows for cases in which
V-B+0.

Let us understand the geometric structure underlying these commutation relations. Writing
phase space coordinates collectively as x/ = (x', p;), we can express the relations in the form

0 1
W] =in@"  with (@Y)= S ). (2.4)
—13 eF(X)
The phase space bivector ® = %@” d; A\ 9y is not a Poisson bivector in general. The failure of the
Jacobi identity for the quasi-Poisson brackets defined by ® is controlled by the Schouten bracket

[®7®]ISJK — @[IL aL®M] , (2.5)

which is the natural extension of the usual Lie bracket of vector fields to multivector fields; here
only underlined indices are antisymmetrized. Then [®,®]s = 0 if and only if the Jacobiator

I x! K] o= o o oK) 4 o ] A S X (2.6)
vanishes. An easy calculation shows

[p1,p2,p3) =31 eV -B=:31elto P - 2.7

Therefore the phase space algebra of the charged particle is nonassociative in the presence of
magnetic sources p,, # 0.

For source-free magnetic fields B, one has Ppm=0and V- B =0, so that there exists a globally
defined magnetic vector potential A on R3 such that B =V x A. Then the commutation relations can
be transformed to canonical form with the canonical momentum 7% = p + eA. However, since B =
V x A if and only if V- B = 0, we cannot work with canonical momenta and covariant derivatives
in the presence of magnetic sources, i.e. for p,, # 0 we encounter nonassociativity and there is no
linear operator p = ihV — eA. Let us now explore how to understand magnetic sources and the
ensuing violation of the Jacobi identity.

Since [x/, p il =ih S j» translations in the quantum theory are generated by the magnetic trans-
lation operators

T(d) = en®P (2.8)

with T~!(@) T (@) = ¥+ d. These operators do not form a representation of the translation group
on R3, as a simple calculation shows

—

T(d@)T(d2) = e P2 50®) TG +ay) (2.9)
where
@2()?;51,&’2):/ B-dS (2.10)
<ﬁ1,ﬁz>g

is the magnetic flux through the oriented triangle (d;,d,)y based at ¥ € R* with sides dy, d» and
d + d». The Jacobi identity is the infinitesimal statement of associativity, and its failure results in
the relations

(T(@) T(@)) T(@) = e * ®E02®) 7(a,) (T(a@) T (@) , 2.11)
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where

@3(3;51,52,53):/ §d§: V-EdV (2.12)
0(d1,da,d3)y (d1,d2,d3)%
is the magnetic charge g,, enclosed by the oriented tetrahedron (@},d,,ds)y based at ¥ € R? with
sides dy, dy, d3, d| + do, dr + d3 and d| 4 dy + d3, and we have used the divergence theorem.

It follows that associativity of translations is ensured when [76]

Rollm c 2n7, (2.13)

n

which is the celebrated Dirac charge quantization condition. Then the usual quantum mechanical
formalism can be applied with linear operators on a separable Hilbert space. But this restricts the
form of the magnetic field B, which must be sourced by a point-like magnetic monopole (or a
collection thereof), so that the phase ®3 does not lose its integrality when the translation vectors
d; are continuously varied. In this case the magnetic source must lie either inside or outside the
tetrahedron (d),d,,ds3)z, and is given by the Dirac monopole field

‘Xl

B = Uoqm with  V-B =471y q, §(F) . (2.14)

=l
)

What becomes of the Jacobi identity in this case? We note that it is violated precisely at the
loci of the magnetic charges, which for Dirac monopoles occur at isolated points and so can be
excised from R?, where the magnetic field B is singular. Such an excision is also natural from
the point of view of angular momentum conservation, which imples that the electric charges never
reach the monopoles and their wavefunction vanishes at the monopole locations [16]. This leads
to a geometric description of Dirac monopoles in terms of connections on a non-trivial U(1)-
bundle P — R3\ {0} ~ §2 of first Chern class ¢ (P) = Uy eq,,/2mh, and the wavefunctions of the
particle live in the Hilbert space of square-integrable sections of P. In this case the map d — T (d)
defines a projective representation of the translation group of R3\ {6} on this Hilbert space, and
the projective phase e 7 ®2 s the group two-cocycle of the representation.

For our later considerations we are interested in situations corresponding to a constant ho-
mogeneous magnetic charge density background p,,, whose algebraic structure was first studied
in [62]. The analogue of the rotationally symmetric field (2.14) in this case is given by

B= (2.15)
The magnetic charge is now uniformly distributed over all space, so that the phase space coordinate
algebra becomes everywhere nonassociative. In this case removing the magnetic sources from R?
would leave an empty space. In this sense the momentum space of an electric charge in a uniform
magnetic charge distribution is ‘locally non-geometric’. The constant magnetic charge density is
not described by a connection on a U (1)-bundle over R\ {0}, but rather in terms of a connection
on a (trivial) U(1)-gerbe on R3, i.e. by a “B-field”

HoPm gk (2.16)

k
Fij=¢B" =
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with curvature H = dF = pop,, dx' Adx? A dx?; since H # 0 everywhere there is not even a lo-
cal magnetic vector potential A in this instance. Moreover, now the phase factors @, yield two-
cochains, rather than two-cocycles, whose coboundary is the phase e+ ®> which hence defines
a three-cocycle of the translation group of R>. Thus the quantum theory with this three-cocycle
nessecitates nonassociative quantum mechanics. Geometrically, the bivector ® in this case defines
a ‘twisted Poisson structure’ on phase space. As we will see later on, such a quantum system makes
perfect physical sense and possesses fascinating properties.

This simple quantum mechanical example illustrates the string theoretical considerations which
will follow, in the topic of non-geometric flux compactifications that we turn to next. Our string
theory considerations will lead naturally to an approach to nonassociative geometry via deforma-
tion quantization, analogously to the open string case, which will be the main tool of this paper.
However, as phase space quantum mechanics comes with its own issues, as we discuss later, let us
point out for completeness some alternative approaches to the nonassociative quantum mechanics
alluded to above, of which there are currently three that each have their own deficiencies as well.

Firstly, and most straightforwardly, one may generalize the technique of symplectic realiza-
tion from Poisson geometry to the twisted Poisson structure ® and embed the nonassociative phase
space into a symplectic manifold of twice the original dimension [82]. In this associative frame-
work standard techniques of geometric or canonical quantization are available, and in particular a
global magnetic vector potential exists on the doubled configuration space; its drawback is that,
while the doubling is tantalizing reminescent of the framework of double field theory discussed
below, it is not possible to eliminate the spurious auxiliary degrees of freedom that enable the re-
formulation in terms of associative geometry. Secondly, one can exploit the geometric structure of
the gerbe associated to the distribution of magnetic charge to face the nonassociativity head on and
define quantum states that live in the 2-Hilbert space of sections of this gerbe, in analogy to the
ordinary Hilbert space of sections of a line bundle in the source-free case [114, 39]. This gives a
geometric description of the magnetic translation operators (2.8) acting on this 2-Hilbert space with
the three-cocycle above interpreted as a higher projective phase of a 2-representation; the drawback
of this approach is that it is rather technically complicated and it is difficult to represent observables
such as the Hamiltonian operator (2.1) on the 2-Hilbert space, while conceptually it is not clear what
is the meaning of such higher quantum states. Thirdly, one can apply transgression techniques to
map the gerbe to a line bundle over the loop space of the configuration manifold [98, 99, 40]. This
approach is naturally suggested by the closed string origin of nonassociativity, and with it one can
apply standard techniques of geometric quantization on loop space which successfully captures
some predictions of string theory; the drawback of this approach is that it requires difficult infinite-
dimensional analysis which makes computations of physical quantities, such as expectation values,
seemingly intractable. Hence in all approaches one trades nonassociativity for some other sort of
technical or conceptual complication.

3. Non-geometric fluxes and nonassociative geometry

The purpose of this section is to explain what the notion of “non-geometry” means in string
theory, and in particular to answer Question (Q1) from Section 1. Recall that in closed string
theory, in addition to the spacetime metric g;;, there is a massless Kalb-Ramond two-form B in the
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NS-NS sector with curvature three-form H = dB. The motion of the strings is described by the
two-dimensional non-linear sigma-model action (1.4). The classical vacua are described by two-
dimensional conformal field theories, and in this setting the target space geometry is emergent. On
the other hand, there exist conformal field theories which cannot be identified with such simple
large radius geometries, such as left-right asymmetric orbifolds, and in such instances we will
advocate the point of view that the target space interpretation is related to noncommutative and
nonassociative geometry. This is the case when a gauge flux is turned on in the worldvolume field
theory of a D-brane, which corresponds to an asymmetric rotation in the boundary conformal field
theory.

Another left-right asymmetric worldsheet operation is that of T-duality, which reflects right-
moving strings while leaving the left-moving sector unchanged. From the perspective of a d-
dimensional target space, a T-duality .7; along the i-th direction exchanges momentum modes p;
with winding modes w', and correspondingly for the canonically conjugate variables: position co-
ordinates x' are exchanged with their dual “winding coordinates” &;. The collection of symmetry
transformations form the split-signature orthogonal group O(d,d) which is the continuous exten-
sion of the physical T-duality group O(d,d;Z) of toroidally compactified closed string theory.

String theory with fluxes is of interest both for its geometric allure and because of its relevance
to observable phenomenology and cosmology (see e.g. [60, 53, 32] for reviews): Flux compacti-
fications can lead to generalized geometric structures, obtained for example by patching together
with string symmetries, while at the same time they stabilize moduli on the string landscape. They
are also of importance in the AdS/CFT correspondence. Starting from flat space with non-vanishing
NS-NS H-flux, T-duality gives rise to a chain of geometric and non-geometric fluxes [71, 107]

0, Rk (3.1

'»7 .
Hije — [k

Let us briefly describe the geometrical meaning of each member of this T-duality chain. The first
term is of course the geometric NS-NS flux H = dB, which represents the characteristic class of a
U (1)-gerbe by generalized Dirac quantization of fluxes in string theory. The second term is a metric
flux, which appears as torsion in the geometry: In a suitable basis of vielbeins e/, with inverses
e;, it appears in the Maurer-Cartan equations de’ = —1 f e/ A ¥, or equivalently as the structure
constants of the non-trivial Lie bracket of vector fields [e;, ;] = 1~ ;jex. The third member is the first
example of a non-geometric frame, and Q/ is called a ‘globally non-geometric’ Q-flux. These are
also called T-folds, which have a local description in terms of conventional Riemannian geometry,
but globally the transition functions between local charts also involve T-duality transformations.
The final member of the chain is the most mysterious frame and the one which shall occupy most
of our attention: Here RV* is called a ‘locally non-geometric’ R-flux. This background cannot even
be described locally by conventional geometry and has no clear target space interpretation. As we
discuss below it is this frame that this gives rise to a nonassociative geometry.

Describing these fluxes and understanding this non-geometric regime of string theory requires
generalized geometry and its extension to double field theory, which is an O(d, d)-symmetric theory

treating the metric and B-field on equal footing, and which is covered in the lectures by C. Hull at
this School.

10



Higher Quantum Geometry and Non-Geometric String Theory Richard J. Szabo

3.1 Generalized geometry

The geometric and non-geometric fluxes appearing in the T-duality chain (3.1) can be regarded
as structure constants of a generalized bracket

leivejlr = frijex +Hijpe
[ e/l = fljxe — 0% e, (3.2)
[eivej]R = Qijk ek +R”k €L

for a local vielbein basis of sections (e;,e') of the vector bundle E = TM & T*M, which in gen-
eralized geometry is called the generalized tangent bundle [66, 61]. In this form the bracket is
usually called the Roytenberg bracket [95, 65, 31], and its reductions for various choices of vanish-
ing fluxes gives the usual Courant and Dorfman brackets of generalized geometry. It governs the
worldsheet current algebras in flux compactifications of string theory, see e.g. [2, 64, 38].

The sections of the generalized tangent bundle E = TM & T*M are denoted as X + & with
X = X'e; a vector field and & = &;¢' a one-form on M. The bundle E carries a canonical O(d, d)-
structure through the natural pairing (e;,e/) = &;/ of the tangent bundle TM with the cotangent
bundle 7*M of the target space M. The structure group O(d,d) has two natural abelian subgroups
acting on sections of the generalized tangent bundle in the following way:

1 0

e B-transforms: (B > cX+Er— X+ (E+1B),

lq

1, 6

e O-transforms:
0 1y

) X +E— (X4 0%)+E,

where B is a two-form and  is a bivector which induce the natural contraction maps 1 : TM — T*M,
(1xB); = B;j X/ and 6° : T*M — TM, (6*E)' = 0" ;. Any O(d,d)-transformation & € O(d,d) can
be written in the form

_(la O\ (N 0 \ (146 (N 0\ iy
ﬁ_(B 1d> (0 NT>(0 1d> with (o NT) PX+E—= N+ (NT)E (33)

where N € GL(d) determines a general linear transformation of sections.
The generalization of the Lie bracket of vector fields X,Y on TM to sections X +&,Y +n of
TM & T*M is provided by the Dorfman bracket

[X+€7Y+r”D:[X7Y]+£Xn_l)’d§7 (34)

where £x denotes the Lie derivative along X. Fluxes can be incorporated into this bracket structure
by adding appropriate twisting terms, e.g. ixlyH. Alternatively, they may be added by applying
suitable O(d,d)-transformations of sections of the generalized tangent bundle, starting from the
standard geometric frame with metric flux, basis (e;, el ) and the Dorfman brackets

[e,-,ej]D = fk[j €k [e’.,e.,-]D = fijk ek and [ei,ej]D =0. (35)
Then under a B-transform of the basis (e;, el ) these brackets map into

[e;,ej]R = fk[j €k —I-Hijkek 5 [e’.,e‘,-]R = fijkek and [ei,ej]R =0 s (3.6)

11
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with the geometric NS-NS flux H = dB, while under a 8-transform they map to
e ejlr = fk,-jek , [ei,ej]R = f"jkek — Qikjek and [ei,ejhz = QU +R*e, . (3.7)
with the globally and locally non-geometric fluxes
QVy =307 +2f1,0"  and  R*=3(]6,00" + fl, 00 64" . (3.8)

In this way the local O(d,d)-transformations of the Dorfman bracket (3.5) reproduce the Royten-
berg bracket (3.2). What is particularly noteworthy and relevant for us here is that the non-
geometric fluxes are determined by a bivector 6.

3.2 Double field theory

Let us now briefly explain how double field theory [108, 109, 73] provides a microscopic
description of Q-flux and R-flux, through the chain (3.1) of T-duality transformations, by a formal
definition and unified description of non-geometric fluxes; see e.g. [1, 22, 69] for reviews. The idea
of double field theory is to double the target space coordinates x' to x! = (x',%;), where &; are the
T-dual “winding coordinates”. This gives a formalism with manifest O(d,d)-symmetry that allows
one to perform such T-dualities to non-geometric frames.

Double field theory is a field theory for the massless modes of closed bosonic string theory that
treats diffeomorphism symmetry and B-field gauge transformations on equal footing by assembling
them into the generalized metric

—1 2 —1
_ 8 _27T£sg B
= <27r€fBgl g—(Zﬂﬁf)2Bg1B> ' (3.9)

This metric can be written in terms of a Schur decomposition

lu 0\ /g 'O\ /1y —2n¢?B
H = s 3.10
(2”533 1d> < 0 8) (0 g )’ G40

which identifies it as a B-transform of the doubled space metric when B = 0. There is a global
O(d,d)-symmetry that includes T-duality and acts as

d— 0y, A#— 0" 0 with 0= (0';)c0(dd). (3.11)

One then constructs an O(d, d)-invariant action for .7 and halves the degrees of freedom by impos-
ing the strong constraint d; ® @' + @' ® d; = 0 on all products of fields of double field theory, which
is a strong version of the level-matching condition Lo — Ly = 0 in the worldsheet conformal field
theory, i.e. p;w’ = 0. Solving the strong constraint amounts to choosing a polarization on the dou-

bled space [72]; for example, in the geometric supergravity frame one takes 0l = a‘fzi =0, which
reduces the fields of double field theory to fields of generalized geometry. Different polarisations
define different T-duality frames, and any two frames are related by an O(d,d)-transformation.
Let us consider the example of flat space, g° = 1,4, with constant H-flux, and choose the Kalb-
Ramond field in the symmetric gauge B;; = %H,- jkxk; this is locally defined (for x € R?), but not

12
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globally if the spacetime is e.g. a torus, where it is only defined up to large gauge transforma-
tions. A T-duality in the i-th direction interchanges x’ with %; and is implemented by the factorized

ly,—E; E;
$=<d >, (3.12)
E, 1,—E;

O(d,d)-transformation matrix

where E; are the d x d matrix units (E;)x = O 0;;. Consider now the effect of applying two suc-
cessive T-duality transformations .7; ;) := 7; Jj to the corresponding generalized metric:

1 —2m 2 B°
— d 3 g
jﬁl]) '9(1]) (2756330 ld o (271.5%)2 (Bo)2> ‘7(1])

o & —2ml;g'B
" \2nl?Bg7' ¢—(2n?)*Bg'B)

(3.13)

One easily computes that the new metric and Kalb-Ramond field (g, B) are not globally defined in
the directions orthogonal to the (x',x/)-plane, which is the earmark of the ‘global non-geometry’ of
the T-fold in the geometric parameterization. However, a suitable field redefinition appropriate to
the transformation from a geometric frame to a non-geometric frame yields a new parameterization
of the generalized metric in double field theory as [6]

G'-+1+-0G0 550G
Hij) = (2]77@)2 23 7 (3.14)
5 Go G

where the new metric G and bivector 6 = % 0%/ 9; A\ 9; are given precisely by the open-closed string
relation (1.9), as anticipated from the Biischer rules. This metric can similarly be obtained from a
0-transform given by

1y =56\ /G~' 0 l;, 0
<%m—< ”*)( )( i >. (3.15)
0 ld 0 G _W 0 ld
In the present case one computes
G=1;, and 07 =0QVxt, (3.16)

which defines flat space with constant non-geometric Q-flux
QY = 09,0 . (3.17)

Finally, let us apply a T-duality transformation .7; € O(d,d) along a remaining non-isometric
direction, which exchanges the physical coordinate x* with the winding coordinate &, and maps the
geometric data (3.16) to

G=1; and 67 =R"* 5 . (3.18)
This defines flat space with constant non-geometric R-flux

Rk =gligiH . (3.19)
As the R-flux explicitly involves derivatives of the winding coordinates, it cannot be described in
ordinary geometry and in this sense the R-flux frame is ‘locally non-geometric’. In this simple

example, one can alternatively regard 6 as a two-form on the dual winding space of curvature
R=d6.
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3.3 Overview of conformal field theory results

Let us now summarise the explicit worldsheet calculations which have suggested the appear-
ance of noncommutative and nonassociative deformations of geometry in the non-geometric frames
of closed string theory:

e The original suggestion of nonassociativity by [28] computes the cyclic equal time double
commutator
[, x/ 1K) = lim [x'(01,7),x/ (02, 7)],x* (03, T)] + cyclic (3.20)
0;—0
in the SU (2) Wess-Zumino-Witten model with H-flux, and finds a non-vanishing target space
quantity.

o Explicit calculations of phase space commutators by canonical quantization of closed strings
in flat space and in a linear B-field background were carried out in [84, 46, 5], by study-
ing monodromy properties and the corresponding twisted closed string boundary conditions,
which lead to a shifted closed string mode expansion analogous to the open string case and
expansions in asymmetric orbifold string theories. These calculations reveal generally a dou-
bled phase space nonassociative geometry in the different T-duality frames.

e Correlators of products of tachyon vertex operators in sigma-model perturbation theory about
a flat geometry with small constant H-flux were computed in [33], and after conformal field
theory T-duality shown to reproduce the triproducts discussed in Section 1.

Further evidence is provided in e.g. [42, 47, 24, 17, 93].

The resulting quantum geometry structures can be described as follows. Let us first consider
the Q-flux frame. Naively, in analogy with the open string case, the bivector of (3.16) in the
non-geometric parameterization would suggest noncommutativity, but in the closed string case one
needs more: Only closed strings which wind in the Q-flux frame can probe a quantum deformation
of the geometry, and the noncommutativity in this case is determined by a Wilson line of the Q-flux
as [7]

o ig;* y ig;‘ y ieg‘ ,
pioxl] = 20 40V = ¢ QVedd = 2 QUiwt (3.21)

where wX are the closed string winding numbers. Since the winding numbers are central elements
in this algebra, i.e. [w,w/] =[x/, w/] = 0, these relations define a noncommutative but associative
geometry.

To probe nonassociativity one needs to introduce local R-flux. The explicit computations above
yield the tribracket

[, x/ Xk = ¢ RUK (3.22)

Let us quickly sketch how this bracket is derived from conformal perturbation theory, refering
to the original work [33] and also to the nice review [26] for details of the calculation. Using
complex coordinates on the Riemann sphere S* ~ C U {e}, the worldsheet equations of motion to
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linear order in the H-flux for a flat target space read ddx’ = %H i jk dx’/ dx*, and thus the coordinate
fields have to be modified in order to be consistent with the conformal field theory description,
wherein the perturbation of the free worldsheet sigma-model by the H-flux should yield a marginal
deformation. We therefore replace the usual conserved currents by

/i:i8xi—%Hijk8xjxf and 7"215;&‘—%}1';”{5% (3.23)

where x' = x +x! is the decomposition of the string fields into left and right moving modes; the
dual winding fields are then given by & = xf —x\. The correlation functions of three insertions of
the currents ¢ " are readily computed, and after writing I ! =: 192" and performing three world-
sheet integrations, one arrives at the closed string generalization of the second term in the open
string propagator (1.8) for the modified string fields 2" with the sign function, that arises from
combinations of the complex logarithm function, replaced by certain combinations of the complex
Rogers dilogarithm function, and the bivector 8 substituted by the trivector 7/ = %?H ik,

A triple T-duality transformation J; ) := 7; 7; 7 is affected in the worldsheet conformal
field theory as an asymmetric reflection of the right-moving string coordinates: 2" — Z2', 2" —
— 2., which maps winding modes w' in the H-flux frame to momentum modes p; in the R-flux
frame. The three-point correlators of the corresponding tachyon vertex operators e X% thereby
produce a phase which is trivial in the H-flux frame, but which is non-trivial in the R-flux frame
and encoded in scattering amplitudes

(fogah)(x) = / ak / dg / dr (0 g(q) () e € R bain g ilkrains (304

by the triproducts (1.16) with /% = %Riﬂ‘. These phases are consistent with the crossing sym-
metry of conformal field theory correlation functions, or equivalently associativity of the oper-
ator product expansion, because by momentum conservation one has p;q;ri 6k = 0 whenever
p+q+r=0. This is equivalent to the cyclicity property of the triproduct

/dfogAh:/dxf-g-h, (3.25)

which for constant R-flux follows from integration by parts since the two integrands differ by total
derivatives. Hence the triproducts are consistent with the axioms of conformal field theory and
nonassociativity is not probed by the on-shell theory. Note that it is the modified string coordinates
2" and not the original ones x' which probe the nonassociative geometry, a feature which is also
confirmed in other worldsheet approaches [17].

Alternatively, following what we did for the Q-flux frame, using the bivector from (3.18) we
find noncommutativity probed by closed strings which propagate in the R-flux frame given by

. 4 .

', x/] = % f d6" = % f Rk dz, = ;—%Ri~ik Pi (3.26)
where py are the closed string momentum modes. However, now the variables x' and p; are canon-
ically conjugate, and so the tribracket (3.22) can be regarded as the Jacobiator of the precursor
nonassociative phase space algebra

i0}

W)= R pe, Wp=ind;  and  [pipj)=0. (3.27)
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Note that (3.27) for d = 3 is formally the same as the magnetic monopole phase space algebra (2.3)
in the case of the linear magnetic field (2.15), after applying the magnetic duality transformation
of order four given by

. . 2.
x'— —pi, pi—x' and Uo P Tre € ji — —ESR”I‘ , (3.28)

which in the absence of fluxes defines a canonical transformation. In particular, the locally non-
geometric flux R now appears as the curvature three-form of a two-form connection on a gerbe
over momentum space [89]. The quantization of the brackets (3.27) can be captured by an explicit
nonassociative star product on the phase space 7*M of the original target space M [89, 16, §83],
whose construction and physical implications will be discussed in detail later on.

3.4 Caveats

There are a few loopholes in the conformal field theory derivations mentioned above that
should be pointed out:

1. The conformal field theory calculations are all performed in flat space with constant H-flux
and constant dilaton. Such a background only satisfies the closed string equations of motion
derived from the action (1.19) to linear order in H (in the critical dimension):

1 .
0= RiCl’j — ZHiijjkl +2V1V1q)+ O(E?) )

1
0= —EVkH",-jMinjk Vi@ -+ 01, (3.29)
1 1
2 2 2 2 4
=02 ((Ve —fch——H>+ .

2. On a compact space with non-trivial topology such as the torus, the H-flux is quantized by
virtue of generalized Dirac charge quantization in string theory. The true T-duality trans-
formations connecting physically equivalent string theories are then valued in the discrete
subgroup O(d,d;Z) C O(d,d). In this case the notion of linear order in H, as well as its
extrapolation to non-geometric polarizations, is meaningless as H cannot be continuously
varied.

3. The triproduct violates the strong constraint between the background R*/¥ and the fluctuations
around it [34]. This is not a serious problem if polarization can be achieved by a weaker
constraint; this issue is currently under debate as the strong constraint indeed seems too
stringent for some considerations. We elaborate on this point further in Section 5.

4. Nonassociativity does not appear in the algebra of conformal currents of the worldsheet
theory, but rather through non-conformal fields such as 2™ above.

5. Thus far no construction is available of H-deformed graviton vertex operators, whose corre-
lation functions would clarify if and how a nonassociative deformation of the gravity theory
defined by (1.19) could be of relevance in closed string theory.
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Despite these caveats, the geometric structures unveiled and their novel physical implications are so
rich and beautiful that work has plugged along in this direction to further explore the ramifications
and relevance of nonassociative geometry in closed string theory. For example, recent discussions
reveal that Yang-Baxter deformations (in general a class of non-abelian T-duality) may be viewed
as the open-closed string map (1.9) at the generalized supergravity level, see [18] and references
therein; in this setting the Jacobi identity yields the classical Yang-Baxter equation for the isometry
group of the background. In the remainder of this contribution we shall discuss further ways of
naturally understanding the origins of nonassociativity, and then proceed to unravel some of the
physics of this structure.

4. Higher geometrization of non-geometry

In Section 3 we have discussed two geometric ways of making sense of the globally and locally
non-geometric frames of flux compactifications: One through an extension of geometry into the
realm of generalized geometry and double field theory, and the other through noncommutative and
nonassociative deformations of the closed string phase space. To better understand the relationship
between these two points of view from a dynamical perspective, we shall now show that the non-
geometry of string backgrounds is geometrized through a membrane sigma-model, suggesting that
the proper probes of these backgrounds should be open membranes whose boundary modes are the
closed string degrees of freedom. Such an approach was first suggested by [65], and developed
in detail in [89]; see [43, 23] for further developments. In Section 5 below we shall show that
the quantization of this sigma-model produces the nonassociative phase space star product that we
have been advertising.

To understand the idea behind this framework, let us recall how we treated the open string
sigma-model (1.4). In the Seiberg-Witten scaling limit it reduces to the action (1.5), whose first
order formalism describes a two-dimensional topological field theory called the ‘Poisson sigma-
model’. As we will discuss in Section 5, the quantization of this sigma-model reproduces the com-
mutators (1.7) for a constant B-field, and more generally quantizes the noncommutative geometry
defined by the Poisson bivector 8 = B~' on M = R for vanishing NS-NS flux H = dB = 0.

At the other extreme, consider a constant non-vanishing NS—NS flux H on M = R? and choose
the symmetric gauge B;; = %H,- jkxk for the Kalb-Ramond field. In this case the worldsheet action
(1.5) can be written as

1 1 1 . 1 , , }

where X3 is a three-dimensional worldvolume with boundary d¥X3 = X, and we used Stokes’ the-
orem. This is just the well-known Wess-Zumino action, which is needed in particular for a global
formulation of the non-linear sigma-model when the target space M is e.g. a torus. The cor-
responding first order formulation of this action is called the ‘H-twisted Poisson sigma-model’,
which captures the topological dynamics of closed strings in a non-trivial H-flux background. It
is a particular case of a three-dimensional topological field theory called a ‘Courant sigma-model’,
which is defined on a membrane worldvolume.

The somewhat heuristic considerations above can be formalized within the setting of gener-
alized geometry, which provides a higher geometric framework in which to study the geometric
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and non-geometric frames of closed string theory as we have seen in Section 3 together with some
aspects of its extension to double field theory.

4.1 AKSZ theory

The Alexandrov-Kontsevich-Schwarz-Zaboronsky (AKSZ) construction [3] is a geometric
framework for constructing Schwarz-type action functionals in the Batalin-Vilkovisky formalism
for n+1-dimensional topological sigma-models whose target space is a symplectic Lie n-algebroid
E — M. These theories fit into a geometric ladder describing n—1-dimensional degrees of freedom
in background fields, see e.g. [75] for a review. The open string and membrane sigma-models al-
luded to above are the first two members of this hierarchy of theories, whose geometric structures
we shall now discuss.

Consider first the case n = 1. A Lie 1-algebroid is simply called a Lie algebroid and consists
of a vector bundle E over the target space M that sits in a diagram

E—oTm 4.2)

N

M

where 7 is the bundle projection and the anchor map p to the tangent bundle is compatible with a
given Lie bracket [s,s']g on sections s,s of E, in the sense that the following conditions hold:

o [s.fsle=/flssle+(p(s)f)s,
° p([S,SI]E) = [p(s)7p(sl)] s

for any function f € C*(M). The first axiom is the Leibniz rule, while the second axiom states that
the anchor is a homomorphism between the Lie algebras of sections of E and TM. If M is a point,
then a Lie algebroid is the same thing as a Lie algebra g with zero anchor. On the other hand, the
tangent bundle 7M of any manifold M is trivially a Lie algebroid with the identity anchor map,
and is called the standard Lie algebroid. The notion of a Lie algebroid thus generalizes these two
simple examples simultaneously. For our purposes, the most relevant example of a Lie algebroid is
the cotangent bundle E = T*M over a Poisson manifold (M, 0). In this case the anchor is p = 6*
and the Lie bracket is the Koszul bracket

(1,E]k = £6:n& — £g:em —d(0(n,€)) (4.3)

for one-forms 1, £ on M; in particular, for functions f, g one has [df,dg]r =d{f,g} where { f,g} =
0(df Adg) is the Poisson bracket induced by 6.

The AKSZ sigma-model in this case is the Poisson sigma-model which is described in more
detail below. It quantizes point particles, viewed as boundaries of open strings, in background
magnetic fields, with underlying Hamiltonian dynamics governed by the Poisson bracket. This
leads to a noncommutative geometry.

Consider next the case n = 2. A symplectic Lie 2-algebroid is the same thing as a Courant
algebroid, which is a vector bundle over M sitting in a diagram like (4.2) with a (not necessarily
antisymmetric) bracket [s,s']z on sections s,s" of E and a fibrewise metric (s,s")g satisfying the
following conditions:
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b [Sv [S/7S//]E]E = [[S,S/]E,S//]E + [5/7 [Sys//]E]E s
[Svfsl]E = f[S,S/]E + (p(s)f) s y
o p(ls:5e) = [p(s).p(s)] .

o p(s")s,s") e = (s",sle, ") e+ (s, [", 5')E -

The first two properties endow the vector bundle E with the structure of a ‘Leibniz algebroid’, and
are a generic feature of all symplectic Lie n-algebroids; if the bracket is antisymmetric, as in the
case n = 1, then the first axiom is equivalent to the Jacobi identity. If M is a point, then a Courant
algebroid is the same thing as a quadratic Lie algebra, i.e. a Lie algebra g with an invariant inner
product; a natural class of examples is provided by the Drinfeld double g & g* of a Lie bialgebra g.
For our purposes, the significance of this higher geometric structure is that if the generalized tangent
bundle E = TM & T*M is endowed with the Dorfman bracket (3.5), the natural pairing (e;,e/) = §;/
between TM and T*M, and anchor given by the projection p(X + &) = X, then E forms a Courant
algebroid called the standard Courant algebroid.

The AKSZ sigma-model in this case is the Courant sigma-model which is studied in detail
below. It quantizes closed strings, regarded as boundaries of open membranes, in flux compact-
ifications, with underlying worldsheet Hamiltonian dynamics governed by the Dorfman bracket.
This leads to a nonassociative geometry.

The list continues, but the cases with n > 3 are not as well understood (see Section 6 below).
Let us now turn to the particular cases of AKSZ sigma-models of direct relevance to us and clarify
the statements made above.

4.2 Poisson sigma-models

For n = 1, the most general two-dimensional topological field theory that can be constructed
from the AKSZ theory is based on the symplectic Lie algebroid £ = T*M, and gives rise to the
Poisson sigma-model [ 74, 100] defined by the degree zero part of the AKSZ action

1
SSI)(SZ = /22 (éi/\dx’+§6”(x) 5:‘/\5]‘) ’ 4.4)

where x : X, — M are the string fields, £ are auxiliary one-forms on ¥, valued in the cotangent
bundle 7*M, and 6 = 1 6%/ (x) 9; A\ d; is a Poisson bivector on M. When 6 = B~! is non-degenerate,
integrating out the auxiliary one-form fields &; yields the topological B-field amplitude (1.5). With
suitable Dirichlet boundary conditions on the fields, the perturbative expansion of the correspond-
ing path integral leads to the Kontsevich formality maps [80, 41], which we will discuss in Sec-
tion 5 below. The on-shell condition derived from this action is equivalent to [0, 60]s = 0, i.e. that
the bivector 6 defines a Poisson structure on M, but the sigma-model makes sense off-shell as well,
for instance when 8 is a twisted Poisson structure.

4.3 Courant sigma-models

For n = 2, we take the symplectic Lie 2-algebroid to be the standard Courant algebroid E =
TM@®T*M, and define the three-dimensional topological field theory on a membrane worldvolume
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Y3 by the degree zero part of the AKSZ action

| . 1
Sf%sz = /23 (‘Pi Ndx' + 5 M a' Ada! —p/ iAot + 3 Tk (x)a' Ao A OCK) ; 4.5)

where x : X3 — M are the membrane fields, & are one-forms on X3 valued in E, and ¢ are auxiliary
two-forms on X3 valued in the cotangent bundle 7*M. The fibre metric has components 177 =
(s1,s7)E in a local basis of sections s; of E, the anchor map has components p(s;) = p;'e;, and the
three-form 77k (x) = (s1,[s7,sk|E)E can accomodate all four geometric and non-geometric fluxes
in the T-duality orbit (3.1). This is called the Courant sigma-model [96].

Let us begin by describing the geometric H-flux frame. We write the one-forms as o = (/) =
(o, &) corresponding to the splitting E = TM & T*M and use the H-twisted Dorfman bracket from
(3.6) with vanishing torsion to write the open membrane action

6

With suitable Dirichlet boundary conditions on the fields, by integrating out the auxiliary two-form

- o ] o
S(Z):/ (q)i/\dx’—i-a’/\déi—(])i/\a’—I—fH,-jk(x)a’/\af/\ock) . (4.6)
X3

fields ¢; we arrive at the action on the closed string worldsheet X, = dX3 given by
, 1 . .
SE—IZ):% ’éi/\dx’—i—/ gHijk(x)dx’/\de/\dxk. 4.7)
% %

This is just the Wess-Zumino action, which for constant H-flux falls entirely on the worldsheet X,
asin (4.1). One can also add a boundary perturbation to the membrane sigma-model by an arbitrary
bivector 8 on M of the form given in (4.4). This defines the action of the H-twisted Poisson sigma-
model [78], whose on-shell conditions imply [6,0]s = /\3 0?H, so that 6 defines an H-twisted
Poisson structure on the target space M; in particular, the Jacobi identity for the corresponding
bracket defined by 6 is violated by the NS-NS three-form flux.

Now let us consider the locally non-geometric R-flux frame. Using the R-twisted Dorfman
bracket from (3.7) with vanishing torsion and Q-flux, and with notation as above, after integrating
out the auxiliary fields ¢; again we arrive at the open membrane sigma-model with (rescaled) R-flux
given by the action

1872

When the R-flux is constant, with suitable Dirichlet boundary conditions the equations of motion

4
9= [ (g Add + 2 R () ENE NE) (4.8)

for the boundary string fields x' imply & = dp; for local fields p valued in the fibres of the cotan-
gent bundle 7*M (up to harmonic forms on X,), so that using Stokes’ theorem and linearizing the
resulting action with auxiliary one-form fields 1; valued in E leads to the boundary action [89]

1
s :f (n;/\dxl—i—f@”n]/\m) : 4.9)
b 2

Here x = (&) = (x', p;) : £ — T*M are string fields valued in the cotangent bundle of M, so that
the effective target space is now the phase space. This action defines a Poisson sigma-model for
the bivector

R(p) 14 , L
®= (0= th R(p)V =5 Rkp, . 4.10
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The corresponding quantum phase space brackets
2] = in@" (x) (4.11)

coincide precisely with the R-space commutation relations (3.27). Note that for d = 3 this twisted
Poisson structure is formally identical to (2.4) with a linear magnetic field (2.15) under the mag-
netic duality transformation (3.28), and in particular the commutators (4.11) together with the
corresponding Jacobiators

(4.12)

W)= oo = (1)

0 O

yield a noncommutative and nonassociative phase space geometry.

One important caveat with this derivation is that the setting of the Q-flux to zero in (3.7) does
not define a Courant algebroid structure, as is evident from (3.8). This simply reflects the fact
that the nonassociative geometry of the R-flux frame violates the strong constraint of double field
theory, as mentioned previously, so that the corresponding membrane sigma-model does not de-
fine a Courant sigma-model. It can, however, be obtained in a precise way via projection from a
proper Courant sigma-model defined on the doubled space of double field theory that incorporates
all fluxes of (3.1) in a manifestly T-duality invariant way [44], which clarifies precisely the geomet-
ric algebroid structure underlying the non-geometric frames of closed string theory, and also how
gauge invariance is restored in the non-geometric membrane sigma-models through the Bianchi
identities among the fluxes of the T-duality chain (3.1). In [44] it is also shown how to treat the
noncommutative geometry of the globally non-geometric Q-flux frame in an analogous manner,
and how to generally treat the non-geometry through Courant sigma-models via the open-closed
string reparameterization (1.9) of the algebroid structure maps, thereby clarifying the evident simi-
larities we have seen between the phase space and double field theory frameworks for non-geometry
(see also [58, 59]).

5. Quantization of non-geometric backgrounds

In this section we will describe the quantization of the twisted Poisson structure (4.10) de-
scribing the nonassociative geometry of the closed string phase space in the R-flux frame, and then
present some of its far reaching applications to non-geometric string theory.

5.1 Quantization of topological string theory

Suitable functional integrals in the R-flux Poisson sigma-model (4.9) reproduce Kontsevich’s
formality maps for global deformation quantization of twisted Poisson manifolds [80]. The formal-
ity maps U, take n multivector fields 27, ..., 2, of degrees ki, ..., k, to multidifferential operators
Dr(24,...,%,) of degree 2 —2n+kj + - - - + k,. They have a combinatorial expansion as a sum
over graphs

Un(%aa%l): Z Wl—‘,,Dr,l(%a"'ﬂ%’l)v (51)
I,eG,
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where G, is the set of admissible graphs I',,, with n vertices and edges {eil b ,ef" ;.1:1, which can

be drawn in the configuration space H, of n points on the hyperbolic plane with prescribed weights

1 n

wr, = W /Hn li\l (d¢e} /ARED /\d(f)e;(i) . (5.2)
In particular, inserting any bivector Z; = ® = %@” d; A dy into all slots gives a sum of bi-

differential operators, which can be represented diagrammatically by graphs with edges emanating

along the legs of ® and operating on functions f, g sitting on the boundary of the hyperbolic plane.

This defines the star product

- (1)

frg=Y,

n=0

1 Un(©,....0)(f.8) = Z(©)(f.8) (5.3)

which up to order A2 is given explicitly by
RPN W 17 oKL
fre=f8+56 aIf'an—ZG ©%" 01dk f-dsdLg

5.4
hz
— E oY a;@KL (818Kf . E)Lg — BKf . (918Lg) + O(flS) .

The order % term is the semiclassical contribution which is proportional to the classical bracket
{f,g} = O(df Ndg) defined by the bivector ©.

As a simple example, let us consider a constant bivector 0 in the Poisson sigma-model (4.4).
The basic graph I'} with a single vertex and two edges contributes the weight

e o gl e

In this case all graphs and hence weight integrals (5.2) factorize in terms of this basic graph '}, so

that the sum (5.1) truncates to

I\n .. .
Un(ea"'ve): (5) elljl...eln]n (azlazn)®(a/1a/,1) . (56)
The star product (5.3) thus becomes
o (i)' (1IN inj
f*g:ngb o (§> @it ...Qning, .0 f-3; )8, (5.7)

which is just the Moyal-Weyl star product (1.13).

In general, if @ is not constant but still satisfies @ 9;@%L = 0, then the series (5.3) again
exponentiates exactly as in the case of a constant bivector which led to the Moyal-Weyl star product.
This is the case for the bivector (4.10) with constant R-flux, leading to the star product [89]

inpet = =
frg=- exp(7 [3—7;2R”kpk8i®8j—l—8,~®8’—8’@8,~D(f®g) , (5.8)
where 0 = a%’_ denote momentum derivatives; in Fourier space it reads as

- . in (i S i i . i
(fxg)(x,p) = / dk dk / dg dg f(k,K) (g, §) e ? Wahd) ¢~ R by pe gilktad (5 9)
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This is a deformation by R-flux of the usual phase space Moyal product for deformation quanti-
zation in ordinary quantum mechanics, see e.g. [118] for a concise review. Other approaches to
deriving this star product can be found in [89, 16, 90, 83]. Various formal properties of this and
other classes of nonassociative star products in deformation quantization are discussed in [37, 116].

The formality maps U,, define quasi-isomorphisms between differential graded L..-algebras,
relating Schouten brackets | , |s, i.e. the obvious extensions of the Lie bracket of vector fields to
multivector fields, to Gerstenhaber brackets |, |g, i.e. the obvious extensions of the commutator
of differential operators to multidifferential operators. As such they satisfy a set of ‘formality
conditions’. In particular, one of these conditions reads as

ih2(10,0]s) = [2(0),+ . (5.10)

This quantifies nonassociativity, since when applied to triples of functions f,g,h, it follows that
[©,0]s # 0 if and only if

(fxg)xh— fx(gxh)#0. (5.11)

That is, ® is a Poisson bivector if and only if the star product is associative. For the R-space with
constant locally non-geometric flux, the star commutators

W], = xxx! = xx = ih@Y () (5.12)
have the corresponding non-vanishing star Jacobiators
[, x/, xk], = £ RVK (5.13)

For general phase space functions, the nonassociativity of the star product can be expressed in
closed form as

oo
(fxg)xh=@ren(f*(gxh)) :=*exp (g‘R’fka,-@aj@ak) (f®(g@n), (.14
where the associators
Fx(gxh) L2 (fxg)xh (5.15)

satisfy pentagon relations implied by the (higher) formality conditions [89], which state that the
diagram

(fxg)* (h*k) (5.16)

P g hxk

((f*g)*h)*k f*(g*(h*k))
Pren®1 1R Qq nk
(f*(g*h))xk — f*((gxh)*k)
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commutes for all functions f,g,h,k. In particular, the translation group three-cocycle discussed
in Section 2 is realised here through a nonassociative version of the Baker-Campbell-Hausdorff
formula which yields

sy 0 P s i pijkg s 0 P ST
(elklx *elqm)*elr[x — 6 R kiqjry elka *(elmx *elnx) ) (517)

In the remainder of this section we consider various applications of this nonassociative phase
space star product formalism.

5.2 Triproducts

We shall now address Question (Q2) from Section 1. Given n functions fi,..., f, € C*(M) on
the target space M, using the nonassociative phase space star product we define the triproducts

fiofars o foi= [1)13(1) fix (ox (- (famix fa)--)) s (5.18)

where we have chosen a particular bracketing for the star products of functions. It was shown
by [11] that the result of this operation can be expressed in terms of a tridifferential operator as

4
s

/ .
fishoafy=-op(—-2 Y REF0Ne)(heho0h), (19

1<a<b<c<n
where d¢ denotes the action of the derivative d; in the a-th factor of the tensor product f; ® f> ®
-+ ® f,. This remarkable algebraic structure has the following properties.

Firstly, it agrees with the triproducts of tachyon vertex operators after T-duality in worldsheet
perturbation theory around flat space with constant H-flux, as we discussed earlier. This formula
was derived to linear order in the R-flux in [33], where its all orders exponential form was conjec-
tured, and subsequently extrapolated to non-constant fluxes appropriate to curved backgrounds M
in [34]. Here we find an explicit calculational derivation of these conjectural expressions from the
nonassociative phase space star product, which lends further credibility to the purported description
of the locally non-geometric flux background.

Secondly, since the momentum is set to p = 0, for n = 2 there is no deformation of the usual
pointwise product of fields: fA g = f-g, as anticipated from the closed string theory considerations
of Section 1. For n = 3 the triproduct was originally introduced in [115] as a proposal for the
quantization of Nambu brackets [92], which we will discuss in more detail later on. It quantizes
the tribracket defined by (1.17), and in particular one has

[, x/ XK o = 03 RIK (5.20)

which agrees with the Jacobiator (5.13).
Thirdly, the triproducts exhibit on-shell associativity:

[arioani=[&h s, (5.21)

which follows from on-shell momentum conservation [11]. As we discussed earlier, this is ex-
pected and in fact necessary from the string theory perspective: As on-shell closed string theory
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is described a two-dimensional quantum field theory, it is described by an associative operator
algebra. In particular, the on-shell associativity agrees with the crossing symmetry of n-point cor-
relation functions on the sphere S°.

Finally, as also mentioned before, the triproducts violate the strong constraint of double field
theory. Recalling the microscopic origin of the R-flux in terms of a bivector from (3.19), the
expansion of the triproduct for n = 3 reads as

4 ~ e o~ e
ngAh:f-g.h—%a[lejkl Oif -d;g- hh+0(L%) (5.22)

and the corrections to the pointwise product of fields vanishes by the strong constraint. Thus the
nonassociative geometry of the closed string background is only probed if the strong constraint
between the background and fluctuations is weakened, a point which is presently under debate.

5.3 Nonassociative quantum mechanics

Let us now investigate some of the physical consequences of the nonassociative deformation
of quantum mechanics in the R-flux background. The standard operator-state formulation of quan-
tum mechanics cannot handle nonassociative structures: Operators which act on a Hilbert space
necessarily associate. However, we can generalize the phase space formulation of quantum me-
chanics [118] to provide a completely quantitative and physically viable formulation of nonasso-
ciative quantum mechanics [90]. Other approaches to nonassociative quantum mechanics based on
the magnetic monopole algebra (2.3) are found in [36, 35].

The idea behind phase space quantum mechanics is to treat position and momentum variables
on equal footing. In this setting generic ‘operators’ become complex-valued functions on phase
space, with the operator product provided by the star product and traces given by integration of
functions; an ‘observable’ is then a real-valued function on phase space. Dynamics of observables
A are governed by Heisenberg-type time evolution equations

oo

A= [H AL, (5.23)

for a given classical Hamiltonian H.

The key properties of the nonassociative phase space star product (5.8) that are needed in this
description are as follows. Firstly, since the star product f x g again differs from f - g by a total
derivative, and likewise f (g h) differs from (f xg) A by a total derivative, one again has the
2-cyclicity and 3-cyclicity properties (1.14) and (1.15) that we encountered for the Moyal-Weyl
product. Recall that these features were crucial for compatibility of the star product formalism
with the axioms of conformal field theory; in the present context, they refer to the fact that the star
product leads to a traceless commutator and associator. However, there are in general inequivalent
quartic expressions, for example

/dxf*(g*(h*k)) #/dxf*((g*h)*k) , (5.24)

see [90, 88] for a detailed discussion. Using 2-cyclicity we deduce the crucial positivity property

/dxf*f>o. (5.25)
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Finally, the nonassociative star product is Hermitian, in the sense that fxg = g f, and unital, in
the sense that the constant unit function 1 is still an identity element for the nonassociative star
product algebra: fx1 = f = 1% f. All of these properties are completely analogous to those of the
usual Moyal product in canonical phase space quantum mechanics and they mimick the expected
features of the operator product; indeed, the star product (5.8) for the constant R-flux background
is the simplest example of a nonassociative star product and provides the natural extension of the
Moyal-Weyl star product (1.13) to the non-geometric string background.

A ‘state’ in nonassociative quantum mechanics is determined by a set of square-integrable
phase space wavefunctions y, which are normalized:

[arvat=1, (5.26)
and a collection of statistical probabilities p, € [0, 1] obeying
Z Ug=1. (5.27)
a
The ‘expectation value’ of an operator A is then defined by
Ay =Y o /dx%*(A*y/a):/del,,-A, (5.28)
a
where we introduced the state function
Wy =) HaVWaxVa (5.29)
a

which is the analogue of the Wigner distribution function; in particular, it is real-valued and nor-
malized: (1), = [ dx Wy, = 1. However, even in canonical phase space quantum mechanics [118],
one of the pitfalls of the formalism is that state functions are not necessarily non-negative and so
only determine quasi-probability distribution functions in general.

As a simple example to familiarize ourselves with the phase space formulation of quantum
mechanics, let us consider the simplest case of the free particle with Hamiltonian

Hip) =Y 2
(x,p) =) - (5.30)

i=1

[\®]

and vanishing R-flux. We denote the corresponding Moyal star product from (5.8) with R/* = 0 by
*o and look for solutions of the time-independent Schrodinger equation

This can be expressed as a second order partial differential equation

d 2
ﬁ y (pl-z+ih8i—%8i2)Ww:EWw (5.32)
i=1

for the real-valued Wigner distribution function Wy, (x, p). It collapses to a pair of partial differential
equations, its real and imaginary parts. The imaginary part

d
pidiWy(x,p) =0 (5.33)
i—=1

1
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restricts Wy (x, p) = Wy (p) to be independent of x. The real part

d 2
i
Y (= 02 —2mE)Wy(p) =0 (5.34)
i=1
is satisfied for arbitrary real functions Wy, (p) of momentum with the energy eigenvalues

2
E=E,=Y Li

; (5.35)

™=
o
3

i=1

This calculation can be extended to include an anisotropic harmonic oscillator potential of frequen-
cies @y, for which the real part of the second order partial differential equation can be separated
into Laguerre equations in the phase space variables z; = ﬁ (m a)l2 xi2 + plz) fori=1,...,d [118].
The corresponding solutions in terms of Laguerre polynomials reproduce the anticipated harmonic

oscillator spectrum
d 1
E=E,=Y ho(m+ E) with n=(n;) € N¢ (5.36)
i=1

in d dimensions. The extension of these considerations to a free particle moving in a non-vanishing
R-flux background is discussed in [114], and from the alternative associative framework of sym-
plectic realisation of the twisted Poisson structure (4.10) in [82].

The operator-state correspondence can be described in this framework as follows. The idea
is that operators should still be combined together with an associative operation, since nonasso-
ciativity should not affect correlation functions. To this end we introduce two conjugate “operator
algebras” by defining left and right compositions of observables A, B as

(AoB)*x f:=Ax(B*f) and f*(AGB):=(fxA)*B, (5.37)
for a test function f. By definition the composition products are associative, since
(AjoAzo---0Ay)x f=Ayx (Agk--H(Apxf)--+) . (5.38)

They are furthermore unital: Ao1 =A = 10A, and the composition products of basic coordinate
monomials coincide with their star products, e.g. x' ox' = x'xx' = (x')? and p; o p; = p;* pi = (p:)>.
However, in general the composition product A o B of two functions A and B is not a function, but
rather a differential operator; the composition products arise as the embedding of the nonassociative
star product algebra of functions as a subspace (but not as a subalgebra) of an associative algebra
of differential operators on phase space. In the conventional frameworks where x is associative,
the composition product and the star product coincide. The physical and geometric meaning of the
associative composition algebra of differential operators is elucidated by [82] from the perspective
of symplectic realisation of the twisted Poisson structure (4.10).

We make the convention that the conjugate composition product & is always evaluated before
o. Then a ‘state” py is an expression of the form

Py =) HaVaOVa - (5.39)
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This quantity should be thought of as a special representation of a “density matrix”, which in
the associative setting would be the same as the Wigner distribution function; in particular, the
expectation values (5.28) of operators are determined via traces with py, through

(A)y = / dv A% py . (5.40)
The expectation values of compositions of operators are then given by

(AloAzo--~oAn>W:/dx(AloAzo-qun)*py,
(5.41)
=) ta /dx(A1*(Az*--~*(An*q/a)---))*W.

Let us make some simple consistency checks of this purported nonassociative version of quan-
tum mechanics. First, let us check reality. A straightforward calculation using the above definitions
and the properties of the nonassociative star product gives

m:ZHa /dx(A*Wa)*Wa:Z“a /dx%*(g*‘/’a):@X)W‘ (542)

It follows that the expectation values of observables, i.e. real functions, are real. Similarly, one
checks positivity: <ZoA>W > 0. These derivations are carried out in complete analogy with the
corresponding calculations in canonical phase space quantum mechanics; however, in the nonasso-
ciative case an extra line or two is always required in the computation.

Next we check that observables, i.e. real functions A = A, have real eigenvalues. For this,
consider the “star-genvalue equation” A* f = A f for a complex number A; complex conjugation
of this equation using Hermiticity of the star product yields f *A = A f. From this we calculate

Fr(Axf)=(FrA)xf=A—=2)(F*]) . (5.43)

In the associative case this would immediately imply that A = A is real, since the left-hand side
would automatically vanish. In the nonassociative case this is not generally true, but using 3-
cyclicity and 2-cyclicity we can integrate both sides this equation to get

0=(1—21) /dx I£]% . (5.44)

Since the integral on the right-hand side is non-zero for f # 0, it follows that A = A. A similar
calculation establishes that eigenfunctions with different eigenvalues are orthogonal in the L?-inner
product.

5.4 Spacetime quantization

As a concrete application of the formalism, we will now show how nonassociative quantum
mechanics in the R-flux background leads to a coarse-graining of spacetime. There are several ways
in which to see this. In standard quantum mechanics it is a fundamental result that pairs of non-
commuting operators cannot have simultaneous eigenvalues. Similarly, in the present case we can
show that triples of nonassociating operators cannot have simultaneous eigenvalues. Suppose that
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Wy is a state function which simultaneously diagonalizes a triple of basic phase space coordinate
operators: x’ x Wy, = A Wy, x/ Wy, = 17 Wy, and xX Wy, = AKX W,, for eigenvalues A/, 17, A% € R.
By repeatedly applying the cyclicity properties of the star product we compute

/dx((x’*x’)*xk)*WWZ/dx(xj*x')*(xK*Ww)

_ /lK/dx (o 5o Wy
(5.45)
:AK/dxx’*(xJ*Wl,,)
— )uK)LJ)LI
and similarly
/dx (x5 () %2K)) Wiy = AT AK A7 . (5.46)

Taking the difference of these two equations implies the vanishing Jacobiators [x/,x’ xK], = 0,
which contradicts the basic nonassociative deformation provided by the position coordinate opera-
tors in (5.13). This implies a coarse-graining of spacetime by the non-geometric R-flux background.

To compute the coarse-graining quantitatively, we introduce oriented area and volume uncer-
tainty operators

AV — Im([kvl,fvvj]*) — (~I*3Cvl _ *351) :
1 (5.47)
VK — gRe(fI*[EJ’YK}*+3CVK*[)717}]]*_{_}]*[351(7351]*) )

where we introduced the shifted coordinates X7 := x/ — (x/ )y appropriate to uncertainties in mea-
surements. These definitions mimick the vector product and triple scalar product of vectors in the
respective coordinate directions of phase space, and their expectation values measure the mini-
mal area and volume uncertainties between corresponding operators. A simple computation using
(5.12), (5.13) and the integration properties above leads to the non-vanishing expectation values

4
(AP =18y, (AU)y = %R"ik (Pyy  and (VI = %E?R"f" . (548)
The first expectation value gives the usual Planck cells of canonical quantum phase space with
the Planck quantum of minimal area /i, while the second expectation value is a new uncertainty
measurement giving minimal spacetime areas in the directions transverse to the motion of closed
strings (as originally conjectured by [84]). The third expectation value is the most interesting: It
implies a quantized spacetime with a quantum of minimal volume J ¢ R'/¥,

This coarse-graining of spacetime has the following physical interpretation from the perspec-
tive of non-geometric string theory, which corroborates the argument that there can be no DO-branes
in the locally non-geometric background [117]. In d = 3 dimensions, applying a triple T-duality
,7(123) maps the R-space to the three-torus with H-flux and a DO-brane to a D3-brane wrapping
the torus. However, this latter configuration is not allowed as it suffers from the Freed-Witten
anomaly [56], i.e. it violates the Bianchi identity dF = H for the gauge flux F on a D3-brane.
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Generally, Freed-Witten anomaly cancellation would require that the degree three integer coho-
mology class of the NS—-NS flux H be equal to the torsion characteristic class which measures the
obstruction to a spin® structure on the target space M. But if M is a torus, then its cohomology is
torsion-free and it is a spin® manifold, so that non-vanishing H-flux is not allowed. In the T-dual
frame, this implies that placing a point-like object in the R-flux background is not allowed. This is
yet another manifestation of the local non-geometry of the R-flux background, which we have re-
produced here in a completely quantitative way through our formalism of nonassociative quantum
mechanics.

5.5 Quantization of Nambu brackets

As another application of the nonassociative phase space deformation quantization, let us ex-
amine the problem of quantizing Nambu-Poisson structures, which have notably appeared in re-
cent years in effective theories of M2-branes and M5-branes in M-theory, see e.g. [67] for a re-
view. Nambu mechanics involves multi-Hamiltonian dynamics with generalized Poisson brackets
{f,g,h} of functions obeying the Leibniz rule and a “fundamental identity” which is a higher gen-
eralization of the Jacobi identity for Lie brackets [92]. Nambu used this algebraic structure to
reformulate the Euler equations describing the dynamics of a rotating rigid body in R? in the ab-
sence of applied torques, in the hope of obtaining new generalized integrals of motion. Recall that
in a rotating reference frame parallel to the principal axes of inertia of the rigid body, they read in
general form as

L+®xL=0, (5.49)

where L = I @ is the angular momentum, with I the matrix of moments of inertia and @ the angular
velocity about the principal axes. By setting 7 := %Z- @ we can write the components of this
equation in the principal reference frame, wherein I is constant, as the bi-Hamiltonian equations

Li={L,L* T} (5.50)

for the Nambu bracket {f,g,h} = €% oy . f - dp;8- I hon R3.
In the case of the R-flux background, the pertinent classical tribracket is given by

VAR
{f.g,h}r= _{;szk dif-djg-dih . (5.51)

Our nonassociative phase space star product quantizes these tribrackets [89, 90], in the sense of the
non-vanishing Jacobiators (5.13); this extends the quantization provided by the configuration space
triproducts from (5.20). In particular, in the semi-classical limit one has [f, g, k], = —1* { f, g, h} g +
---. The issue of quantizing Nambu brackets is a longstanding problem, see e.g. [105, 106, 48, 49]
for some approaches. Our phase space approach may assist by exploiting the various properties
infered by the origin of the tribracket from the star product. For example, one of the formality
conditions implies the pentagon identity [89]

[f*gahvk}*_ [fag*hak]*+[fagah*k]* :f*[gahak]*+[fagah]**k (552)

for the Jacobiator, analogously to (5.16). This can be regarded as a ‘quantum Leibniz rule’, in the
sense that at semiclassical order in the R-flux it coincides with the Leibniz rule for the classical
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tribracket (5.51). At present it is not clear what should serve as the quantum version of the classical
fundamental identity, nor if one is really necessary, see e.g. [48] for a discussion of this point. The
viability of our phase space model for the quantization of Nambu-Poisson structures is still to be
thoroughly investigated.

6. Further developments

We conclude in this final section by briefly describing some extensions of the story described
in this paper so far, all of which have important open problems which should be subject to future
investigations.

6.1 Nonassociative gravity

One important omission from our considerations thus far has been addressing Question (Q3)
from Section 1. A noncommutative theory of gravity on Moyal-Weyl spacetimes was constructed
in [14], and is discussed in the lectures by L. Castellani at this School. As a fundamental length
is incompatible with diffeomorphism symmetries, general relativity on noncommutative spacetime
requires a Drinfeld twist via a two-cocycle of the Hopf enveloping algebra of the Lie algebra of
vector fields (see e.g. [112] for a review). This defines a twisted tensor calculus, and leads to
deformed Einstein equations [14]. Two major problems with this approach are that the Einstein
equations are not generically real and so have questionable physical (and geometric) significance,
and that twisted diffeomorphisms do not appear to be symmetries of string theory [4].

An analogous treatment can be followed to formulate a nonassociative theory of gravity,
by defining a quasi-Hopf algebra of twisted diffeomorphisms with a two-cochain twist whose
coboundary is the three-cocycle that controls nonassociativity, i.e. the associator ¢, see (5.14).
Such an approach was originally suggested by [90], and the pentagon relations (5.16) were used
to consistently build nonassociative field theories in [88, 21]. The cochain twisting method was
extended by [19, 20] to develop a rigorous and very general theory of nonassociative differential
geometry, extending and generalizing the considerations of [10] in the associative case, which in
particular leads to a vielbein or first order formalism for nonassociative gravity. The metric aspects
were considered in [27, 12], and currently nonassociative Riemannian geometry is under further
construction.

The problems with noncommutative gravity alluded to above are of course still present in this
theory (together with many additional issues). But recalling the development of our perspective, we
need to explore how gravity on phase space induces gravity on configuration space. This problem
was addressed by [11], where it is shown how the nonassociative geometry of phase space can lead
to deformations of configuration space geometry. The idea is to remove momentum dependence
up to an O(d,d)-transformation, which is the structure group symmetry determined by the natural
phase space metric ¥ = dx’ ® dp; + dp; ® dx', analogously to double field theory. This is achieved
by choosing a polarization, i.e. a maximally isotropic splitting 7(7*M) ~ L @& L* of the tangent
bundle of phase space with respect to the metric ¥, and considering foliated tensor fields 7':

1T =0=£,T, (6.1)
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for every section Z of the rank d vector bundle L* — T*M; if the distribution L is integrable, then
by Frobenius’ theorem it can be (locally) identified with the tangent bundle of some d-dimensional
submanifold of 7*M. For example, the foliation of phase space by leaves of constant momentum is
determined by taking L =TM and Z; = 8%1- fori=1,...,d, which formalizes the way in which we
extracted the spacetime triproducts of fields occuring in closed string scattering amplitudes from
the nonassociative phase space star product in (5.18).

The metric formulation of nonassociative gravity on phase space admits a Ricci tensor and a
unique metric-compatible torsion-free connection, and in this way it yields a non-trivial deforma-
tion of the Ricci tensor of spacetime by locally non-geometric fluxes, which is given by [12]

: 0 : E? abc m 1
Rlc,-l/- = RlCij + ER b (ak (3agkl (abglm) ac'rij) - aj(augkl (abglm) 3crik)
+ Oegmn (0a(8" T;) AT — 0a(8" T) AT, (6.2)
+ (T} 2ug™ = Tl ) ApT; — (T g™ — AT} ™) 4T )

1

where Ric;; is the usual Ricci tensor of the classical Levi-Civita connection Fﬁ-‘j of a metric tensor
gij on spacetime. This expression is valid to linear order in the R-flux, which we recall is the order
at which the corresponding conformal field theory calculations are reliable; this is also consistent
with the second order R-flux corrections to the closed string equations (3.29) after T-duality, as
the corrections (6.2) are indeed of second order #47 in the double expansion in the parameters
of the R-flux model. Notably, it is real, and thus represents the first non-trivial starting point for
understanding how to define a nonassociative theory of gravity describing the low-energy effective
dynamics of closed strings in non-geometric backgrounds. An action principle for nonassociative
gravity is currently unknown, as some of the classical constructions of Riemannian geometry have
yet to be generalized to the nonassociative setting.

The precise relation of this gravity theory with string theory and double field theory remains
mysterious. Part of the issue is the role of twisted diffeomorphisms mentioned above. At any
order in the string length scale ¢2, the closed string effective action should be invariant under
classical diffeomorphisms, while the effective action of double field theory should be invariant
under generalized diffeomorphisms. Whereas the twisted diffeomorphism symmetries of phase
space remain elusive, upon polarization to configuration space they may compare naturally with
the expectations from string theory and double field theory. This was partially analysed by [11],
but it is currently an open problem to understand precisely and systematically the meaning of
the symmetries of nonassociative gravity on spacetime. In particular, one can ask if the effective
theory retains the O(d,d)-symmetry of double field theory, in analogy to the case of open strings.
Recall [54, 110] that noncommutative Yang-Mills theory on a d-dimensional torus is invariant
under Morita equivalence, which is the structure inherited from T-duality in the decoupling limit.
In this case the group O(d,d) acts on the bivector 6, the open string metric G, and the Yang-Mills
coupling constant gyp as

60— (AO+B)(CO+D) ",
G— (CO+D)G(CO+D)", (6.3)

gym — gym |det(CO +D)| v ;
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where A, B,C, D are d x d matrices which parameterize an element of O(d,d); this transformation
is defined only on the subset of bivectors 6 for which C 6 + D is nondegenerate, which is dense for
every element in the discrete subgroup SO(d,d;Z) of O(d,d). It would be interesting to see if a
similar set of T-duality transformation rules are global symmetries of nonassociative gravity.

6.2 Higher structures in non-geometric M-theory

It is natural to ask what becomes of the higher quantum geometry when we lift IIA string
theory to M-theory, which is generally defined on a circle bundle

L. (6.4)

|

M

over the string target space M, with the string coupling g, realized geometrically as the radius A of
the S' fibres. This has been discussed for lifts of the string theory R-flux model in three dimensions
by [63], in the context of the SL(5) exceptional field theory [25] which lifts the O(3,3) double
field theory. Taking the base space M to be a three-dimensional twisted torus (the T-dual of the
three-torus with H-flux), using the T-duality chain (3.1) we generate the string theory R-flux via a
double T-duality transformation

. T+ ..
flw —LLs Rk (6.5)

Let us lift this to M-theory on the trivial circle bundle M = M x S', with coordinates x* = (x',x*)
where x* is the local coordinate on S'. Closed strings lift to closed M2-branes, and T-duality
becomes U-duality which sends membrane wrapping modes w”/ to momentum modes p;. The
Kalb-Ramond two-form field B lifts to the three-form C-field of M-theory, and U-duality takes it to

K
Cuvp (1vp) QHVP ’ (6.6)
where the trivector Q*VP defines the M-theory R-flux via its wrapping derivatives
RvPaB — pulvpap] , 6.7)

which is the lift of the relation (3.19). The M-theory R-flux is a mixed symmetry tensor: It trans-
forms as a vector in its first index and is antisymmetric in its last four indices. The particular choice
RYHVOB — R elVaB preaks the SL(S) symmetry to SO(4).

The M2-brane phase space has a peculiar structure: The fact that there are no DO-branes on M
lifts to the statement that there are no momentum modes along the M-theory direction, i.e. ps = 0.
In [63] it is conjectured that the covariant form of this constraint is given by

REVPEB 1 =0 (6.8)

and that the resulting seven-dimensional phase space has bracket structure given by

R VA it _
i x/] = 137;R4¢jk4 pe and [t x] = 13hs R4 0

Xopl=ind i +inde p and [t pl = ihAlx, (6.9)
J J J
[pi,pj] = —ihdenp",
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with the Jacobiators

[ o] = lgs Rk 4 and [l 1% = — iA? Es RO
3h 3h
il P irzed i
(i 2] = = RME (S p =6 pT)  and - [phal ) = S R pe 6 )

[pi,pj,xk] = —ihlzeijkx“ —1ihA (5jkx,~ — Sikxj) and [pi,pj,x ] = 1h)L3 Sijkxk s

pipj.rk] =0.

In the contraction limit A = 0, which is precisely the limit of weak string coupling g, — 0 sending
M-theory to IIA string theory, these brackets reduce to those of the closed string R-flux algebra
(3.27); in this case the M-theory direction x* becomes a central element of the contracted algebra,
so we may set it to x* = 1.

These brackets originate from the nonassociative alternative algebra of octonions O by a suit-
able rescaling of the seven imaginary unit octonions [63]. Deformation quantization of this quasi-
Poisson structure was carried out in [81]. It proceeds via a choice of a G,-structure, i.e. a cross
product on the real inner product space R’ given by structure constants of O in a suitable oriented
basis, which is preserved by rotations of R’ in the subgroup G, C SO(7). Using alternativity one
can define octonion exponentials, and the corresponding nonassociative Baker-Campbell-Hausdorf
formula is captured by a 2-group addition law on the seven-dimensional Fourier space, which gives
the deformation quantization of the M2-brane phase space in terms of an explicit, albeit compli-
cated, nonassociative phase space star product fx; g. This quantization has a variety of interesting
features which are described in [81]. For example, the corresponding configuration space triprod-
ucts A, defined by %, analogously to (5.18) quantize the 3-Lie algebra As4:

[XH Y x%) s, = (P ReFVB AP (6.11)

which is known from studies of multiple membranes in M-theory, see e.g. [15] for a review, and
whose quantization has been previously largely unknown, see e.g. [48] for an earlier analysis of
this problem. Moreover, the noncommutative M2-brane momentum space is familiar from the
noncommutative spacetimes arising in three-dimensional quantum gravity, see e.g. [57]. Using
x*x; f =x*f+O(L) one finds that the M2-brane star product reduces non-trivially to the closed
string star product (5.8) in the weak string coupling limit:

lim (£478)(¢ ) = (f+g) () 6.12)

In [81] it was also suggested how to extend the nonassociative M-theory R-flux algebra to the
full unconstrained eight-dimensional phase space by a choice of a Spin(7)-structure, i.e. a triple
cross product on the real inner product space R®, which is parameterized by a four-form ¢ invariant
under rotations of R® in the subgroup Spin(7) C SO(8). This extends the representation of the cross
product to all real and imaginary octonions, and it defines the eight-dimensional “covariant” M2-
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brane phase space 3-algebra with the SO(4) x SO(4)-symmetric 3-brackets given by

[xi X xk] __§R4,ijk4 4 d ij 4 A2 Es 4ijkd |
X Xy = X an X', x) x%y = 3 R Xk
A A28 A0
[pl,xj’xk](p _ "% R4 ljk4p4_ s R4 zjklpl ,
2 2
[pi’xj7x4]¢ A gs R4 1234 51] ;L gs R4 1]k4pk ,
2 2
A2 A
[pi,pj,x"p = 78:'] +7 (5 Xi— 5ikxj) ,
(6.13)
4 hz)LB k 2
[pispj, X" ]p = Gk and Pi,pj, Pl = —2h"A&jkps,
o A4 YR -
[p47x17xJ]¢ Trs R4 ljk4pk and [p47x X ]¢ _ _TSR4,1234P1 7
. A A?
[p4, pi,x']g = 5 &/ x* — Tgijkxk )
A3 12 A2
[pa, pi,x*]s = — X and (P4, Pi,Djlo = 78ijkpk .

2 2

For any constraint G = 0 on the eight-dimensional phase space, these 3-brackets induce a 2-bracket
by defining [f,g]c := [f,g,Gly. In particular, taking G = ﬁm (or G = R*-vPaB pu) gauge fixes
the 3-brackets (6.13) to the brackets (6.9) together with their Jacobiators. The quantization of this 3-
algebra is currently an open problem; see [81] for some preliminary steps towards the construction
of a suitable ternary product for deformation quantization which naturally incorporates both the
star product and the triproduct.

The magnetic monopole system of Section 2 with constant uniform magnetic charge can be
embedded in string theory as DO-branes bound to a uniform distribution of D6-branes. The M-
theory lift of this configuration is identified by [87] as a non-geometric variant of the Kaluza-Klein
monopole solution of M-theory, whose phase space brackets map to (6.9) under magnetic duality
and reduce to the magnetic monopole algebra (2.3) in the contraction limit A = 0.

A suitable check of these purported claims should come from the next rung n = 3 on the AKSZ
geometric ladder of Section 4, which has been investigated partially in [79]; the symplectic Lie 3-
algebroid structure in this case is called a Lie algebroid up to homotopy, and the corresponding
AKSZ sigma-model describes closed M2-branes viewed as boundaries of open threebranes. The
standard Lie algebroid up to homotopy is the anticipated generalized tangent bundle TM® A’ T*M
of exceptional field theory [22], and the bracket structure in this case is the expected higher 2-
Courant bracket. However, beyond the simplest case of the four-form flux G = dC of the M-theory
C-field, it is not clear how to twist these higher algebroid structures by geometric and non-geometric
fluxes; see [79] for a discussion of this point. This may be related to the fact that, unlike T-duality
which maps closed strings to closed strings, U-duality maps M2-branes to M-waves (the lifts of
DO-branes), and more generally to M5-branes in higher dimensions.

Locally non-geometric fluxes in M-theory on higher dimensional spacetimes have been dis-
cussed in [86]. In each dimensionality one encounters the same qualitative structure, missing mo-
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mentum modes in the M2-brane phase space, but now with a host of R-type fluxes with varying
tensorial structures. The corresponding bracket structures are not currently understood, and may
also involve higher algebras.

6.3 L.-algebras

As mentioned in Section 5, the Kontsevich formality maps are quasi-isomorphisms between
particular examples of L..-algebras, and it is natural to wonder if such higher algebraic structures
govern the infinitesimal symmetries of the higher quantum geometries we have discussed. In [89]
it was observed that the nonassociative phase space deformation (3.27) underlying the closed string
R-flux background can be realized and understood as a 2-term L..-algebra, which is similar to the
characterization [97] of the bracket structure underlying Courant algebroids from Section 4. This
result was extended, and put into a more general and systematic framework by [70], showing in
particular how the M-theory R-flux algebra (6.9) is realized in the same way. It would be interesting
to similarly understand the covariant M2-brane 3-algebra (6.13) in this way, which may also be
the appropriate framework for the higher bracket structures underlying the phase spaces of non-
geometric M-theory in dimensions d > 4 where they are governed by the E; exceptional field
theory [86].

These occurences nicely match the original appearence of L.-algebras in physics as higher
gauge symmetry algebras of closed string field theory in [119], and more recently as the higher
symmetries underlying double field theory [51, 50, 68] and two-dimensional conformal field the-
ory [29]. It was shown by [30] that the symmetries and dynamics of open string nonassociative
gauge theories on curved D-brane worldvolumes are also governed by an underlying L..-algebra.
Extrapolating this feature to non-geometric backgrounds could lead to a similar characterization of
the diffeomorphism symmetries in nonassociative gravity on phase space, and its fate under polar-
ization to spacetime which may clarify the connections with closed string theory and double field
theory discussed above.
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Penybnuka Cpbuja
YHUBEP3WUTET ¥ BEOTPAAY - OUSUYKWN OAKYNTET

PHNSEPFIHTET ¥V GEOTP,

ﬂISH*lKH ;7]('
-.%%amn gén?

Ha ocHoBy unaHa 29 3akoHa 0 onwTem ynpasHoOm NocTynky («CnybeHun rnacHuk PC»
6poj 18/2016 n 95/2018), v unaHa 149 CratyTa YHusep3uTeTta y beorpagy - ®usnukor dakyntera,
no 3axresy JAHWIENA OBPURA, mactep ¢pusunuapa, usgaje ce cnegehe

YBEPEME

ODAHUIEN OBPUR, mactep dmamuap, aaHa 18. centembpa 2023. roguHe, oabpaHno je
OOKTOPCKY AucepTaunjy nos Hasmsom

"T-DUALIZATION OF BOSONIC STRING AND TYPE [IB SUPERSTRING IN PRESENCE OF COORDINATE
DEPENDENT BACKGROUND FIELDS" (T-ayanusaumja 6o3oHcke cTpyHe u Tin |IB cynepcTpyHe y

NPUCTYCTBY KOOPAMHATHO 3aBUCHUX NO334MHCKUX NO/bLA)

npeg Komucunjom YHusepsuteTta y beorpagy - @usnukor pakynreTa u TMMe MCNYHMO CBE YCNOBe 3a
npomoumjy y JOKTOPA HAYKA — DUINYKE HAVYKE.

YBepewe Ce u3fhaje Ha /IMYHKU 3axTeB, a CAYMM paaM peryaucara npasa M3 pagHor
0f1HOCa M BasKK A0 NPOMOoLMje, 0A4HOCHO Aobujarba OKTOPCKE AUNAOME.

YBepetbe je ocnobofieHo nnahama Takce.

AEKAH OUSUYMKOT QAKYITETA

YHuBep3uTeT y beorpady - Gusunuky dakyntet, CTyaeHTck Tpr 12, 11158 beorpag
+ 38111 7158 151, + 381 11 7158 162, www.ff.bg.ac.rs, dekanat@ff.bg.acrs



YHusepsumem y Kpaeyjesyy

nPMPOp.HO-MA EMATH“KH OAKVYNTET
Bpoj: 9/

29. 01. 2024. roguHe
KparyjeBsauy

Ha ocHoBy 3axTeBa YnpasHuKka MHCTUTYTa 3a $u3uKy gou. Ap Bnagumupa Mapkosuha,

u3snaje ce cnepeha

NOTBPAA

Notephyje ce aa je Ap AaHnjen 06puh, uctpaxusay-capagHuk UHCTUTYTa 33 GU3MKY

YHusep3uteta y beorpagy, oapXao Hay4yHO-nonynapHa npegasara Ha UHCTUTYTY 33 PU3UKY
MpupoaHo-maTemaTuuKkor pakyntera y Kparyjesuy, 1 To:

— 22.11.2023. roguHe: ICTP: MNpernep aAewasarba Y MOAEPHO] TeOpUjcKOj dusnum,

— 14.12.2023. roguHe: OnwTa Teopuja penatusHocTi: MoaepHa Teopuja NnpocTop-BpemeHa,

— 14.12.2023. roauHe: KBaHTHa Teopuja nosba: MogepHa Teopuja pyHAaIMEHTaNHUX cuna.

Osa noTBpaa ce wu3gaje pagu perynucawa oprosapajyhux npasa nosoaom

HanpenoBara y BULLE 3Batbe, T Ce Y ApYyre CBPXe He MOXe KOPUCTUTH.

“not0p Mapuje/Canun
N S o -
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KBAHTHA TPABUTALUWUIA -
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4. 3aITO NO/ba Y KPUBOM MPOCTOPY

Ap Mapko BojuHoBuh
17. oktobap 2023.y 18.00
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24. okTobap 2023.y 18.00
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