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4+ AIM: to understand the complex interplay between dynamics & stellar evolution

4+ HOW: using globular clusters as cosmic laboratories and

N

Blue Straggler Stars
Millisecond Pulsars ~ as probe-particles

Intermediate-mass Black Holes
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The canonical recycling scenario

Slowly rotating NS

MS

Binary system:
Neutron star (NS)
+ evolving companion

(Bhattacharya et al. 1991)

MSP
LMXB

He-WD
—> —> 9

mass accretion from an .
. . fast rotating pulsar (MSP)
evolving companion
+ an exhausted star

spin up the NS /

@e of a peeled sta@
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The canonical recycling scenario

Slowly rotating NS

MSP
LMXB
MS
He-WD
Bi tem: ] .
inary system mass aFcrehon from an fast rotating pulsar (MSP)
Neutron star (NS) evolving companion
. . , + an exhausted star
+ evolving companion spin up the NS /

@e of a peeled sta@

...but there are a few
exceptions...

(Bhattacharya et al. 1991)
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A "mass/type” classification of MSPs

High mass
Mcow > 1 Mg
NSs

Intermediate mass
0.5 Mg< Moy <1 Mg
CO/ONe-WDs

Low mass
Moy < 0.5 Mg

Canonicals

0.1 Mg< My < 0.5 Mg
He-WDs

Slowly rotating NS
MsP
LMXB
Ms
He-WD
— )
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A “mass/type” classification of MSPs

High mass
Mcow > 1 Mg
NSs

Intermediate mass
0.5 Mg< Moy <1 Mg
CO/ONe-WDs

Low mass
Moy < 0.5 Mg

Red-backs Canonicals Black widows

0.1 Mg< Mcou <0.5 Mg 0.1 Mg< My < 0.5 Mg Mcom < 0.1 Mg
MSs He-WDs MSs/BDs

10 in GCs ? / #f - oD - ‘/ ? / 18 in GCs
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The state of the art in GCs (before Cosmic-lab project)
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The state of the art in GCs (before Cosmic-lab project)

L L L L
L He—-WD ] 3 WDs
" CO—WD // ' @63974 . (Edmonds et al. 2001; Ferraro et al.
Myt ! - ‘3:6266B T 2003; Sigurdsson et al 2003)
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The state of the art in GCs (before Cosmic-lab project)

| L | |
4l He—-WD 1 | 3 NON Degenerate Objects
FCO—WD /S (Ferraro et al. 2001; Edmonds et al
I P - 2002; Cocozza et al 2008).
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The new identified companions

Photometric identification of:

Spectroscopic follow-up of:
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The new identified companions

Photometric identification of:

o The “Canonical”
o The “Canonical”
o The “Canonical”
o The “Canonical”

PSR J0024-7204Q in 47Tuc
PSR J0024-7204S in 47Tuc
PSR J0024-7204T in 47Tuc
PSR J0024-7204Y in 47Tuc

Spectroscopic follow-up of:
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The new identified companions

Photometric identification of:

The “Canonical” PSR J0024-7204Q. in 47Tuc
The “Canonical” PSR J0024-7204S  in 47Tuc
The “Canonical” PSR J0024-7204T in 47Tuc
The “Canonical” PSR J0024-7204Y in 47Tuc
The Red-Back PSR J1824-2452H in M28

®
®
®
®
®
o The Transitional PSR J1824-24521 in M28

Spectroscopic follow-up of:
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The new identified companions

Photometric identification of:

The “Canonical” PSR J0024-7204Q. in 47Tuc
The “Canonical” PSR J0024-7204S  in 47Tuc
The “Canonical” PSR J0024-7204T in 47Tuc
The “Canonical” PSR J0024-7204Y in 47Tuc
The Red-Back PSR J1824-2452H in M28
The Transitional PSR J1824-24521 in M28
The Black-widow PSR J1518+0204C in M5
The Black-widow PSR J1953+1846A in M71

Spectroscopic follow-up of:

o O O O O O O O
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The new identified companions

Photometric identification of:

The “Canonical” PSR J0024-7204Q. in 47Tuc
The “Canonical” PSR J0024-7204S  in 47Tuc
The “Canonical” PSR J0024-7204T in 47Tuc
The “Canonical” PSR J0024-7204Y in 47Tuc
The Red-Back PSR J1824-2452H in M28
The Transitional PSR J1824-24521 in M28
The Black-widow PSR J1518+0204C in M5
The Black-widow PSR J1953+1846A in M71
Spectroscopic follow-up of:

o The Red-Back COM J1740-5340A in NGC 6397

o O O O O O O O
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The optical approach
. Redo

Photometry

Very Accurate position

Orbital parameters

Orbital period
Time ascending node

PSR Mass function

Total mass
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The optical approach
. Redo

Photometry

Astrometry

Very Accurate position

High resolution

AP e L. d‘!m

CMD position
Orbital parameters (Out of sequence)

Nature and physical parameters

Deep

Orbital period ¢ R Light curve .
Time ascending node (Variability in Multi p-|_ e

agreement with the epochs
orbital motion)

PSR Mass function —>
4, Meopy Mpsg

Total mass —> Mose=M;o7-Mcom
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The optical approach
. Redo

Photometry

Astrometry

By T
i". .
Very Accurate position  f—» - e

High resolution

~
] ..e'. ‘e Il Positional coincidence !!!
“Ii* o “z
CMD position
' (Out of ) Deep
Orbital parameters ut of sequence
Nature and physical parameters
Orbital period ¢ R Light curve .
Time ascending node (Variability in Multi p-|_ e

agreement with the epochs

PSR Mass function «— orbital motion)
&, Mcopw Mosr I Orbital variability !!!

Total mass “—> Mose=M;o7-Mcom
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The He-WDs in 47 Tuc

. .. e ‘II COM-47TucT ™
47TucQ . 47TucS 47TucT -
- ,..- "
1
47TucU COM-47TucY '
Already known 47TucY
Edmonds+02 !

(Cadelano et al. 2015, see also Rivera Sandoval et al.
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The He-WDs in 47 Tuc

20

mF‘ﬁOOX

24 —

Mpgoox ~ Mragow Theoretical models from Althaus et al. 2013
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Mpagox

The He-WDs in 47 Tuc

-1 -0.5
Mpagox ~ Mpggow

Mpagox — Mpggow

Theoretical models from Althaus et al. 2013
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Conclusions:

e Companion masses between 0.15 Msun and 0.2 Msun
* Cooling ages significantly younger than the cluster stellar population age
* No massive NSs for 47TucQ and 47TucT (M<1.6 Msun)
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* 47TucU past accretion stages likely proceeded in a Sub-Eddington rate (M/Medd~0.02)




The RB PSR J1824-2452H in M28

WFC3/UVIS@HST

(dashed circle)
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'.,' - The companion star is located at 0.17” from the
i : >| radio source (+) and ~0.4” from the X-ray source
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mag (arbitrary units)

The RB PSR J1824-2452H in M28

The variability is associated with the pulsar binary motion
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Two distinct and asymmetric minima

Clear signature
of ellipsoidal variations
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IGR J18245-2452/PSR J1824-2452T
[ ETTER (Papitto et al. 2014, Nature 501,517)

Swings between rotation and accretion power in a
binary millisecond pulsar
A. Papitto, C. Ferrigno®, E. Bozzo?, N. Rea', L. Pavan®, L. Burderi’, M. Burgay*, S. Campana®, T. Di Salvo®, M. Falanga’,

M. D. Filipovi¢®, P. C. C. Freire®, J. W. T. Hessels'>", A. Possenti*, S. M. Ransom'?, A. Riggio®, P. Romano'?, J. M. Sarkissian'*,
L. H. Stairs'®, L. Stella'®, D. F. Torres", M. H. Wieringa'® & G. F. Wong®!* .
Credit:ESA

doi:10.1038/nature 12470
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IGR J18245-2452/PSR J1824-24521

[ ETTER (Papitto et al. 2014, Nature 501,517)

doi:10.1038/nature 12470

Swings between rotation and accretion power in a
binary millisecond pulsar

A. Papitto’, C. Ferngno E. Bozzo?, N. Rea', L. Pavan?, L. Burderi®, M. Burgay®, S. Campana T. Di Salvo®, M. Falanga’,
M. D. Filipovi¢®, P. C. C. Freire®, J. W. T. Hessels1011 A. Possenti®, S. M. Ransom'?, A. Riggio®, P. Roma.noB J. M. Sarkissian*
L. H. Stairs', L. Stella“‘ D. F. Torres™V , M. H. Wlenngals& G.F. Wong8 14

Apr 2009

(a) F336W@EP1 X ' 4 ‘

t.-’ -,
>

w

v'We detected the optical counterpart (Atel #5003, Pallanca et al., 2013)
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IGR J18245-2452/PSR J1824-24521

[ ETTER (Papitto et al. 2014, Nature 501,517)

Swings between rotation and accretion power in a
binary mil]isecond pulsar

doi:10.1038/nature 12470

A. Papitto C Fe rigno?, E. B %, N. Rea', L. Pavan L. Burderi’, M. Burgay”, S. Campana T. Di Salvo®, M Falanga’,
MDth PCCF JWTH sels'” AP ssenti® Sl\g/IxRansom , A. Riggio®, P. Romano'?, J. M. Sa klssm.n“,
L. H. Stairs™ LStlla DFT MHWennga & G. F. Won, .
Credit:ESA
Apr 2009 Aug 2009

(a) F336W@EP1 P R (b) Fsng@Epz t N
Eae X'J Y j’ P

v'We detected the optical counterpart (Atel #5003, Pallanca et al., 2013)

“iCosmic-Lab WWW.cosmic-lab.eu



IGR J18245-2452/PSR

LETTER (papitto et al. 2014, Nature 501,517)

Swings between rotation and accretion power in a
binary mil]isecond pulsar
%, N. Rea', L. Pav LBd 3, M. Burgay”, SCmpanaTDSl MFlg

JWTH ls AP SMRa.nsom , A. Riggio® PRmanoJMSkSIa.n
MHW ringa &GFWg8

A. Papitt CF rrigno’, E. Boz
MDth PCCF
I H. Sta LSll DFT

J1824-24521

Credit:ESA

Apr 2009 Aug 2009 Apr 2010
k(aJ F336W@EP1 \' (b) FSQQW@EPE‘ 3 , J '(c] Fmsg@EPs 4 ' q_T
‘ 4—1 ’ * E ¢ p ¥ 4
g -, N T Y
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v'We detected the optical counterpart (Atel #5003, Pallanca et al., 2013)
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IGR J18245-2452/PSR J1824-24521
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The optical approach
. Redo

Photometry
Astrometry
‘&
Very Accurate position " ~
:
CMD position
Orbital parameters (Out of sequence)
Nature and physical parameters
Orbital period ¢ 5 Light curve
Time ascending node (Variability in

agreement with the
orbital motion)

4, Meopy Mpsg

PSR Mass function —>

Total mass —> Mose=M;o7-Mcom
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The optical approach
. Redo

Photometry
Astrometry
‘&
Very Accurate position bbe
- ‘ .'
A7 L4 . U'!u I F
CMD position BRIGHT
Orbital parameters (Out of sequence)
Nature and physical parameters E N O U G H
Orbital period € > Light curve
Time ascending node (Variability in
agreement with the
. orbital motion)
PSR Mass function —> .
&, Mcopw Mpsg
Total mass | €e&—— Mor=M:or-Mcom
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The optical approach
. Redo

Photometry Spectroscopy

Astrometry

-~ & Radial Velocity

Very Accurate position

COM mass function
AP e L. d‘!m N
CMD position PSR mass function
Orbital parameters (Out of sequence)
Nature and physical parameters
Orbital period ¢ 5 Light curve < >  Mass ratio
Time ascending node (Variability in

agreement with the

orbital motion) System solved

PSR Mass function —>

4, Meopy Mpsg

Total mass —> Mose=M;o7-Mcom
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The optical approach
. Redo

Photometry Spectroscopy

Astrometry

b al . -
QaE % ., &

Very Accurate position  p—» ”“ . Radial Velocity

.:“: COM mass function
v ’... 4 !
‘*Ii = “m +
CMD position PSR mass function
Orbital parameters (Out of sequence)
Nature and physical parameters
Orbital period ¢ 5 Light curve < >  Mass ratio

Time ascending node (Variability in
agreement with the

orbital motion) System solved

PSR Mass function —>

LM M i
cow Vpsg Chemical abundances

Total mass <> Mopse=M1or-Mcom Measure of the mass of a peeled star
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COM J1740-5340A: literature
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Star A: Orbital phase

e has an anomalous position in
the CMD

e shows Hoa emission
e isNOTaWD !!

e shows variability consistent
with the P,

(Ferraro et al. 2001)




COM J1740-5340A: literature

Bright object (V=16.5) => High-resolution spectroscopy with UVES/VLT

Lines doppler shift

Measure of the radial velocity

150 |
100

50

V,aq (km s°1)
o

=50 I
—100 [

~150 - &

Orbital Phase

—

Orbital period
Ascending node

P (Radio)
Pulse delay (X-ray)
Rad. vel. (Optical)

iCosmic-Lab
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2.3.3 mni
47y’ (mp SlIll)

fCOM =

T (o] m
_ — P
f an’c’x)  (m, sini)3
" GMGP; (m, +mp)2 m c
V,q aMplitude=s x: 155.843.6 km/s
Mass of MSP 1.30 : 1.90 Mg <:|

Mass of Star A 0.22: 0.32 Mg <:|
Inclination angle 56 : 47 deg
Orbital separation 6.1:7.0 Rg
Roche lobe radius 1.5:1.7 Rg

(Ferraro et al., 2003




Rel. Intensity

COM J1740-5340A: spectroscopic follow-up

Bright object (V=16.5) <
. o No Cin its atmosphere
High-resolution with UVES/VLT
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| ey C/Fe =IO

4310 4320 4330
Wavelength (&)

( Sabbi et al., 2003; Mucciarelli et al., 2013)
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Rel. Intensity

COM J1740-5340A: spectroscopic follow-up

Bright object (V=16.5)

. . # No C in its atmosphere
High-resolution with UVES/VLT

T T I T Ll Ll Ll I Ll T 1 T I I I

_(b) i

1.0

O
®

1 1 I I ..l.. 1 I l

o
o)

4
7
1 | 1 | 1 1 | I

1 1 I L 1 1 1 l 1
4310 4320 4330

Wavelength (&)

New high resolution
g # N enhanced
XSHOOTER spectra

( Sabbi et al., 2003; Mucciarelli et al., 2013)
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Rel. Intensity

COM J1740-5340A: spectroscopic follow-up
Bright abject (V=16.5) # No Cin its atmosphere

High-resolution with UVES/VLT '
’_(Ib)l I T I I I |l T I Ll T |l Ll I Ll I |

Material processed by
CNO-burning

1.0

o
®

— [c/Fe]=-2 Deeply peeled star

| ey C/Fe =lO -
4310 4320 4330
Wavelength (&)

New high resolution
g - N enhanced
XSHOOTER spectra

( Sabbi et al., 2003; Mucciarelli et al., 2013)
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COM J1740-5340A: spectroscopic follow-up

I T

| I

2

N abundance
C upper limit

:
|
14N :
I
I
I

M (M)

CORE ENVELOPE
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COM J1740-5340A: spectroscopic follow-up

2

N abundance
C upper limit

0 0.17 Mg <M. < 0.28 Mg,
)
[,
~
>,
-1

-3
0 0.2 0.4 0.6 0.8
M (M)
CORE ENVELOPE
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COM J1740-5340A: spectroscopic follow-up

| T n l |
2 I i —
- .. N abundance
| | ° °
] C upper limit
1 - | | .
:
I :
| |
0 | : | 0.17 Mg <M., < 0.28 Mg
o : : v
£ | 1
~ I |
> ! |
-1 = I | -
| |
| |
| | -
| I
' Mass of MSP o2 M,
“2 = m Mass of Star A M
: : Inclination angle “Svt=——
'. I
| |
—3 A 1 . | . L]
0 0.2 0.4 0.6 0.8
M (M)
CORE ENVELOPE

R
3
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COM J1740-5340A: spectroscopic follow-up

| [ [ I

2 =

N abundance
C upper limit

14N

0 i i | 0.17 Mg <M., < 0.28 Mg
| | .
B | d
: ' Mass of MSP ro—d M,
-2 = - Mass of Star A M
: : Inclination angle “Ss==——
T ]
| |
-3 0 - A | . | . L
0 0.2 0.4 0.6 0.8
M (M) Deeply peeled star
CORE ENVELOPE because of mass transfer

ooooooo
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The BW PSR J1518+0204C in M5

WFC3/UVIS@HST images in the F814W at different epochs

WWW.cosmic-lab.eu



The BW PSR J1518+0204C in M5

WFC3/UVIS@HST images in the F814W at different epochs
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The BW PSR J1518+0204C in M5
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Summary

We used multi-wavelength and multi-epoch observations:

The association with the PSRs has been based on:

-the positional coincidence

-the position in the color-magnitude diagram

-the flux modulation compatible with the PSR orbital period
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Summary

We used multi-wavelength and multi-epoch observations:

The association with the PSRs has been based on:

-the positional coincidence

-the position in the color-magnitude diagram

-the flux modulation compatible with the PSR orbital period

We photometrically identified 8 new companions:

» The companion to the “canonicals” MSPs are He-WD
» The companions to RBs are 0.2 M ;, perturbed MS stars
» The companions to BWs are very low mass objects
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Summary

We used multi-wavelength and multi-epoch observations:

The association with the PSRs has been based on:

-the positional coincidence

-the position in the color-magnitude diagram

-the flux modulation compatible with the PSR orbital period

We photometrically identified 8 new companions:

» The companion to the “canonicals” MSPs are He-WD
» The companions to RBs are 0.2 M ;, perturbed MS stars
» The companions to BWs are very low mass objects

We performed a spectroscopic follow-up of 1 companion:

» The chemical analysis confirmed that it is an evolved deeply peeled star

“iCosmic-Lab www.cosmic-lab.eu erc



A cartoon of the evolutionary scenario

Canonical recycling scenario ...

Slowly rotating NS
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A cartoon of the evolutionary scenario

Canonical recycling scenario ... ... and deviations
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A cartoon of the evolutionary scenario

Canonical recycling scenario ... ... and deviations
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A cartoon of the evolutionary scenario

Canonical recycling scenario ... ... and deviations
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A cartoon of the evolutionary scenario

Canonical recycling scenario ... ... and deviations
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A cartoon of the evolutionary scenario

Canonical recycling scenario ... ... and deviations
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A cartoon of the evolutionary scenario
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A cartoon of the evolutionary scenario

Canonical recycling scenario ...
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A cartoon of the evolutionary scenario
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A cartoon of the evolutionary scenario

Canonical recycling scenario ... A-MSP N e and deviations
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