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Overview of talk

* Introduction to bright vs. dim X-ray binaries
in Globular Clusters (MSP origins...)

» Chandra views of 47 Tuc & NGC6397:
the compact binary population revealed

* Quick comparison with Terzan 5

* MSPs in 47Tuc & NGC6397: re-recycled?

* MSPs & NS binaries in GCs: origin of short GRBs?
* Why the fastest MSPs may not pulse: By vs. Mys?

» Conclusions and future questions/opportunities



Luminous (Lx >103°) X-ray binaries in GCs

13 LMXBs in 12 globular clusters: a// bursters (NSs), no BH's

..the future MSPs:

Cluster |LogLx [P_binary LogRho ¢ |[Fe/H] R _galctr [Z disk
(erg/s) (Msun/pc”3) (kpc) (kpc)
N1851 36.2|~82min? 5.3 -1.2 16.7 -6.9
N6440 32.5-37 5.3 -0.3 1.3 0.6
N6441 36.5|5.5hours 5.2 -0.5 3.5 -1
N6652 32.5-36 [42min(??) 4.5 -1 2.4 -1.9
N6624 37-37.5 [11min+~1d* 5.3 -0.4 1.2 -1.1
N6712 36(21min 3.1 -1 3.5 -0.5
N7078 36.5, 36 (17.2d 54 2.2 10.4 4.7
Terl 32-36 3.5 -0.3 1.8 0.1
Ter2 36 4.7 -0.4 0.9 0.3
Ter5 32-37 5.5 -0.3 0.7 0.2
Ter6 32-36 54 -0.5 1.6 -0.4
Lillerl 32-36 5.4 0.2 2.6 0
*probable triple with ~1d outer binary period

Primary. correlation with [IFe/H], not p,or Rz, or Z,.. 2
(5irongly: supporfed Dy external GC sysitems)




Luminous vs. quiescent LMXBs ...or CVs?

"Dim" sources discovered (1983) with Einstein survey &
suggested to be primarily CVs but also gLMXBs (e.g. Lx
~1037 transient in N6440) (Hertz and Grindlay 1983)

Chandra can resolve both populations in single GCs:

Terzan 5. LMXB in outburst
(L, ~103¢erg/s) with 9 faint
sources at L, ~1032-33 erg/s.
(Heinke et al 2003, ApJ, 590, 809).

Deeper’ followup obs; (see
below, Heinke et al 2006)

M15:. 2 Luminous LMXBs plus
2-3 CVs & gLMXB(?) in core
(Hannikainen et al 2005)




Chandra Studies of Globular Clusters

Incomplete list of Chandra GC observations include:

* 2 luminous LMXBs in M15 (Angelini and White 2000)

* >2 gLMXBs (ejected?) in NGC 6652 (Heinke et al 2001);
MSPs ejected from core in NGC 6752 (Colpi et al 2003)

* Multiple MSPs, progenitor gLMXBs, & CVs in 47 Tuc and NGC6397
(6rindlay et al 2001a,b, 2002, 2006; Grindlay 2006) and X-ray CMDs

* Sources vs. collision rates in GCs (Pooley et al & Heinke et al 2003)

* GCs in ext. galaxies: LFs, [Fe/H], ULXs(?) (Sarazin et al, Kundu et al,
Maccarone et al 2003, 2004, 2005)

- Deep survey of 47 Tuc (Heinke et al 2005), MSPs in depth (Bogdanov
et al 2006); gLMXBs vs. NS-EOS (Heinke et al 2006); and more...




First deep look a Globular with Chandra:
47Tuc, March 16-17, 2000
(Chandr'a ACIS-I, 70ksec)

Gr'ound,. based op"ncal
(*s'rars) :

0.5-1.2 keV

2.0-6.0keV




Chandra GC Binary Roadmap in Color Mag Diagram

CVs: blueward of main

47Tuc/ HST% sequence (m-s); Ho

Blue ____
stragglers

T

ABs = active binaries:
within binary m-s;
weak Ho emission

MSPs. have WD or m-s
companions, like CVs;
confused with ABs

qLMXBs: between
CVs and m-s

0

F300W—F555W

BSs = blue stragglers:
NOT detected?



How to make a Compact Binary (e.g., MSP) in a GC

Start with primordial binary mix (~20% of GC stars)

"Darwinian” dynamical evolution: only the tightly bound survive [with
V2 (GM_,../R.,..)°°]; others disrupted in binary-star encounters

NSs (or WDs) exchange with mainseq (MS) star in binary to form low
mass X-ray binary (LMXB) or cataclysmic variable (CV)

NS partly spunup by Roche-lobe (RL) overflow accretion from MS *

MS secondary evolves to RG; higher Mdot from RG-RL completes
spinup leaving HeWD secondary detached after common envelope

Spunup MSP "free" to be detected as radio MSP and thermal (hot PC)
X-ray source, possibly with non-thermal comp. (3 mechanisms...)

MSP may itself exchange into another MS-MS or MS-NS binary...!



477Tuc: initial Chandra data results

« BY Dra stars (active m-s
binaries = ABs) detected in

large numbers: 29 HST IDs.
L, ~1-10x 10%, kT-<IkeV/
(wsually), Ppary~05-2d

——————————

e Limit on central BH from

Bondi accretion & n ~0.1cm-3

from variable DM of MSPs
Mz 470 M, DU deperideris o
uncerianiaaveciion?) é ccqmr

INEWEESULT fronl INEW e
MBI < 150, since briglii

INEIgHDor source Iaeiiiiied as gLmXe




MSPs in 47 Tuc: the /nitia/ Chandra view

* 9 of the 16 MSPs with precise radio timing

positions detected firmly, 5 marginally (2
un-resolved)

» All but 1 (MSP-J) very soft. kT~0.2keV
emission from polar caps. L, ~1-4 x 1030
and new fit to L, - Edot: Lx ~ Edot0>

» Significant underlying "red" Chandra
source pop. and incompleteness:
~35-90' MSPs, foital?



vs. Deep Exposure on 47 Tuc

4 x 65 ksec exposures with ACIS-S (better
soft response) with ~1, 5, 10d separations
(Sept. 30 - Oct. 10, 2002). Initial analysis and.
Catalog by Heinke et al 2005

and
HST-ACS imaginig (V, R, Hoy)) for 3 (of
chanaras 4) visirs.ai: 3 orbifs.each (Hew,

LDs 1. progress; by var. den Berg ei al-: 2006)

SCI0)/ 1rougn. CHanara Iniages:,.





















23” optical core
radius
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Zoom ih on 47 Tuc core...

Cluster core,

Radius (23@

Improved limit on central black hole: < 150 Msun (Grmdlay 2005 AIPCP, 797, 13)



X-ray Lx-Color Magnitude Diagram
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Classify sources (with
Parkes or HST IDs):

Active binaries = ms-
ms, P<2d

Cataclysmic vbls =
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Millisecond pulsars



47 Tuc X-ray CMD with Models
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X-ray Luminosity Distributions vs. IDs

H qLMXEs=s
22 OVs (+87) |
=203 ABs [ +87) —
- : 15 MSPs (+117H
AInlknowns LI.. ~30 ACH .
| (+candidetes)y

- W 300 Total

|
MSPSL ‘AJ:‘; OV

-I_ | I|I|||I| | | I|IIIII | |II||I|.| | I||II|II

10¥ 10 109 1O 10"
Rough 1x (0.5—4.5 keV), ergsss

Survey limit:
Lx > 3 x 10%° erg/s

Unknown LDs?
Steeper XLF
suggests MSPs, ABs

DU

flatter XLF for CVs
partly due to limits
on HST-WFPC2 and
Fx/Fv constraints;
new ACS data & Ha

will improve




Initial results from deep 47 Tuc Chandra data

* At least 225 sources detected significantly by
WAVDETECT in ~same 2.5 x 2.5 arcmin central
box (vs. 108 for ACLIS-I)

» 301 sources. (Lx >~3 x 10 2° erg/s) inside half-mass.
raadius (2.8arcmin) vs. 146 in ACLIS-I aata

> New flaring (Some ABs, but also CVs) and
steady (MSPs, gLMXBs, & CV5?) sources; detected.

Al resolved MSPs (17719) defected, specira
on summead MSP images: BE/INSA fits & faiii Pl
CONIPOIENTS Hieasured.

2SS T-ACS daia muchiiigrer resoluiion: new, LDs
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ACIS-S MSP data (Bogdanov et al 2006a ApT
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47Tuc MSPs color-color diagram vs. models
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47 Tuc MSP X-ray spectra: thermal vs. PL

Best fit Radius Fy (0.3-8.0 keV) Lx
model (km) (X105 erg cm-2s1) [ (X103 erg s1)

NSA 0.57 3 0.73 2.00
NSA 0.61 : 8 1.54 4.24
NSA 1.75 6 2.28 7.37
NSA 1.03 4.09 10.49
NSA 0.84 2.78 7.71
NSA 0.94 1.39 3.78
NSA+PL 1.43 : : 4.69 13.5
NSA 0.78 3.70 13.8
NSA 0.53 4 1.08 2.97
NSA 0.61 5 1.09 3.00
NSA+PL 1.48 : 4.55 13.3
NSA 0.51 1.10 3.06
NSA 0.60 7 3.19 8.93
NSA 0-24 2 0.67 1.86
NSA 0.28 1.40 3.96
NSA+PL 0-21 11.3 33.9
NSA 0.47 1.10 3.08

H
J
L
M
N
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Q
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Y




MSP Variability: 47Tuc-W shows Aard eclipse

* No long term variability (days, weeks, years),
except for 47 Tuc O (due to adjacent CV?);

* 47 Tuc J, -O are eclipsed at (some)
radio frequencies (Camilo et al. 2000;
Freire et al. 2003)) buf not in X-rays

* 47 Tuc-W partially eclipsed in hard X-rays
bui not: thermal emission from NS, Shocked
gas| from MSP wihd on L1 stiream and gLMXB

J1809-569! (Bogdanoy, Grindlay and
vaniden Berg 2005)

** similar fio iard X=ray: emission from MSP-6397A
iININGC 6397 (Grindlay et al 20015, 2006)



47Tuc-W: Total cts. & Energy vs. binary phase
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(Bogdanov, Grindlay and van den Berg 2005, ApJ, 630, 1029)




HST- ACS photometry: MSP-W heating its companion star

7ed flux

MNarrmnaliz

FEaaw
A=1.Bo+0, 34

Fhotometric phase Fhotometric pha

Fig 4. — HST/HRL light curves of the apical ceuntarpart of 47 Toe W oin different; flters folded at
the photemetric period. The fuxinin uniteaf 10 ™ age Tem 34 7. Thedats from obeaving
programn W14, NI2E and 9443 are plothed in hlade, hlus, and red. eepackimely. For each Glter
the aalid line in the Ains curee with the bet-fit smplitode and asecega fux leml, wdith pariod and
phaging af in Edmonds ef al. [(#)]. Tha dothed lines reprasent 27 aror mangine while the dashed
lines give the asrage dux levels. The HST filtar and A, tha amplitude of wriakion (1), are
giwm in the upper lafh wrnar of aach panel Note the trand of decreaming amplitode with ineeedmdng
wasnlangth. Twan arbital ayeles are shommn for darity.




X-ray/optical (ACS) spectrum of MSP W

F
’k
o
T
E
L
T
n
o
&
(i
S
>
=
[

100 1000 1g*
Wavelength (&)

—

Fig. 4— Tha beoadband spactrum of 47Tue W showing the X-ray (eircles) and ophtieal data af
magmum (ewquames] aod mirmuom (diaccsoeds ], Alsao showe in the et 8 model foc the Glald
amimicm (black lina). aa wall #8 for the individual amisgnn empeoneants: tharmal amission from the
MEP (grem lina|, blackbordy amireinn from the seendary shar ab apfionl maxdmum and minimum
(nrenge And red lina repectively], and son-thamal amirmion from the intrabinary shocde (hloa
linn]. Thadanbed bluelinen delineass the hounds of the Ly useartainty in the beet it oon-theemanl
(pemer-lasr] meodel.




47Tuc-W: Cartoon (to scale) of shocked gas at L1




47 Tuc-W ~same as accreting MSP J1808.4-3658!
(cf. Campana et al 2004 for XTEJ1808)

» Virtually identical X-ray/optical spectra: MSP wind (not X-
rays) heats companion & provides

hard synchrotron spectrum from shock

- "Symmetry” of MSPs and qLMXBs: shocked
gas from MSP wind gives PL in (some) gLMXBs

* Hard PL X-ray spectrum, Lx and Fx/Fopt for MSP W
resembles CVs -- contamination of both populations in GCs?

*  Main sequence companion of "W" shows it has re-exchanged
/ts binary partner (like MSP in NGC 6397). Degenerate
dwarf secondary for XTEJ1808 is as expected for original
partner. Possibly ~8% of MSPs in 47 Tuc have acquired new
secondaries (Freire 2005)



47 Tuc (King model) vs. NGC6397 (core collapsed)

NGC 6397

distance (kpc) ~2.5

mass (M) ~ 2 % 10° ~ 108
core radius (jpc) ~ 0.06 ~0.5
central density. ~ 2 % 102 ~10°

(Mgn/PC®)

central velocity ~ 5 ~ 12
dispersion (kmys)

relative collision rate 1 ~ 30

(= p02 rC3/G )



NGC 6397 followup Chandra and HST Study

2 x 28 ksec exposures with ACIS-S with 2d
separation (May 13, 15, 2002) & HST processing:

* 12 CVs (4 new, 1 removed as background AGN!)
»+ 12 ABs (10 new IDs with HST or LCO variables)

* 1 MSP and 1 gLMXB (still; unchanged), but
evidence for 2" MSP (U18) strengthened...

« ~15 unID for total of ~32 cluster sources

Combine with orig. (Grindlay et al 2001b) ACIS-I



NGC 6397 core: combined ACIS-I+S
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ectrum of MSP-6397A: PW shock at L1
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Similar to 47Tuc-W: X-ray synch. radn. from shock (Grindlay e al 2006)
implies MSP PW has electrons with Yo ~ 10°|
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Chandra source U18 (Grindlay et al 2001b, 2006) has ~same PL X-ray
spectrum as MSP & HST/optID also a "Red Straggler” : Enshrouded MSP?



Both U12 (MSP) & U18 may have X-ray eclipses

Predicted X-ray eclipse
on radio ephemeris for
its known 33h binary
Period of N6397-A.

1.D0E5 2005 00025 D305

count rate (0.3—8 kaV)

Clearly better statistics
SRt needed & obs. proposed...
orbital phass
Predicted X-ray eclipse
on optical ephemeris for
approximate 21.2h HST
binary period for the
optical ID -- phasing
possible only for the
2002 obs. ~2d apart.
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Results from ACIS-S on NGC6397

* CVis highly variable; 4/6 CVs show binary modulation!
New CVs (N ~12-13 total in cluster) low Lx (AM CVh?)

> CVs interior fo ABs: ABs “burned” in core collapse by
exchanging MS star for a WD

> UI8 relatively consianit: consistenit witn being like
U1Z=known MSP: a doubly-exchanged secondary.

> MSP A sriows variabllity corsisieni Wit radio eclipse
> Siall numbers ABs (Diriary burnitg i core collapse?)

= Raitio) NSsy W Ds: i compaci: binaries: ~0. 1 of- 477uc).
30 NSMD) ratio cealatac oy [IVE (Srigellay gtz 2008



And... a deeper Chandra exposure of Terzan 5

- B0 sources with
Lx > 3 x 1031 inside
half-mass radius

* possibly 12 gLMXBs
suggests ~120 MSPs!

=
o
2
=
s
=

- original MSPs A, C
not detected aue to -
h,;qh NH -24:47:00.0

* BUT eclipsing binary
MSP-P probably ID
with source 10;
timing positions will |
allow check of full set B T T R R T T

Right ascension

50 sources inside r,, (large circle), 15 in core (Heinke et al 2006,ApJ, subm)

02.0




And... Terb MSP-P like 47 Tuc MSP-W?

1T T 1

L1 1 | | L1 1 1 | L1 1 1 | |

L1 1 1

0.4 0.6
Orbital phase

0.8

—_
[4Y)

Chandra hard flux
for source CX10
folded on 0.3626d
binary period of
Terb MSP-P:

Likely modulation
suggests it is like
47Tuc-W and thus
also has a
re-exchanged

MS companion




Swift: Short GRBs from o/d stellar systems...

Magellan/PANIC 2005 July 27.147 Residual
K-band
2005 July 25.006

Berger et al, astro-ph/0508115 show that Swift short GRB050724 is
from elliptical/ galaxy at z=0.257 (at R ~0.4 galaxy offset from center)
from optical afterglow

Most probably, first short GRBO50509b also from halo of giant
elliptical at z=0.225 (Bloom et al, astro-ph/0505480)

And 3 short GRB within 3kpc of star-formation galaxy can also be
from old stellar system (globulars there too...)

And 2 more short GRBs in galaxy clusters: PopIT origin for short GRBs



MSPs = Double NS Binaries in GCs. short GRBs

* Now clear that MSPs (and likely also CVs) are swapping
partners in dense cluster cores

Tnus. MSFPs  can) acquire INEW INS compariions: it globulars:
single INS or MISP exchiariges into MSP-WD DINS!J

* This is likely origin of MSP M15C: P =0.33d, e=0.7 and large
offset from core all consistent with NS swap, not (just)
scattering of primordial DNS

* Thus, GCsi“grow" DINS binaries|in compact orbitisiwhich will
coalesce,, and tihus are Jikely source of INS HErgers:
SHoriGREs! (and graviianonal. Waves)

(6rindlay, Portegies Zwart & McMillan 2006, Nature Physics, 2, 116)






And, finally: what sets fastest MSP spin?

* Newly discovered 716Hz MSP in Ter 5-ad (Hessels et al
2006, Science, 311, 1901) further pushes ~760Hz limit
suggested by Chakrabarty et al 2003, Nature, 424, 42

+ Are faster MSPs "prevented” from discovery by
- Gravitational radiation loss of J (Chakrabarty et al)?
- Enhanced PW ablating binary companion? (No; see Figure...)

> Or, does| the continued Mdoif for further spinup
continue toreduce (bury) B below: threshold for pulsar
to pulse?! (Yes; see Figure and Grindlay 2006, Science,
311, 1876)



Are faster MSPs hidden by PW?

B1957+20
47 Tuc-J

m Eclipsing, Est. Pdot 4

@ Eclipsing, Meas. Pdot

= Mon-eclipsing, Meas. Pdot
Ter5-ad
47Tuc-W

a

M Mon-eclipsing, Est. Pdot

13
log|Edot flux)

Probably not: Ter5-ad does not have largest PW flux
at companion, even for upper limit on Pdot used here.



Or, is B reduced by continued Mdot for shorter P?

logB =-4.45logM +9.63 logB =1.16logP +7.66

B1802

log(NS B field, gauss)
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Possibly YES: Plot (above) 7 MSPs with NS mass measures
with 8My/Mys< 10% (masses from Lattimer & Prakash 2004, Science,
304, 536): B appears inversely correlated with My !

Terb5-ad predicted (by correlations) fo have M ~ 2.4M, and
B ~7 x 107G and thus Edot ~3 x 10-2!s/s - confirm with timing solution.
B becomes too small to pulse!/  (Grindlay 2006, Science, 311, 1876)



Conclusions and

* Active binaries are bright x-ray markers of compact
binary formation/destruction

* MSPs (as oldest pop.) have most multiple encounters.
Confuse with CVs when acquire m-s partners;

- MSPs vs, CVis 1n 47 Tuc vis, N6397 vis, Terd:

* Binary pariner swapping common (~87 01 Kriown G¢ -MSPs?);

* SHort GRB5, prodiced by DINS tiergers from MSPs i GCs,

* MSP' max spin freq. may. be rnatural result of: decreasing B
10, below critical pulsar vajue
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