
Massive  Ne utron Stars in Te rzan 5
Two of th e  pulsars, Te r5I and J, are  in com pact orbits around w h at are  alm ost ce rtainly 
w h ite  dwarfs (W Ds).  Unlik e  m ost MSP-W D binarie s w h ich  h ave  circular orbits from  th e  
"re cycling" proce ss, th e se  syste m s h ave  h igh ly e cce ntric orbits and w e re  th e re fore  
form e d in a diffe re nt m anne r.  A lik e ly form ation m e ch anism  involve s th e  dire ct collision 
be tw e e n an isolate d ne utron star (NS) and a re d giant [14].  Afte r a sh ort pe riod of 
possibly h ype rcritical accre tion and th e  e je ction of m ost of th e  e nve lope , th e  re sulting 
syste m  would include  a m ildly re cycle d pulsar, a 0.2-0.4 M⊙ "W D" com panion, and an 
e cce ntric orbit - e xactly w h at w e  obse rve  in th e se  two syste m s.

W e  h ave  m e asure d h igh ly significant pe riastron advance  from  both  syste m s w h ich  is 
lik e ly due  to ge ne ral re lativistic e ffe cts and not to tide s or W D rotation [15,16].  If 
corre ct, GR provide s th e  total 
syste m  m asse s (le ft), w h ich  
com bine d w ith  th e  m ass 
function and a random  orbital 
inclination (i) distribution allow  
us to calculate  m arginal 
probability distributions for th e  
pulsar and com panion m asse s. 
For both  syste m s, th e  m e dian 
pulsar m ass is > 1.7 M⊙, 
conside rably m ore  m assive  
th an th e  NSs th at h ave  be e n 
w e ll m e asure d to date . 
Calculation of th e  joint 
probability th at at le ast one  
pulsar h as a m ass > Mpsr le ads 
to m ore  stringe nt lim its (righ t).

H ittin' th e  Millis e cond Pulsar Jack pot in
Globular Cluste r Te rzan 5

Sum m ary

W e  re port th e  discove ry of 21 m illis e cond pulsars (MSPs) in th e  rich  globular cluste r Te rzan 5 us ing th e  Gre e n Bank  Te le scope  at 2 GH z.
Th is  cluste r, locate d ne ar th e  galactic ce nte r, h as  long be e n suspe cte d of h arboring m any MSPs due  both  to its  large  pre dicte d ste llar 
inte raction rate  [1] and th e  ste e p-spe ctrum  radio e m is s ion obs e rve d in its  core  [2]. H ow e ve r, e arlie r but e xte ns ive  pulsar s e arch e s  us ing 
th e  Park e s  radio-te le scope  h ad only uncove re d 3 pulsars [3,4,5], due  partly to th e  de le te rious e ffe cts of th e  ISM tow ards th e  cluste r. 

O ur 6-h r obs e rvation of Te rzan 5 in July 2004 tak e n w ith  th e  GBT, th e  S-band re ce ive r and th e  Pulsar Spigot [6] (giving us 600 MH z of 
usable  bandw idth ) w as 5-10 tim e s  m ore  s e ns itive  to MSPs th an th e  Park e s  s e arch e s , and re sulte d in 14 ne w  MSPs, w h ile  follow -up 
obs e rvations provide d 7 oth e rs . Te rzan 5 now  h as  m ore  k now n pulsars (24) th an any oth e r globular cluste r in th e  Galaxy, confirm ing 
th at it is  (or w as) one  of th e  large st produce rs  of MSPs [7,8].

At le ast 13 of th e  ne w  pulsars are  m e m be rs  of binary syste m s . Th e re  are  tw o or m ore  e clips ing syste m s (one  of w h ich , Te r5P, lik e ly h as  
a pe culiar e volve d com panion), th e  3rd and 4th  faste st k now n rotators (at Ppsr = 1.67 and 1.73 m s th e y are  th e  faste st MSPs k now n in 
globular cluste rs), a rare  long orbital pe riod (Porb~ 60 days) cluste r binary, and tw o h igh ly e cce ntric binarie s . Th e  re lativistic pe riastron 
advance  for th e  tw o e cce ntric syste m s indicate s  th at th e y both  lik e ly h ave  m ass ive  pulsars .  More  q uantitative ly, at le ast one  of th e s e  
pulsars h as  a m ass  > 1.68 M⊙ at 9 5%  confide nce . Such  large  ne utron star m ass e s  constrain th e  e q uation of state  of m atte r at or be yond 
th e  nucle ar e q uilibrium  de ns ity [9 ].

O bs e rvations of th e  cluste r ove r th e  ne xt ye ar or tw o w ill provide  a pre cis e  m ass  for one  of th e  s e e m ingly m ass ive  MSPs, w ill probe  th e  
m ass -to-ligh t ratio of th e  cluste r core  (and provide  e vide nce  for or against a black  h ole  re s iding th e re ), and th e  m ass  distribution of th e  
cluste r as proje cte d on th e  s k y, w ill e stablis h  pre cis e  pos itions (<1") of th e  pulsars for future  IR and X-ray obs e rvations , and w ill 
undoubte dly uncove r additional MSPs.
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Te r5's  Pulsar Population

Dispe rsion Me asure  (DM) Distribution
A h istogram  of th e  DMs for th e  24 k nown pulsars in Te rzan 5.  Th e  
le tte rs indicate  pulsars w ith  "outlying'' DMs, of w h ich  only Te r5A 
curre ntly h as a pre cise ly de te rm ine d position (36" away from  th e  
cluste r ce nte r).  Th e  pulsars w ith  "ce ntral" DMs are  alm ost 
ce rtainly locate d ve ry ne ar th e  cluste r core  on th e  s k y.  Th e  
total spre ad in DM is  th e  large st k now n for any globular cluste r.
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Th e  19 50 MH z GBT+ Spigot pulse  profile s for th e  pulsars k nown in Te rzan 5.  All but Te r5A, C, and D [3,4,5] (in th e  
orange  re ctangle ) are  ne wly discove re d. Each  profile  is th e  w e igh te d ave rage  of th e  be st de te ctions of th at pulsar 
and is a m e asure  of th e  relative  flux de nsity as a function of rotational ph ase .  Aste risk s indicate  th at th e  pulsar is 
in a binary syste m , and th e  le ngth  of th e  h orizontal e rror bar (0.3 m s) is th e  e ffe ctive  syste m  tim e  re solution.

Te rzan5's  Pulsars

Te rzan 5
Te rzan 5 is one  of th e  rich e st globular cluste rs in th e  Galaxy.  It h as ne ar solar m e tallicity 
[10] and lie s w ith in ~1 k pc of th e  Galactic ce nte r [D=8.7± 2 k pc and (l,b)=(3.8°, 1.7°)] 
[11], w h ich  contribute s to its h igh  obscuration (Av~7.7, above ) and dispe rsion m e asure  
(DM~240 pc cm -3).  Its large  m ass and ve ry h igh  core  de nsity (105-106 L⊙ pc-3) h ave  
le d to pre dictions th at th e  ste llar inte raction rate  in its core  is one  of th e  large st of all 
Milk y W ay globular cluste rs [1] and th e re fore , pe rh aps, also its population of MSPs [7,8]. 
A k nown LMXB and ~10 additional X-ray source s support th e  ide a of a h igh  inte raction 
rate  [12].  De e p radio im age s of Te rzan 5, w h ich  are  not affe cte d by th e  dispe rsive  
e ffe cts of th e  ISM, w e re  m ade  w ith  th e  Ve ry Large  Array and sh ow e d w h at appe are d to 
be  se ve ral radio point source s as w e ll as th e  inte grate d e m ission from  m any te ns or 
e ve n h undre ds of pulsars w ith  low  flux de nsitie s (be low ) [2].

Spin Pe riod Distribution
A h istogram  of th e  spin pe riods of th e  24 pulsars k nown in Te rzan 5 
(solid gre y) and th e  22 pulsars k nown in 47 Tucanae  (h ash e d).  Th e  47 
Tuc pulsars are  a h om oge ne ous population w ith  pe riods 2.1-7.6 m s 
[13], w h ile  th ose  in Te rzan 5 h ave  a flatte r distribution th at include s six 
pulsars slow e r th an 7.6 m s and th e  four faste st pulsars k nown in GCs 
(Ppsr = 1.67, 1.73, 2.05, and 2.07 m s).  A Kolm ogorov-Sm irnov te st 
sugge sts th at th e se  sam ple s are  drawn from  diffe re nt pare nt 
distributions at 85% confide nce . Th e se  diffe re nce s m ay be  re late d to 
th e  dynam ical state s of th e  cluste r core s (i.e . just pre - or just post-core  
collapse  for Te rzan 5 [11]), diffe re nt e poch s of MSP cre ation, or th e  
occurre nce  of unusual e volutionary m e ch anism s th at only m anife st 
th e m se lve s at ve ry h igh  (i.e . > 105 pc-3) ste llar de nsitie s.
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