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The discovery of SGR J1745-2900
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The closest pulsar to a black hole

Chandra/HRC images of the field of Sgr A* (Rea et al. 2013)

-   a 2.4" projected distance translates in a minimum physical separation 
   d = 0.09+/-0.02 pc (90% CL) for D=8.3 kpc 
!
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The closest pulsar to a black hole

(Coti Zelati et al. 2014 in prep)

Chandra/HRC images of the field of Sgr A* (Rea et al. 2013)
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Credit: NASA/CXC/INAF/F. Coti Zelati et al.



Is it bounded to Sgr A*?
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Stars (Yelda et al. 2014)
Pulsar
Sgr A*

Proper motion from VLBA observations 
Transverse velocity of 236+/-11 km/s at a position angle 22+/-2 deg East-of-North

Bower et al. 2014
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90% probability on average of being bound to the SMBH if born within 1 parsec. 
Depending on eccentricity and semi-mayor axis, it can have an orbital period from 
a minimum of 500 yr to several kyrs (Rea et al. 2013)



X-ray and radio pulsed emission

Kaspi et al. 2014
Rea et al. 2013

!
!
P = 3.76 s  
Pdot ~ 0.4 - 6.6x10-12 s/s 
Bdip ~ 2x1014 G 
Lsd = 5x1033 erg/s 
τc ~ 9 kyr  
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25 Chandra and 8 XMM-Newton observations: an unprecedented dataset
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Timing properties

Solution A
Rea et al. 2013

Solution B

~ 500 days
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(Kaspi et al. 2014)

Pulse profiles

0.3 - 3.5 keV 3.5 - 5 keV 

5 - 6.5 keV 6.5 - 10 keV 
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- XMM-Newton observations (0.3-10 keV) 
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Pulsed fraction evolution
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(Kaspi et al. 2014)

~ 500 days

A very slow spectral decay

Chandra (0.3-8 keV) 

- thermal spectrum, very high absorption: NH = 1.90+/-0.02 x 1023 cm-2,  

- very slow spectral decay 
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- power law component at E ≥ 8 keV !
- Γ ~ 1.7–2.6: consistence with NuSTAR (Mori et al. 2013; Kaspi et al. 2014) 

A prolonged, faint non-thermal component

XMM-Newton (up to 12 keV)
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Outburst modeling

Pons & Rea 2012

Bad modeling when injecting an energy of 1045 erg in the inner crust (ρIN<ρ<ρOUT) !
Better modeling if neutrino emissions are switched off…BUT they should be at work!
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Bombardment of magnetospheric currents

Currents in a bundle of twisted field lines keep slamming on to the NS surface and form a hot spot 

As the bundle untwists, the hot spot cools and shrinks. L should decrease as L∝Ab2

Beloborodov 2009

L∝Ab2 
L∝Ab1.2 
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A radio magnetar that is no exception

- quiescent X-ray luminosity:              
Lx,q ≤ 1033 erg/s (0.5-10 keV) 

- spin-down power:                             
Lsd  = 5x1033 erg/s                                                                   

1) quiescent radio magnetars 
might be rotation-powered, as 
normal radio pulsars

2) possible magnetar radio 
activity can be predicted if P, 
Pdot, and Lx are known

“The fundamental plane for radio magnetars” 
(readapted from Rea et al. 2012)

Lrot = Lx

Magnetars
High-B pulsars
XDINs
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Conclusions

- - SGR J1745-2900 is the closest pulsar to a BH detected so far (≥0.07 pc from Sgr A*) 
!
!
  - It is probably bound to Sgr A*. 
!
!
- - An unprecedented dataset of X-ray observations  
-   Study of the outburst properties on a long temporal baseline (500 days) 
!
!
    - A very slow spectral decay. A power law is observed above ~8 keV 
!
!
   - The cooling is challenging most of the crustal models.  
     Large contribution from bombardment of magnetospheric currents (twisted j-bundle)           
!
!
  - SGR J1745-2900 and radio magnetars might behave as radio pulsars in quiescence
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Really inexhaustible….

the X-ray monitoring campaign of the GC is ongoing. 
still 750 days after the outburst onset, the magnetar is incredibly hot (~ 0.8 keV) and bright
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Transient magnetars

Coti Zelati et al. 2015 
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Monte Carlo numerical simulations

- - numerical simulation is performed for 
106 stars by integrating the equations 
of motion in the gravitational potential 
of the BH (Newtonian gravity is 
assumed) 
!

- - for each orbit, the initial radial 
distance d is fixed (0.05 pc ≤ d ≤ 5 pc) 
and the NS kick velocity at birth is 
drawn from a Gaussian distribution 
with 200 km/s < σ < 600 km/s 

!
- - orbits are calculated for 0 ≤ t ≤ 9 kyr. 

The total energy E of the star is 
measured at t=9 kyr 

!
   - the fraction of bound orbits is                        
 N(E<0)/Ntot

0.236(11)
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Crustal cooling models

Varying injected energy

~1044 erg
~1043 erg

~1042 erg

~1041 erg

Recipe: 
!
- inject a fixed amount of energy 
in a fraction of the crust volume 
(on a very short timescale) and at 
different depths  
!
- follow the evolution of the 
thermal structure until it returns to 
the original state.  
!
B can be assumed constant on 
this timescale

(Pons & Rea 2012, ApJ Letters, 750, L6
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!
Yakovlev et al. 2001; Viganò 2013

Neutrino processes in the crust (and the core)

plasmon decay

synchrotron

;  B=1014 G

e → (B) → eνν¯ 
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(Pons & Rea 2012, ApJ Letters, 750, L6)

Currents flow in the magnetosphere 
through a gradually shrinking magnetic 
bundle heating the NS surface from the 
top. 
!
A hot spot forms at the footprints of the 
bundle and radiates quasi-thermally as the 
accelerated magnetospheric particles hit 
the NS surface 
!
A non-thermal spectral component and a 
small heated region suggest the presence 
of twisted magnetic field lines confined in 
a narrow bundle

Untwisting magnetosphere: an alternative scenario

Beloborodov 2009, ApJ, 703, 1044

Credit: NASA/Wiessinger
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Currently known magnetars

•23 confirmed
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Distribution in the Galaxy

McGill Online Magnetar Catalogue; Olausen & Kaspi 2014
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W H E R E  A R E  I N  T H E  P -Ṗ  D I A G R A MP-Pdot diagram

From the pulsed X-ray 
emission we can 
calculate:

rotating magnetic 
dipole model
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SGR 0418+5729 Swift 1822-1606 3XMM 1852+0033

B = 6.2x1012 G B = 2.3x1013 G B < 4x1013 G 

Esposito et al. 2010, MNRAS 
Rea et al. 2010, Science 

Rea et al. 2013, ApJ

Rea et al. 2012, ApJ 
Scholtz et al. 2012, ApJ

Rea et al. 2014, ApJL 
Zou et al. 2014, ApJL
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Low magnetic field magnetars



Magnetar theory in a nutshell: persistent emission

- huge internal field evolves diffusively over timescales of ~10 kyr, heating the core 
and deep crust —-> the magnetar surface is so hot that it glows brightly in X-rays.!
!

- strong toroidal internal magnetic field causes twist of external poloidal field (footpoint 
motion)——-> a magnetar has a magnetic field twisted up.!

!
!
!
!
!
!
!
!
!
!
!
!
!
- The magnetosphere is filled by charged particles trapped in the twisted field lines, 

interacting with the surface thermal emission through resonant cyclotron scattering.!
!

Thompson, Lyutikov & Kulkarni 2002; Fernandez & Thompson 2008; 
Nobili, Turolla & Zane 2008a,b; Rea et al. 2008, Zane et al. 2009 
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Short bursts 
• duration ~0.1-1s 
• Lx ~1039-1041 ergs/s 
• soft γ-rays thermal spectra                          
(kT ~ 30-40 keV)

Intermediate bursts 
• duration 1-40 s 
• peak ~1041-1043 erg s-1 
• abrupt on-set 
• usually soft γ-rays thermal spectra 

Giant Flares 
• very rare events (only 3 observed) 
• Lx > 3x1044 erg s-1 
• initial peak that lasts <1 s with a hard spectrum 
• ringing tail that can last > 500s, with softer 
spectrum and showing the NS spin pulsations

Israel et al. 2008

(Palmer et al. 2005)

Kaspi et al. 2003

Magnetar flaring activity

Palmer et al. 2005

Israel et al. 2008
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Israel et al. 2008

(Palmer et al. 2005)

Magnetar flaring activity

Palmer et al. 2005

Israel et al. 2008(Mazets et al. 1979)

(Hurley et al. 1999)

(Palmer et al. 2005)
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Magnetar theory in a nutshell: outburst mechanisms

!
Thompson & Duncan 1992, 1993; Thompson, Lyutikov & Kulkarni 2002; Beloborodov 2007

• the internal magnetic field is twisted up to 
10 times the external dipole. At intervals, 
elastic stresses build up in the crust 
!

• the crust responds in an irreversible 
manner: fractures ——> magnetically 
driven star quakes, outbursts
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Magnetar theory in a nutshell: formation
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If a newborn neutron star spins fast enough (P ~few ms) violent convection can amplify 
the magnetic field efficiently (dynamo action) up to 1016-17 G during the first 10-30 s.
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Neutrino processes in the crust



SGR 0418+5729

Swift 1822-1606

Varying injected energy
~1044 erg

~1043 erg

~1042 erg

~1041 erg

Varying initial quiescent luminosity

~1044 erg

Outburst modeling

Pons & Rea 2012; Rea et al. 2012, 2013, 2014
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Fitting the cooling curves

Beloborodov 2009L should decrease as L∝Ab2
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This is the closest neutron star to a supermassive black hole ever detected 
(next ones are at 200-400 pc; Deneva et al. 2009), and expected to be one of 

the few young neutron star so close to SgrA*. 

- with an age < 10 kyr, the probability of SGR 
J1745–2900 being a neutron star wandering 
across the line of sight is <3x10-6. No 
foreground/background object. 
!
- it has been estimated that in the 1pc around 
the Galactic center there are ~80 pulsar with 
an average age of 107 yr, and  a single  or a 
few pulsars with < 10kyr. (see e.g. Freitag et al. 2006; 
Wharton et al. 2012)

0.07 pc < distance SGR-SgrA* < 2 pc (at 90% confidence level)

A magnetar within grasp of our SMBH
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90% probability on average of being bound to the SMBH if born within 1 parsec.

A magnetar bounded to Sgr A*? Probably yes!

Adapted from Rea et al. 2013

0.236(11)
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Depending on eccentricity and semi-mayor axis, it can have an 
orbital period from a minimum of 500 yr to several kyrs


