RecenT APPLICATION S

of THE
Pure Seiwor ForMALISM

Nothan Berkovits
(IFT-Uﬂesf‘ S:o?«v"7



There eve "' $¢¢+o($ OF (O'ca) Su'crs','f;ns ‘f"\tor-,:

Nonv- Sd\w_a_rtt l RCMO-&J
GSO (+) | !'mm, - “bi-wcylidn. -

GsSo (- )J techyonm, ... Maj onti-Wey! "O'mo. -

AN 3 'Formclu'sm is convenient for Aq.tcr;bc:as NS G3O(+) and NS GSO(-) sectors
lehku‘l’ Svpcfc\,mmc"'r\, 05 ma.-ﬁ",d' : ){("‘ s XM*K\PM

Bv'nj NS GSo(+) and R Gsof+) scctr:.

Pu(c, 3';1»\0' €Ormc||.<m ;s eonw.n}cn'!' “Of AQW!
where $0°: €% $x7: (™ ©

S'Q“":nt Suft(synnc‘h'v "$ Mdn;ctq"' : (xm .e‘)

to

‘\)5505 ruu srinor 'cor“‘fgh‘ MUH';'QQP SC"H‘gr;nJ ‘MP‘H’VJQ—% ere ecm.er

is no need te tum over Spin c"'rud'ufc.g.

Ceru"’z since there
s can be covcﬂ'an‘l"y described

o $Ufcr_’r‘va7 bo.gksvounés ;ndvat.n‘s R'R P\
ufln’ 9t 10 Svperspace .
¢ Unlike GS formalism, 1“““*"“{.';" L "r";,“+€""’") ‘



- QoTewe

I Basres _of E‘.'.f-" Szé\or Forma hsm

L.

Su'c.’e.l ‘8¢ ; Howe "“.’ Tonin N1

N® ‘0O

A seke . C handia, Chesterman ,G a3st . How,. KQ.QMO.' Klvson , Losey, Mtcu'MnW“f',
M°““"g”“kkﬁpd‘\7a,, Nekrasov ,OJQ ,Ot. , Po".asf*fo 5 Sd\;cﬂoo..Sme.%n;n n;;nris.
Vallile, Vanhwe von Necwwerhurten , Wyllard, ...

Hisher Dervetve E_" Theorems

When "3 <6, ,eu'cnerjy contr bution B q'po"ﬂ'\' a"“f 30”'-'3'{7'"\3
emplitude stavts ot Ot RY.

Sugeests thet N=§ 9y supgvnv;"'y 1w finite up to 8 losps, but neot bcyonJ.
NB ‘06 ) NB#chratov '06 » Grun,Russo,Vo.nkw; '06

Tﬁpskzt'cal f\_ﬂg_J_J for AdS, ¢ ss ?

Suf‘,",f,'cl‘ o AAS‘-S’ Can be desevibed € too0 limit of "’oln'ey'u‘ A-model.
May be useful for generalizing prask of comifold duality fu Maldacene conje chre
Go'ckumcr-tvca ‘99 ) 0°3wiova€« ‘QZ, N8 ‘07 , NG «Va fe (work in pn,nsss




I. Basics of Pure Sewop Formarism

mz0 te 9

an“skut V‘r;‘“c; : x"“ ok < :
(5’!\0" ro"“"'-mgqgf‘) (e ’ f‘ ) (A ’ w‘\ <z 4. 16

‘Fermo.on s

bosonie ’hos‘fs

Worusl\“"' ac"'c'on . 4 4 L axmsx * 59‘ ¢+ o) 3X‘
wm flat Bcs‘-)nuaé + 3 "‘ : [‘ m" e - 1

X‘ s & d:10 “fuu sfinor" 5&"’;3“\'6«5 x( K:" XF O formio+ 9

* X‘ k“ I '."a'-f"‘a“".'. ("""‘fl"‘) CDW‘Pontn'"S which Paramc"'cr;tc C 5-—-—-—-0(‘0)

v(s)
(w.z\‘) ‘FIQ.US Can l)(. 1\)‘0\"';;{.3 as “CUVVQ.A P:‘ $7s"¢.m ! (N;kr“ov.'O‘)

’ Tl\ca ;3 no chCQrma.‘ anomc|7 finee C2*10-32+22 =0,

Focm.\f’n "s T con‘oram' agvsg " ')u‘" f'“'c are RO “f"‘“’ (b.c) 3"0d3 &

* Lorents current Mon® 3 (1;"_“9\ 3 (u‘t.,,)‘) 3cncrn{'¢s So(io) K‘G-Moo),
a\,q.kro. with same level o RNS Lovent curvent M.....:\Vm\"...



BRST opevater

P'\\'ﬂ.ca( open s‘l'm'n’ states ave defined as s fates o | 3'\03"'-»0»\'5;1 "
cok0m0\037 of BRST opu-q"'or Q - sJ! Xt A‘ where

d,: P (\me)‘ AKX, +3 (O170) (v.0), s the Dicac constraint in GBS formehim

J‘ h«s 8 F;rg‘l'-clgss ang 8 SeConA-dQSS Cons"'fcivd's.

Nevertheless ) Q s h;lpo"'e.n‘l" Since
Q= 3 XA* €, 355 MMV (9x,+©%.39) 0
usin3 the puse Spinor constraint A¥™A =2 O,

Csn derive BRST orwa.‘l’w- Q b" 3‘030.'c!;f;0‘\5 GS FOVMC‘I.SM,
but ée.fl.vfl'aan s MQ”Y. (NB "MQVG'\;ng ‘oy " A:s;h*kou..‘ ‘07)



Massless opem superstring verten spevator:

Ghutemvmberz ¢l ® VzA'A (x,0) for seme A (s,0)

QVz0 and VEQUL # A,(x,0) = (¥76),a, ) + (67, ©) (¥ X)), + ...
where a_ () and X“(x) describe on-shell glven and gluine
and ... onl7 nvolves derwativec of a,(x) and 'X"(x).

Se massless akemd.’? desevibes [mearized Nel d:t0 SVrcr-‘fqus.M.'”s.

Mﬂ%'csf c,'oué s’u'en*f;ns vc.r"cx orcrc‘l’tf:
V ¢ X' X' A"(".ao-é)
where ('\(,e*) a’e ‘c‘f'mow'n‘, ang (:\-.‘, é‘) are f'.jk"""‘ﬂ”.".) .
QV:Q@Vio » A, x88) = (=€) (x"8) (5, (Ieb_ (ag QW) ...

Massless closed Sff;ﬂj m‘\-mok‘v deseribes linearized N32 3:l0 surf_.:’mu;f,.



T. eom'u{'c 3;&'”'0.';'\3 amfl'.t.éu, 0‘30 vn:a fn"’c,rc";:w;lcv"en Orerg";ofs

SA‘ W) whiek sd‘-\&, QU s V.

que,«c"’cé 0pcn 80p¢rs+h;\3 mgss'«: vhv*'cp orwf“or '.

fleU = Jor [ A (0)37™ + W0) d, + F. (,6) wi™) ]

LW (x"“e") | AM: (A,,,AM) ave sYM  qavpe superbields

W F are sYM Sili-strengths where W)z X 61 (V78) 3 a (...
Tnteyrated closed superrtring massless verten opereter:

el = ot [ (G 608148 (od) Y57 « W'(88)dd, +... ]
V" (REET) W) - \c‘T"‘(*) *(Y‘”‘e)'(r'@)’R:,"(,h...

R-R §iald Q"un"“ Riconann tensor



Tests of Poce Spiner Formalitm:

e BRST cohomo'037 rsfreéuus GSO (+) surcrc"'ﬂ;':, src.d'rum.

® Treo.‘lzve' ,one-looy oo "'wOo luop GM"H'VJC—‘ apree l-H'H\ RNS C‘”‘f°+‘+;°‘\$.

Two',oof eownru“'.‘h;sn\ ave much sfmp'c.v than in NS end can include
externel ce,rm;on; . (M.C(..‘Os)

e BKST ;nvqr;qvue_ fv\ curvcé supgv.’mv;"" L‘e%mu—sé D'MP,oi.s {ou'uu"y
Su"rsr‘u e’vtﬁon: .G‘ m-‘h.en 'Fov L“'t:veuna SUPGPGLUS.

o AJ$‘¢3‘ SOSMA moéaj way s‘\oun +o 61. conu;"od' +g qu wém ;n. -t.
with nlimite set of non-locel conserved currests, Recent explo&i‘l‘

."C"'OP “M,u‘f‘q"‘o‘ous u.-.C'..‘m 7000\"9.-\ o.n{‘cjmé;,oﬁ.
(Mikhailov + Schafer-Nawmeki | 0% )



I Hicuer- Deavanive 8_" THeorEMS

Consider massless -pant o 'oof closed svrcn‘hrmJ aur’-"w\c_*

a,: fate ¢ (1) (1) nl" >

< > is 3¢nv:-3 “VV&L'HO\ fv..d.'m,
b) & compesite sperator sahizfing fQ,b@3 = T(e),

7’( ;3 szsr-vnvartdn‘\" fe,u'a“'or 'For ln“'eJrc'l"A_y over (r\ ,wﬂ eCVe mths.

” o= " ,
SJ"A ( j.‘a w) J\'\hfscs bcc.ugg o‘ non-um'q.d‘ Bogg.ﬁg e€re mtégs'
Sa&e (““?? 3;\“3 LT K all F..m:o...'c. teve modes ave not P(cﬂ.u“',

N camcels 90's againgt O's in & BRIT-inveyiast mannev.

Since V(= 1* {Q .ﬂ.{ fov some -ﬂ. a = Macfu&en"' of

CJ\O!C( anA ,oc.a 10n, Oc 74 5”"‘"4? *0 P!d’dlg G“MJOO\J Off.m"'ors
n RNS ror ln"csr“"coa over (p;‘) eere moég’ :



For Qy fo be nomvamishing | infegrand must contain
l‘ 6" 2ero MDAQS and '63 d‘ 2€reo moJcs w“\\.r-'\. can

come 'From e;ﬂ\er (jb)%"!) 7’( : or (JJ':, u,)“.

: . : b
W‘\en 3{,‘ ’ Simrk coun','o‘o\j arsumu\‘\' 'MP‘“S 'n\a"' (JJivu')
mv:"’ con"'r;bu"'g o'(’ kas"' (‘l+23) e* anJ "'{ &‘ 2evro moécs.

w"\en 37Q‘ Yesula(.ltd‘h.br\ YYc.scr;P‘h'e*\ [T moé"c-i.é end (IJ'Q',U,)"
M0$f Ccn"’(.nLu"'g, " e" ond l‘{ d‘ tevre Moats,

Simee U, 5.0 d‘; “I:’(X.Q.a) ey 'ou)-emr’7 contribotion
tarts ot -~ 49 r d 42 <\ 2q U
STarTs O3 (,3_6) (;_5) (WP) = a R 50

wheve W‘?(O,a) B f" * (96 R)"“‘ (93é BR)‘P"’ W



So when ¢ q¢<6, |w-ener57 contribution o 3"00? amplitude
starts of 2IR™.

Bu'l' uken 326 ) 'ow'tner37 c.on"'v;Lu'hén (mn'n‘.'\ $+er"'¢ ﬁ+ a‘zR:'

Aflter dimensional reduction to dsy , this vesvlt su”u“'s that

Nz8 d:Y Surcrsraw'“", s fomite vp te 8 |ee?s , bot not 50.70:\3,

n Ry aneo \0‘
80'00f “.I.ﬂ‘l"gng_ss can L‘ e”P“"‘Lé -.C — (Gf“ .R “..VC ‘! V" )

assvmes that WP 1y the So.usc-an¢n'¢mT s’upc.rc‘éu of lowest J'."“"‘""”\,
Se SJ“G dwé (N)‘ ~ " R“ s the Deoterm of lowest dimension whiek

COuU o.c."' ®S @ ¢ouv\+¢r‘|’¢.rw\,
Asmm'h‘on s naturel if one stacts in 4210 and fu‘o;us that
N:2 4:10 SUPQV“.},Us are “'e‘(f'l"!s‘\"'”‘rﬂévcj of Nzl 4210 3"?"‘.&")5.

Bu“' v\u.J "'o bc,'ﬂ'er UAJc.fsfanJ “off.-slu.“h N:g a=“l sur¢n7Mm¢.+r7
\n ovOer to Ver;c\, ‘“\l's assumr'h'o.\ .



m. TorotosicAt A-mobeL Folk AJS‘-S‘ 4

Puve spiner €ormalicm for N2 9210 ‘“f“'?"*'.d‘ has o: 9,‘-&9:
32 besons (x'“.xt.-i‘) end 32 fermiong (9"§‘). é': e;’-ie:
8251' opud’oy Q*a :A‘A‘*:\"é‘ "'fehsporms 39‘31\‘)S§‘= X".

g

Daes “gr....l.‘,,.. have Twisted worldline Surus"mme‘b ¢
(e 9. Seveleia ;Tkul-u,Vo":w, ?kdhl:k:.\ ‘ed )

In £lat bo.eltsrow\é, b 3‘\«“‘ Sa‘hi‘,vks {Q’Li =H s cow\rlicd'u),

However, for superpacticle in AdS e ST beckground , worldline surmynm'l‘f;
ond b ghest con be nd’um"s’ constructed by c.omku'm'nj

(" ’ ) : V) imte 32 unconstramed twistor-like variables ( 2" : i")
such that §0%: 2 (8% 2" under tuited worldline susy .



To ccns'l'foc"’ (% 2 ) Paranc.‘rerng AJS‘IS 0,,,\3 ‘“P"r“"j-

<] te lb
DG ke W83 - GE)HARG) 1
- s
G(08)e BSUBAN (e T Su2) s :-T(,e')e‘s:g':,s‘

SU(2,2)aSU(Y) so(v, |)

U30n3 SO(Y,2) and So(¢) ¢- md’nug con express H(x®) ond Hl) )

ot YeY bosenie metrices H% (x) ond H:(')\ where
Azl 4. Y i SUCR2) inden an T:l4a Y is SUM) thrdex,

Us'"’ Hhis SV(?, )« SULY) netation,
e » 9, (1“""9) -

,.
A
Xc % )\A: (.‘ou)nl\) > :



T comteset (25 ,2%) oot of (x4, 0 30,

use HGe AR gy ﬁ(}\( SULD)  cosets o convert
Salu,\) So(f)
-3 "
constramed SolY) = So(s) pure ’P;““’ (AA:I' ; XA) into

unconstrained SUIL2,2)« SULY) ’r;"“’ (ZA, '-z-::) bu, Jce;u'nj
% i 57 - 8 7~ s TK
Z2Y s RV A A | 27 =l (A7) Ny
Since (H(g)'ﬁ()), X )-)l:) ég;cr;tc 32 l'thPu\aud' cho.aL'l.s .
ZA:, and -2-: ove smcr;cdny Untoufh'd;nea.

Like twistor Vavq.aut.;. 2‘, and ii transborm limnearly under SU(2,2)

conformal ‘fVAMc-‘S
Can sim‘.lul‘, constroct cuj»y‘h variables (Y: ’ ?:) as
Y: : H‘,(ﬂ ﬁ:(ﬁ C)z ) '\7: : (H"M): (ﬁ"()\)i wk

w‘; w: P ('Q".““ )‘3 a): are CONJUSQ+Q. MOMM"'V‘“ A A‘ ong ("M““A ).¢ .



T tevms of svpercoset G (6,8) ¢ V(224D _ Psuly,aiv)
U(22)»U(4) Sulza)esolyd)
and +wl$'|’0vc'!k€. VCYOQL'G-S (EA, 'ii) and (Y:» ‘v: )’ one cﬁdg 'H\.,+

Q:X'd, amd QX' d, are mapped ints
Q:2h (6"2G), o Q=25 (6"E6);.

Con eanly difine b and b satisbying f@,b3: 8,57 H o
b: Y2 (6"2G), aa b:Y) (6"%G), .

Wor“l,'“‘ sufzvs\’hmt+(7 can 50_ M:Je_ mdn\.ces'l' L, c.ombl.nfv:’
(0% 2% Y2) ws (81 ,20,Y)) into chival and antihica) superhiel
B k) = €360 sk EL@ K YA (@) + ke’ FA@)

a\lx“l.nfy 'Pt.tus
' F:(t'l

@1(1' &) @) e K Z7le) « &' V) o kK

<% : Ttk 2u'R



| Toto,;’oe.l A -m.JJ

Pvfe 3P;ﬂ°f version o(‘ N: 2 sSuper Parﬁclg ac"'c'on on AJS," S cn
bf. NVO.‘H'G'\ l.h +Q.VM$ oc ®:_ Qh‘ @i as

R* Jor Jo% Tr [log (1+@®@)]. R¥ASS: rasiv

Worldline aetion 1s t=200 limit of the foyo't,oéd A-model
S: ¢ ’J‘i IJ.K Tr £(°3 (le 06)] where @(!ﬁ.n‘x') is worldsheet surcr(\iUJ

which. can also be c.npnsseJ as a ,MﬂcJ linear sc:sma mode)

S = fate (o T[3ed c®e’® + tV] (M. Rotek , privete comm.)

which 13 based o +the ‘Fevmfonic. coset U(Sllﬂ)
9]¢ t)-utﬂ)

is U(Y) Jevse s»r«.rcuu a0 (I i’) are superfields which can be g av3¢ -Cixed
te I, i : S

Relation of S ta sufusfruhj action on A3$‘l s uncleay

bc&n\)sQ o“ Wtst‘ZUmu'no +erm 50\ surc.rsfh.n.’ act'ch.



S ruul-&.&.: Gau’d hnear $|:3mo. moJ;l may be useful for ano'n3

Ma\a&ttna conjc.d'urg USI;\S mcH\aAs o'( Gorakumor'OO,U"l'VQ(g
for P"v;".s open-closed éuah."", in conifeld Transition ,
Near t:0 " both H‘.”i and Coulemb r‘\tus can coexist 3au’¢3 St:,mo. model .
H’o
Jqs . . .
f'\ﬂg :;:'::b C'oué G"’rm’ tmp'u"‘u‘c.s can be YCIn"'cf.or;"'gA

-3 3&\»’; ﬂuw’ Fu,nmcm eh't;rtns wl\tvc. “’\Oltsn

n Codomk

Phase become "faces” in diagram

Coni€eld /Cheva-Simons Joa“‘h': Coulomb phase deseribes D-branes with
Bwnéan, condition X‘.z S"“ fh which it Witten's open f‘orolna;ul A-mode |
'Fsr Chern- So'mu\s ® S‘.

Ad S"s'/ lﬂf«-‘,q.,-ﬂ.'"s Jua'ﬁyt Coulomb phate describes D-branes with
ﬁwnéar’ condition ®" = G“ ‘u:@: which s c.ohjec.','bfed to be an
open fopo'oy.eq( A-model fur NV d3Y wrcw‘hnyﬂms T AJS.' .

O'Q.n *"o"’:‘" A‘MOJ&' ;8 CO'\S"'(\JG"’GJ ‘FVOM ‘ccrvm.»\‘& c.ou'l‘ 93!_(___..."")- .
S'(Q)OSO“')



Summary

pun ‘Pu"'“ 'Formah‘s»\ s uu(‘ul ‘COr umruﬁ;\’ MQ),‘H'OQP surud‘mk)
aurl;'l'uée.s and 3+UJ\I;0\J supgf;f(,',\s " AJS’J-S‘ bagkjyggna.

When 1€3€6 , low-energy contribotion to -point g-loep
svperstring amplitude starts at %I R,

Su”es'h thet N:=8 dsY sup;r>r¢vi'l'7 it Eimite vp t 9 'oops) bot
net beyonJ g 'oops.

Suvefrar‘h.c.(c on Adsrl S’ L‘Gk’?ﬂ“hd can LC JQ—$C|’;LLJ as t =00

lu'wl\f o‘c fore'os\‘ctl ﬂ’me‘m\ hseé 1 &rm;onfc. COS¢.+ ‘Uig:‘f)%%?q).

Ma\, be useful for 3tm.nla'zin, anqlwmor Ooguri-Vata Pr-of of

o,n.n-c.lugJ conifeld me’y te Maldacena Conjcd‘we..

But many crucial pomts are not yet understood,



