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Outline	

•  Simultaneously	es0ma0ng	mass	and	radius	of	
neutron	star	(NS)		
–  Photospheric	radius	expansion	(PRE)	in	X-ray	bursts	(XRBs)	
–  Opacity	determined	by	companion	star	

•  Future	observa0ons	to	constrain	the	mass	and	radius	
of	NS	further	
–  Constraints	on	the	opacity	by	iden0fying	companion	stars		
–  Example:	XRBs	in	globular	clusters	(GCs)	



X-ray	Bursts	(XRBs)		
in	Low	Mass	X-ray	Binary	(LMXB)	



Photospheric	Radius	Expansion	(PRE)	in	XRBs	I	

PRE	or	non	PRE	X-ray	burst	in	4U	1728-34	

Guver	et	al,	2012	
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Photospheric	Radial	Expansion	(PRE)	in	XRBs	II	

Ø  In	bright	bursts,	luminosity	L	can	

reach	the	Eddington	limit	Ledd	when		

								Pradia,on	>>		Pgravita,on.	Then,			

							photospheric	layers	are	li:ed	off.			

Ø  During	PRE,	the	luminosity	is	nearly		

								constant	(near	LEdd).		

Ø  About	20%	shows	the	evidence	of	

PRE	bursts	(Galloway	et	al.	2008).		

Expansion	stage	

‘touchdown’	stage	



Mass and Radius of NS Simultaneously 
Estimated from PRE XRBs	

Ozel	et	al.	2009	
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target, and the opacity of the photosphere. After the touch-
down, the flux and the temperature continue to decrease and
reach quasi-equilibrium while the photospheric radius does
not change. The flux and temperature measured at this later
quasi-equilibrium phase provide the e↵ective area of the ob-
served X-ray emission which is also a function of mass and
radius of the neutron star and the distance to the target. Given
two measured quantities, the touchdown flux and e↵ective
area, the mass and radius of the neutron star can be obtained
simultaneously when the additional observation information
such as the distance to the XRBs is available. This idea has
been suggested to estimate the mass and radius of the neu-
tron star in the PRE XRBs (add references from Ozel’s ARAA)
and the relatively accurate measurement was recently made by
(Özel 2006) for the LMXB name the target.

Note that the above method is based upon the assumption
that XRBs occur on the entire surface of the neutron star.
There are a couple of theoretical and observational arguments
that support this assumption. First, Spitkovsky et al. (2002)
proposed by using numerical models that the time scale to
spread the thermonuclear explosion on the entire surface of a
rotating neutron star is considerably shorter (⌧ 1s) than that
of the XRB itself, i.e., 10 to 100 seconds. The other argu-
ment is based upon the weak magnetic field of the neutron
star in LMXBs. For example, the magnetic field strength of
the neutron star in EXO 0748–676, which is estimated by us-
ing the Zeeman splitting of atomic lines, is too weak to in-
terrupt the explosion that occurs over the entire surface (Loeb
2004). However, there are still some uncertainties in the spec-
tral analysis that contributes to measuring the e↵ect area. The
observed blackbody spectrum deviates from that of the true
blackbody due to atmospheric e↵ect. If the emitting area were
not perfectly spherical, the measurement of the e↵ective area
could also be a↵ected. In order to address these uncertainties,
a parameter called ’color-correction factor’ is introduced in
the equation for the e↵ective area.

Since the first accurate measurement by Özel (2006), sev-
eral PRE XRBs have been analyzed to provide the simulta-
neous measurements of mass and radius of the neutron stars
in these LMXBs. The recent summary is available in ?, and
references therein. Note that di↵erent groups used slightly dif-
ferent methods depending on the assumptions they made and
the observational values they used, which often resulted in
slightly di↵erent values of mass and radius of the neutron
stars even in the same PRE XRBs. However, they all com-
monly dealt with two uncertain quantities, opacity and cor-
rection factor, as model-dependent parameters. Because the
observational constraints on these quantities have not been
strong yet, previous works used uniformly distributed values
in the allowed range when applying the statistical methods
such as Monte Carlo.

In this work, we focus on the e↵ect of opacity on the esti-
mation of the mass and radius of the neutron star. We try to
answer the following question. How does the estimated mass
and radius of the neutron star change systematically depend-
ing on the opacity of the photosphere? The opacity can be
observationally constrained by identifying the low-mass com-
panion star which a↵ects the elemental composition of the
material accreted onto the neutron star. Future observations
by large telescopes such as GMT and TMT make the obser-
vations possible. Our work is motivated by the anticipation of
the future observations.

In the next section, we describe the method that we chose

to use for the estimation of the mass and radius of the neutron
star in the PRE XRBs. In Section 3, we present the newly es-
timated mass and radius of the neutron stars for five selected
PRE XRBs which were obtained as functions of narrowly dis-
tributed values of opacity. In Section 4, we discuss our results
in comparison with previous works. Our discussion includes
how other methods di↵erent from what we used in this work
can a↵ect the results that we obtained. Conclusion is in Sec-
tion 4.

2. METHOD

Two quantities, touchdown flux (FTD,1) and e↵ective area
(A), are obtained from the observed lightcurve and spectrum
of PRE XRBs and they are expressed as functions of mass (M)
and radius (R) of the neutron star, distance to the target (D),
opacity (), and color-correction factor ( fc) as in the following
two equations, respectively.
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GMc
D2
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where c, G, and � are speed of light, gravitational constant,
and Stefan�Boltzmann constant, respectively. The (1 � 2GM

Rc2 )
terms appear in order to include the e↵ect of general relativ-
ity. Note that FTD,1 and F1 are measured from the lightcurve
at the touchdown moment and at the later quasi-equilibrium
phase after the touch down, respectively and Tbb,1 is from the
spectrum (at the later quasi-equilibrium phase). Also note that
the 1 subscript means that the quantities are measured at the
Earth.

In the work of Özel (2006), who used equations (1) and
(2) for the first relatively accurate estimation of the mass and
radius of the neutron star in EXO 0748–676, the touchdown
was assumed to occur on the surface of the neutron star. This
assumption was also used for the later works, which esti-
mated the mass and radius of the neutron stars in other PRE
XRBs (Güver et al. 2010a,b; Özel et al. 2009, 2010). How-
ever, Steiner et al. (2010) pointed out that this assumption
resulted in poor acceptance rates in the Monte Carlo simu-
lations and suggested an alternative possibility that the touch-
down could occur away from the surface of the neutron star.
In this assumption, R in equation (1) is replaced with rph, the
photospheric radius, at which the touchdown occurs, and the
touchdown flux becomes independent of the radius of neutron
star when rph � R as follows,

FTD,1 =
GMc
D2 . (3)

By using this modified equation, Steiner et al. (2010) showed
that the new assumption resulted in statistically better estima-
tion of mass and radius of the neutron star due to the increased
acceptance rates of the Monte Carlo simulations. Because we
also investigate the e↵ect of opacity based upon the statisti-
cal (i.e., Monte Carlo) method, it is better to use the method
that produces better statistics. For this reason, we use equation
(3) for the touchdown flux and adopt the similar approach of
Steiner et al. (2010) in this work. In the followings, we briefly
summarize the equations used in Steiner et al. (2010).

Equations (2) and (1) are re-written by defining two new
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TABLE 1
Observational Values for Five PRE X-ray Bursts

Quantities EXO 1745–248 4U 1608–522 4U 1820–30 4U 1746–37 EXO 0748-676

D 6.3 ± 0.6 5.8± 2.0 8.2± 0.7 11.05± 0.85 7.1± 1.2
A 1.17± 0.13 3.246± 0.024 0.9198± 0.0186 0.109± 0.044 1.14± 0.10
FTD,1 6.25± 0.2 15.41± 0.65 5.39± 0.12 0.269± 0.057 2.25± 0.23

a Accepting uniform distribution of fc, Gaussian distribution of D and FTD
b Log-normal distribution is accepted for all A and FTD for 4U 1746–37
c The distance distribution for 4U 1608–522 was cut o↵ below 3.9 kpc
d Unit of D (kpc), A (km2 kpc�2) and FTD,1 (10�8 erg cm�2 s�1)

parameters

↵⌘ FTD,1p
A

D
c3 f 2

c
, (4)

�⌘ c3 f 4
c

FTD,1
A , (5)

and they are expressed in terms of � = GM/Rc2 (compact-
ness) and R

↵=�
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1 � 2� , (6)
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R

�(1 � 2�)
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Equation (6) is a cubic equation for � and there are only two
physically meaningful solutions,
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1
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[1 +
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6
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where ✓ ⌘ cos�1(1 � 54↵2). Note that 0 < ↵  3�3/2 ' 0.192
for these real solutions to exist and 0  �1  1/3 and 1/3 
�2  1/2. The radius and mass of neutron star are expressed
with �1,2, respectively,

R=↵�
p

1 � 2�1,2 , (10)

M=
c2R
G
�1,2 . (11)

The observed values of three quantities (FTD,1, A, and D)
with measurement uncertainties and values of two model-
dependent parameters ( and fc) with assumed errors de-
termine ↵ and � with evolved errors through equations (4)
and (5). Then, the radius and mass are also determined with
evolved uncertainties via equations (8) to (11). The deter-
mined values of radius and mass with uncertainties are ob-
tained by using the Monte Carlo simulations which generate
five independent values corresponding to FTD,1, A, D, , and
fc, respectively, according to their distributions that include
their uncertainties and calculate the values of radius and mass
from the generated values.

Although both fc and , two model-dependent parameters,
are still uncertain, there have been both theoretical and ob-
servational e↵orts to constrain them. As for fc, Madej et al.
(2004) suggested values ranging from 1.33 to 1.81 by consid-
ering the atmosphere models of neutron star. This estimate is
consistent with earlier calculations of London et al. (1986);
Ebisuzaki & Nakamura (1988). As the flux approaches the
local Eddington limit, fc increases but rarely exceeds 1.5 for

typical neutron star. However, in the tail of the bursts, fc be-
comes close to 1.33 due to relatively low temperature (Madej
et al. 2004). In this work, we adopt a range of fc between 1.33
and 1.47 with central value f̄c = 1.4 and assume that fc is uni-
formly distributed within this range, which was the same as in
Steiner et al. (2010).

When a powerful PRE XRB occurs, the temperature of the
radiating region is high enough to fully ionize both H and He.
As a result, the opacity of the photosphere is dominated by
Thomson scattering. In this case,  = 0.2(1 + X) cm2 g�1,
where X is the hydrogen mass fraction in the H-He plasma. In
the previous works (Güver et al. 2010a,b; Özel et al. 2009;
Steiner et al. 2010), X was assumed to be uniformly dis-
tributed between 0.0 and 0.7 except for 4U 1820–30. Be-
cause this source is located in a metal-rich globular cluster
(Heasley et al. 2000; Piotto et al. 2002), Güver et al. (2010b)
and Steiner et al. (2010) used a fixed value of X = 0 for 4U
1820–30 that corresponds to the accretion of He-rich mate-
rial. However, direct observational evidence to determine X is
not available yet because the companion donor star is too dim
to be spectroscopically measured by the current telescopes.
In the near future, X can be constrained better because large
telescopes such as thirty meter telescopes (TMT) and giant
Magellanic telescope (GMT) will be able to provide spectro-
scopic measurement of the companion stars. In anticipation of
these future measurements, we use narrowly distributed val-
ues of X (0.1, 0.3, and 0.7) in this work and investigate how
the values of mass and radius estimated by the Monte Carlo
simulations change with these new distributions. In Section 4,
we will discuss the future observations further.

The results of the masses and radii probability distribution
by following the uniform distribution of hydrogen mass frac-
tion are insulted in the left panel of every figures.

3. RESULTS

By using the Monte Carlo simulations mentioned in the pre-
vious section, we estimate masses and radii of neutron stars
in five LMXBs that show PRE bursts. Table 1 presents the
observed values with measurement uncertainties for the five
sources. The first three sources (EXO 1745–248, 4U 1608–
522, and 4U 1820–30) are identical to those used in Steiner
et al. (2010, see their Table 1) and we adopted the same values
for both measurements and uncertainties which were based
upon Özel (2006); Özel et al. (2009); Güver et al. (2010a,b).
The other two sources (4U 1746–37 and EXO 0748-676) are
so called dipping sources which require adjustment in both
the touchdown flux and e↵ective area by taking into account
the obscuration due to the accretion disk. The observed val-
ues with uncertainties for these two dipping sources are from
Need references and say something about these two sources as
follows. For 4U 1746–37, is the reference from Li et al. 2015,







Searching	for	Companions	

•  Sources	not	in	GC	
– 4U	1608-522:	QX	Nor	(Variable	star)	
– EXO	0748-676:	UY	Vol	(Variable	star)	
– Hard	to	measure	distances	

•  Difficult	for	the	sources	in	GC	
– Due	to	high	stellar	popula0on	
– Methods	available	to	measure	distances	to	GCs		



•  EXO	1745-248	
–  Terzan	5	(GC,	distance	~	6.3	kpc)	
–  Ter	5	is	well	studied,	but	lihle	informa0on	on	companion	star	

•  4U	1608-522	
–  Not	in	GC 		
–  Op0cal	counterpart	QX	Nor	variable	star	

•  4U	1820-30	
–  NGC	6624	(GC)	
–  Ultracompact	companion	(He-WD)	with	kappa	~	0	

•  4U	1746-37	
–  NGC	6441	(GC)	

•  EXO	0748-676	
–  Not	in	GC	
–  Claimed	to	have	emission	line	in	X-ray	which	could	be	used	for	gravita0onal	

redshij		

Individual	Sources	



Terzan	5	Hos0ng	EXO	1745-248	

et al. 2005).Wijnands et al. (2005) also detected a large number of
faint X-ray sources in Terzan 5, which are the focus of this paper.

2. OBSERVATIONS AND REDUCTION

We observed Terzan 5 with Chandra for 39.3 ks on 2003 July
13Y14 using the Advanced CCD Imaging Spectrometer (ACIS)
S3 chip (turning off other chips to avoid the possibility of te-
lemetry saturation in case of an LMXB outburst). We reduced
and analyzed the data using the Chandra Interactive Analysis of
Observations (CIAO), version 3.2.1 software.9 We reprocessed
the level 1 event files using the latest (time dependent) gain files,
using bad pixel files generated with the new acis_run_hotpix
routine, and without the pixel randomization that is applied in
standard data processing. We filtered on grade, status, and good
time intervals supplied by standard processing. The later part of
the observation suffers from elevated background levels. We re-
moved 4.0 ks of data with background flares, for a total good time
of 35.3 ks.

2.1. Detection and Source Property Extraction

We focus our analysis on the sources (with one exception that
we discuss below) within the cluster half-mass radius (rh ¼
0A83; Harris 1996, updated in 2003), as done for other clusters

(e.g., Pooley et al. 2003; Heinke et al. 2005b). This offers an
excellent balance between including most cluster sources and
excluding most background sources. Since globular cluster X-ray
sources are generally more massive than the typical cluster star,
they tend to concentrate toward the core of dynamically relaxed
clusters such as Terzan 5.
We selected an energy band of 0.5Y7.0 keV to search for

sources with maximum sensitivity while minimizing the back-
ground.We ran twowavelet detection algorithms, the CIAO task
wavdetect (Freeman et al. 2002) and the pwdetect10 algo-
rithm (Damiani et al. 1997), on ACIS chip S3, with broadly
similar results. We find that pwdetect is somewhat more ef-
fective at identifying faint sources very near brighter sources,
while wavdetect is more reliable over large fields; we thus adopt
pwdetect results within rh and wavdetect results otherwise.We
choose the sensitivity of our detection algorithms to identify no
more than one spurious source within rh (for pwdetect) and the
S3 chip (for wavdetect).Wefind a total of 49 sources at orwithin
the cluster rh. One bright source (CXOGlb J174802.6"244602)
located just beyond rh seems highly likely to be associated with
the cluster (due to its high flux; its X-ray colors are consistent with
either an active galactic nucleus [AGN] or CV), and we include it
in our analyses of the cluster sources as well. We tabulate prop-
erties of the likely cluster sources in Table 1 and of other sources

Fig. 1.—X-ray image of Terzan 5, with the core (7B9) and half-mass radii marked and the extraction regions for the sources associated with Terzan 5. [See the electronic
edition of the Journal for a color version of this figure.]

9 Available at http://asc.harvard.edu/ciao/. 10 See http://www.astropa.unipa.it /progetti_ricerca/PWDetect /.

HEINKE ET AL.1100

Heinke	+	2006	ApJ		
Using	Chandra		
	
Inner	circle	=	core	of	GC	
with	a	radius	of	7.9”	
	
Outer	circle	contains	half	
mass	of	GC	
	
50	sources	with	Lx	>	
3x1031	erg/s	(1-6	keV)	
	
3	=	EXO	1745-248	
	
2	=	qLMXB		
	
qLMXB	candidates	=	9,	
12,	14,	15	…	(12	total)	



EXO	1745-248:	Burst	vs.	Quiescent	

et al. (2003a) were offset by 0B48 in right ascension and !0B19
in declination from the (uncorrected) coordinates of the can-
didate quiescent counterpart (indicated by the arrow in Fig. 2,
right panel ). These offsets are well within the range of offsets
measured for the other sources.

From the above, we see that the two X-ray images can be tied
to each other to within "0B2 (i.e., the standard deviations on the
offsets). We can now estimate the likelihood for a random source
to fall within 0B2 of the source position of EXO 1745!248. We
calculated this probability using the source density in one core
radius of the globular cluster (which is 7B9; Cohn et al. 2002).We
detected 13 sources in this core radius, which gives a probability
of 0.8% that one of those 13 sources fall within 0B2 of the po-
sition of EXO 1745!248. We note that this probability is con-
servative, since the source density increases toward the cluster
center and, EXO 1745!248 is located close to the edge of the
core, where the source density is less. Moreover, the source
detected on the position of EXO 1745!248 has unusual prop-
erties for a low-luminosity globular cluster X-ray source: it has a
relatively high X-ray luminosity and hard X-ray spectrum (see
x 2.2). Those sources are very unusual in globular clusters, and
the chances for such a peculiar source (of which there are two
within the core radius of Terzan 5; see Fig. 2 and C. O. Heinke
et al., 2005 in preparation) to fall within 0B2 of the position of
EXO 1745!248 is 0.12%. Therefore, we conclude that this low-
luminosity source is indeed the quiescent counterpart of the
transient EXO 1745!248, and that it has peculiar characteristics
in its quiescent state (as discussed below).

2.2. Spectral Analysis

From Figure 2 (right panel ) it can be seen that the quiescent
counterpart was not the brightest X-ray source in the cluster,
and that it had somewhat bluish X-ray colors, indicating a
reasonably hard spectrum. To quantify this, we extracted the
quiescent spectrum of the source. We used the randomized data

to extract the spectrum, since no calibration products are
available for data with the randomization removed. We used a
circle with a radius of 1B5 centered on the source position as the
extraction region. Owing to the crowding near the position of
the transient, the standard practice of using an annulus around
the source position as an extraction region for the background
could not be applied. Therefore, as a background region we
used a circle with a radius of 4000 that was 1A3 to the west of
EXO 1745!248 but did not contain any point sources. We used
the CIAO tool psextract to extract the source and background
spectra and to create the response matrix and the ancillary
response files (the latter was automatically corrected for the
time-variable low-energy quantum efficiency degradation10).
We grouped the spectrum in bins of 15 counts in order to val-
idate the use of the !2 fitting method and fitted the spectrum
using XSPEC (Arnaud 1996; V11.3.1).

The source spectrum is shown in Figure 3 (a total of
"250 counts were detected from EXO 1745!248; see x 2.3).
Clearly, the source is significantly detected up to at least 6 keV,
confirming the hardness of the spectrum.We fitted the spectrum
using a variety of models. We found that a simple power-law
model modified by the Galactic absorption column density NH

(using phabs in XSPEC; the column density was left as a free
parameter in the fits) toward Terzan 5 could adequately fit the
data (reduced !2 of 0.29 with 13 degrees of freedom [dof ]11).
The obtained NH was 1:4þ0:5

!0:4 ; 10
22 cm!2, which is consistent

Fig. 2.—Images of the globular cluster Terzan 5. Left: Data obtained on 2000 July 24, during which the transient EXO 1745!248 was very bright (the streak is
due to out-of-time events recorded during the frame transfer). Right: Data obtained on 2003 July 13–14, when the transient was in its quiescent state. Both images
are plotted on the same scale, allowing for direct comparison, and are 73B8 ; 73B8. East is toward the left, and north is upward. The red color is for the 0.3–1.5 keV
energy range, green for 1.5–2.5 keV, and blue for 2.5–8.0 keV. In the right panel, the quiescent transient is indicated by the arrow. The closest source to the
quiescent transient is located approximately 2B4 toward the northwest of the source.

10 See http://asc.harvard.edu/cal /Acis/Cal_prods/qeDeg/.
11 The reduced !2 is rather low and might suggest that the !2 method cannot

be used for our data set. We have checked our results using different numbers of
counts per spectral bin, using the Cash statistics (Cash 1979), and using both.
The results obtained with those alternative methods were always consistent with
those obtained with the !2 method using 15 counts per bin (i.e., the fractional
uncertainties obtained when calculating errors using Cash statistics are very
similar to those measured when using !2 statistics). Therefore, we only present
the results obtained via the latter method.

NEUTRON STAR X-RAY TRANSIENT EXO 1745!248 885No. 2, 2005
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Figure 2. Chandra/ACIS images obtained in 2009 and 2011 (0.5–5 keV). For the 2011 image, we summed the two individual exposures of February and April
(Table 2). The locations of the two known transient neutron star LMXBs are indicated by circles of 1.5 arcsec radii.

Table 2. Chandra observations of EXO 1745−248 in quies-
cence.

Date Obs ID texp Net count rate Ref.
(yyyy-mm-dd) (ks) (counts s−1)

2003-07-13/14 3798 39.5 7.1 × 10−3 1,2,3
2009-07-14/15 10 059 36.4 1.1 × 10−2 3
2011-02-17 13 225 29.7 4.0 × 10−4 4
2011-04-29/30 13 252 39.5 3.8 × 10−4 5

Note. After correcting for background flares, the exposure
time of the 2003 observation is texp = 31.2 ks. The quoted
net source count rates are for the 0.5–10 keV band. Observa-
tion details can be found in the references: (1) Heinke et al.
(2006b); (2) Wijnands et al. (2005); (3) Degenaar & Wijnands
(2011a); (4) Degenaar & Wijnands (2011b) and (5) Degenaar
et al. (2011b).

that any possible thermal emission component contributed at most
∼10 per cent to the unabsorbed 0.5–10 keV flux of FX = 2.2+0.7

−0.3 ×
10−13 erg cm−2 s−1. An upper limit on the neutron star temperature
as seen by an observer at infinity of kT∞ ! 80 eV was inferred. We
reprocessed and refitted the 2003 data in this work and obtained
similar results as found previously (see Table 3).

During the 2009 observation EXO 1745−248 was detected at an
average count rate of (1.09 ± 0.06) × 10−2 counts s−1 (0.5–10 keV).
The count rate light curve, shown in Fig. 3, reveals considerable
variation by a factor of ∼3 on a time-scale of hours. We fitted the
2009 spectral data using a variety of models. Similar to the results
for the 2003 observation, we find that a thermal emission model
does not provide a good description of the data. We first tried a
neutron star atmosphere model, which is often used to describe the
X-ray spectra of quiescent neutron star LMXBs. Using the model
NSATMOS (Heinke et al. 2006a) we explored fits by either fixing
several parameters or leaving these free to float. All trials resulted
in a reduced χ2 value of χ2

ν > 6; hence, no acceptable fit could be
obtained.

A simple blackbody can describe the data, but returns unrealistic
model parameters: NH < 0.3 × 1022 cm−2, a temperature kT =
1.4 ± 0.2 keV and an emitting radius R = 0.04+0.6

−0.04 km (for D =
5.5 kpc), yielding χ2

ν = 1.1 for 21 degrees of freedom (d.o.f.). The
obtained hydrogen column density is well below that inferred for

the 2000 outburst and 2003 quiescent data of EXO 1745−248 (NH

∼ 1.5 × 1022 cm−2; Heinke et al. 2003; Wijnands et al. 2005), as
well as the average value found for the X-ray sources in Terzan
5 (NH ∼ 1.9 × 1022 cm−2; Heinke et al. 2006b). Furthermore, the
temperature and emitting radius would be highly unusual for a
(non-pulsating) thermally emitting neutron star in quiescence (e.g.
Rutledge et al. 1999). We thus conclude that this model does not
correctly describe the data.

Fitting the 2009 spectral data with a simple absorbed power law
yields NH = (1.1 ± 0.3) × 1022 cm−2 and # = 1.3 ± 0.3 (χ2

ν = 1.3
for 22 d.o.f.). The resulting 0.5–10 keV unabsorbed flux is FX =
(2.7 ± 0.2) × 10−13 erg cm−2 s−1 (see Table 3). To constrain any
thermal emission component, we add an NSATMOS model with
a canonical neutron star mass and radius of MNS = 1.4 M⊙ and
RNS = 10 km, a source distance of D = 5.5 kpc and a normalization
of unity. The only free fit parameter for this model component is the
neutron star temperature. Addition of this model component does
not improve the fit (χ2

ν = 1.3 for 21 d.o.f.). Since the spectral data
do not require the inclusion of a thermal component, we consider the
obtained neutron star temperature and thermal flux as upper limits
to their true values. As such we find that the thermal component
contributes !42 per cent to the total 0.5–10 keV unabsorbed flux
and we obtain a neutron star temperature of kT∞ ! 85 eV. By
extrapolating the NSATMOS model fit to an energy range of 0.01–
100 keV, we estimate a thermal bolometric luminosity of Lth

q,bol !
1 × 1033 erg s−1. This is comparable to the results for the 2003
observation (see Table 3).

The 0.5–10 keV unabsorbed flux inferred from the 2009 spectral
data is higher than observed in 2003. This suggests that the source
intensity may be variable on a time-scale of years, although the
two measurements are consistent within the 90 per cent confidence
errors (see Table 3). To further investigate whether there are intensity
or spectral variations between 2003 and 2009, we fitted the two
data sets simultaneously to an absorbed power law model. When
all spectral parameters are forced to be the same (i.e. assuming
that there are no spectral differences between the two data sets),
we obtain NH = (1.3 ± 0.3) × 1022 cm−2 and # = 1.6 ± 0.3 for
χ2

ν = 1.3 (38 d.o.f.). Enabling the power-law normalization to vary
between the two epochs (i.e. allowing only the intensity to change)
provides a better fit that yields NH = (1.2 ± 0.3) × 1022 cm−2 and
# = 1.5 ± 0.3 for χ2

ν = 1.0 (36 d.o.f.). This model fit is shown in

C⃝ 2012 The Authors, MNRAS 422, 581–589
Monthly Notices of the Royal Astronomical Society C⃝ 2012 RAS
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Crust cooling in Swift J174805.3–244637 2073

4U 1636–53, and IGR J17480–2446; Revnivtsev et al. 2001;
Altamirano et al. 2008; Keek, Langer & in ’t Zand 2009; Linares
et al. 2012). This could also be reconciled if additional crustal heat-
ing occurs.

Possible explanations for the origin of extra heating include ad-
ditional electron captures at shallow crustal layers (e.g. Estradé
et al. 2011), and previously unaccounted nuclear fusion reactions
occurring deep in the crust (e.g. Horowitz, Dussan & Berry 2008).
However, electron captures may be too weak and nuclear fusion
may occur at too high density to be reconciled with observational
constraints on the extra heat release (Degenaar, Wijnands & Miller
2013a). An alternative mechanism that may be consistent with ob-
servations is a convective heat flux driven by the separation of light
and heavy nuclei in the outer crustal layers (Medin & Cumming
2011, 2015; Degenaar et al. 2013a, 2014). Currently, it is unclear
whether extra crustal energy release occurs for all neutron stars,
and if the depth and magnitude are always the same. Performing
crust-cooling studies for additional sources, in particular probing a
range of source parameters (e.g. outburst duration and brightness,
orbital and spin period) can potentially shed light on this unresolved
problem.

Crust-cooling studies initially focused on neutron stars exhibiting
long (>1 yr) accretion outbursts to ensure that significant heating
occurred and hence optimizing the chances of detecting the subse-
quent cooling. However, it has been demonstrated that significant
heating can also occur during shorter outbursts (in IGR J17480–
2446; Degenaar & Wijnands 2011b; Degenaar et al. 2011b, 2013b).
Following neutron stars after weeks- to months-long accretion out-
bursts may be particularly suited to investigate the presence of shal-
low heat, since the subsequent cooling should be faster (e.g. Brown
& Cumming 2009) and detailed modelling of the complete cool-
ing curve can therefore start sooner. Moreover, short outbursts are
much more common than prolonged ones and hence may offer bet-
ter opportunities to increase the number of observed crust-cooling
curves.

1.1 Swift J174805.3–244637 in Terzan 5

Terzan 5 is a strongly absorbed (NH ≃ 1022 cm−2; Heinke et al.
2006b; Bahramian et al. 2014) Milky Way globular cluster that is
located at an estimated distance of ≃4.6–8.7 kpc (e.g. Cohn et al.
2002; Ortolani et al. 2007). It harbours a large number of faint X-
ray point sources, many of which are candidate quiescent neutron
star LMXBs (Heinke et al. 2006b, see also Fig. 1). Indeed, two
confirmed transient neutron star LMXBs were previously identified
in the cluster: EXO 1745–248 and the 11-Hz X-ray pulsar IGR
J17480–2446. The former was active at least in 2000, 2011, and
2015 (e.g. Heinke et al. 2003; Altamirano et al. 2012, 2015; Barret
2012; Serino et al. 2012; Tremou et al. 2015), whereas the latter
was responsible for the 2010 outburst of Terzan 5 (e.g. Miller et al.
2011; Motta et al. 2011; Papitto et al. 2011). X-ray activity was
also observed from the cluster in 1980, 1984, 1990, 1991, and
2002 (see Degenaar & Wijnands 2012, for a historic overview up
until 2012), but due to the high source density and lack of sub-
arcsecond spatial resolution observations, it cannot be pinpointed
with certainty which object(s) caused these outbursts (see Fig. 1). In
2012, a third transient neutron star LMXB was discovered in Terzan
5: Swift J174805.3–244637 (also known as T5 X-3; Bahramian et al.
2014). The cluster core with the locations of the three transient
LMXBs is shown in Fig. 1.

The 2012 discovery outburst of Swift J174805.3–244637 started
in early July and the source remained active for ≃7–8 weeks. Dur-

Figure 1. Accumulated three-colour Chandra/ACIS image of the inner
≃1.1 arcmin × 1.1 arcmin of the globular cluster Terzan 5 (0.3–8 keV). Red
colour corresponds to 0.3–1.5 keV, green to 1.5–2.5 keV, and blue to 2.5–
8 keV. This image was constructed using 16 observations in which all bright
X-ray transients were quiescent, amounting to 620 ks of total exposure time.
The positions of the three known transient neutron star LMXBs are indicated
by circular regions with 1.5 arcsec radii.

ing this time it was detected at a mean 0.5–10 keV luminosity of LX

≃ 9 × 1036(D/5.5 kpc)2 erg s−1, and it displayed a thermonuclear
X-ray burst (Bahramian et al. 2014). Analysis of archival Chandra
data revealed that the pre-outburst quiescent X-ray spectrum was
dominated by thermal emission from the neutron star surface, but
with an ≃20–30 per cent contribution from a non-thermal emis-
sion component. The neutron star temperature remained constant
between 2003 and 2012, but small variations in the quiescent non-
thermal emission were observed (Bahramian et al. 2014).1 Such a
hard (variable) emission tail is often detected for quiescent neutron
star LMXBs and is typically modelled by a simple power law with
an index of ! ≃ 1–2. It is thought to arise from a different emis-
sion process, possibly related to the presence of a residual accretion
stream or the magnetic field of the neutron star (e.g. Campana
et al. 1998; Jonker et al. 2004; Wijnands et al. 2005; Cackett et al.
2010a; Degenaar, Patruno & Wijnands 2012; Bernardini et al. 2013;
Chakrabarty et al. 2014).

When the 2012 outburst of Swift J174805.3–244637 ceased and
the source transitioned to quiescence, we took the opportunity to
search for crustal cooling in this neutron star.

1 No outburst was detected from Swift J174805.3–244637 in the epoch
2003–2012, suggesting that all these observations sampled the same qui-
escent episode. Bahramian et al. (2014) did propose that because of the
relatively high temperature of the neutron star, Swift J174805.3–244637
may have been responsible for one or more of the historic outbursts of
Terzan 5 for which no accurate position information was available.
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brightness profile of this star does not show any significant
deviation from symmetry, thus supporting the hypothesis that it
is a single object. Hence, the most natural conclusion is that the
identified star is indeed the counterpart in quiescence.
The identified object passed from observed magnitudes
m 24.74F606W = and m 21.74F814W = during quiescence
(EP1 and EP2),5 to m 21.77F606W = and m 18.88F814W = in
the outburst state (EP3), thus experiencing a brightening of
3 mag (corresponding to a factor of 16 in luminosity). Because

of its location in the inner Galactic bulge, Terzan 5 is affected
by a large extinction, with an average color excess
E B V( ) 2.38- = (Barbuy et al. 1998; Valenti et al. 2007),
showing strong variations up to E B V( ) 0.67d - = mag within
the ACS field of view (Massari et al. 2012). We therefore
applied the high-resolution differential reddening map obtained
by Massari et al. (2012) to correct the observed magnitudes (in
the following, the notation m~ indicates magnitudes corrected
for differential reddening). Figure 3 shows the position of
COM-EXO 1745-248 in the differential reddening corrected
CMD during the two states. We found m 24.47F606W =~ and
m 21.57F814W =~ during EP1 and EP2, while m 21.50F606W =~

Figure 1. HST/ACS drz combined images of the 2 2´ ´ ´ region around EXO 1745-248, in the F814W filter, for the three epochs (EP1, EP2, EP3, from left to right,
respectively). The source (highlighted with a red circle) is visible as a faint star during the quiescent epochs EP1 and EP2, while it is observed in an outburst stage
during EP3. North is up; east is to the left.

Figure 2. F814W-band drz combined image of the 5 5´ ´ ´ region around
EXO 1745-248 in the EP3 exposure. The source positions and uncertainties
obtained from the various observational campaigns are marked: the Swift/XRT
2. 2´ radius error circle is shown in black, the Chandra error circle in blue, the
VLA measure in green, and the HST optical determination in red. The cyan
square marks the star previously proposed (Heinke et al. 2003) as the possible
optical counterpart to EXO 1745-248.

Figure 3. (mF814W, mF606W-mF814W) CMD of Terzan 5 corrected for
differential reddening (according to Massari et al. 2012). The position of the
optical counterpart to EXO 1745-248, in the outburst and in quiescent states, is
marked with large red circles.

5 The magnitudes of the star in the EP1 (m 24.7 0.1F606W = o ; mF814W=
21.6 0.1o ) and EP2 (m 24.74 0.04F606W = o ; m 21.7 0.1F814W = o ) quies-
cent stages are fully consistent within the errors.
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Counterpart	of	EXO	1745-248	Burst	I		

brightness profile of this star does not show any significant
deviation from symmetry, thus supporting the hypothesis that it
is a single object. Hence, the most natural conclusion is that the
identified star is indeed the counterpart in quiescence.
The identified object passed from observed magnitudes
m 24.74F606W = and m 21.74F814W = during quiescence
(EP1 and EP2),5 to m 21.77F606W = and m 18.88F814W = in
the outburst state (EP3), thus experiencing a brightening of
3 mag (corresponding to a factor of 16 in luminosity). Because

of its location in the inner Galactic bulge, Terzan 5 is affected
by a large extinction, with an average color excess
E B V( ) 2.38- = (Barbuy et al. 1998; Valenti et al. 2007),
showing strong variations up to E B V( ) 0.67d - = mag within
the ACS field of view (Massari et al. 2012). We therefore
applied the high-resolution differential reddening map obtained
by Massari et al. (2012) to correct the observed magnitudes (in
the following, the notation m~ indicates magnitudes corrected
for differential reddening). Figure 3 shows the position of
COM-EXO 1745-248 in the differential reddening corrected
CMD during the two states. We found m 24.47F606W =~ and
m 21.57F814W =~ during EP1 and EP2, while m 21.50F606W =~

Figure 1. HST/ACS drz combined images of the 2 2´ ´ ´ region around EXO 1745-248, in the F814W filter, for the three epochs (EP1, EP2, EP3, from left to right,
respectively). The source (highlighted with a red circle) is visible as a faint star during the quiescent epochs EP1 and EP2, while it is observed in an outburst stage
during EP3. North is up; east is to the left.

Figure 2. F814W-band drz combined image of the 5 5´ ´ ´ region around
EXO 1745-248 in the EP3 exposure. The source positions and uncertainties
obtained from the various observational campaigns are marked: the Swift/XRT
2. 2´ radius error circle is shown in black, the Chandra error circle in blue, the
VLA measure in green, and the HST optical determination in red. The cyan
square marks the star previously proposed (Heinke et al. 2003) as the possible
optical counterpart to EXO 1745-248.

Figure 3. (mF814W, mF606W-mF814W) CMD of Terzan 5 corrected for
differential reddening (according to Massari et al. 2012). The position of the
optical counterpart to EXO 1745-248, in the outburst and in quiescent states, is
marked with large red circles.

5 The magnitudes of the star in the EP1 (m 24.7 0.1F606W = o ; mF814W=
21.6 0.1o ) and EP2 (m 24.74 0.04F606W = o ; m 21.7 0.1F814W = o ) quies-
cent stages are fully consistent within the errors.

3

The Astrophysical Journal Letters, 807:L1 (5pp), 2015 July 1 Ferraro et al.2”	x	2”	

Quiescent	 Burst	



Counterpart	of	EXO	1745-248	Burst	II		

brightness profile of this star does not show any significant
deviation from symmetry, thus supporting the hypothesis that it
is a single object. Hence, the most natural conclusion is that the
identified star is indeed the counterpart in quiescence.
The identified object passed from observed magnitudes
m 24.74F606W = and m 21.74F814W = during quiescence
(EP1 and EP2),5 to m 21.77F606W = and m 18.88F814W = in
the outburst state (EP3), thus experiencing a brightening of
3 mag (corresponding to a factor of 16 in luminosity). Because

of its location in the inner Galactic bulge, Terzan 5 is affected
by a large extinction, with an average color excess
E B V( ) 2.38- = (Barbuy et al. 1998; Valenti et al. 2007),
showing strong variations up to E B V( ) 0.67d - = mag within
the ACS field of view (Massari et al. 2012). We therefore
applied the high-resolution differential reddening map obtained
by Massari et al. (2012) to correct the observed magnitudes (in
the following, the notation m~ indicates magnitudes corrected
for differential reddening). Figure 3 shows the position of
COM-EXO 1745-248 in the differential reddening corrected
CMD during the two states. We found m 24.47F606W =~ and
m 21.57F814W =~ during EP1 and EP2, while m 21.50F606W =~

Figure 1. HST/ACS drz combined images of the 2 2´ ´ ´ region around EXO 1745-248, in the F814W filter, for the three epochs (EP1, EP2, EP3, from left to right,
respectively). The source (highlighted with a red circle) is visible as a faint star during the quiescent epochs EP1 and EP2, while it is observed in an outburst stage
during EP3. North is up; east is to the left.

Figure 2. F814W-band drz combined image of the 5 5´ ´ ´ region around
EXO 1745-248 in the EP3 exposure. The source positions and uncertainties
obtained from the various observational campaigns are marked: the Swift/XRT
2. 2´ radius error circle is shown in black, the Chandra error circle in blue, the
VLA measure in green, and the HST optical determination in red. The cyan
square marks the star previously proposed (Heinke et al. 2003) as the possible
optical counterpart to EXO 1745-248.

Figure 3. (mF814W, mF606W-mF814W) CMD of Terzan 5 corrected for
differential reddening (according to Massari et al. 2012). The position of the
optical counterpart to EXO 1745-248, in the outburst and in quiescent states, is
marked with large red circles.

5 The magnitudes of the star in the EP1 (m 24.7 0.1F606W = o ; mF814W=
21.6 0.1o ) and EP2 (m 24.74 0.04F606W = o ; m 21.7 0.1F814W = o ) quies-
cent stages are fully consistent within the errors.
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and m 18.70F814W =~ in EP3, corresponding to a small
(0.1 mag) color variation, which is within the errors. No
variability has been detected over the period of ∼50 minutes
covered by each HST orbit in EP3 and EP2. It is worth
mentioning that EP3 data were acquired on 2015 April 20,
almost simultaneously to the X-ray observations (Yan
et al. 2015), suggesting that the system is transiting from a
hard to a soft state.

An estimate of the orbital period of the system can be
obtained by following Shahbaz & Kuulkers (1998), who report
a relation between the orbital period and the V-band luminosity
variation. Since we observe V 3D ~ mag in the case of EXO
1745-248, the orbital period turns out to be P 1.3~ days. On
the other hand, for LMXBs, van Paradijs & McClintock (1994)
proposed an empirical relation between the absolute V
magnitude in outburst and the parameter Σ, which depends
on the ratio between the X-ray and the Eddington luminosities
(L LX Edd) and the orbital period. By assuming L L 0.5X Edd ~
(Yan et al. 2015) and M 1.37V = (in Johnson V magnitude) for
EXO 1745-248, we obtain P 0.1~ days. From these estimates,
the orbital period of the system is likely to be between 1.3 and
0.1 days.

In order to more deeply investigate the nature of COM-EXO
1745-248 in the quiescent state under the assumption that the
disk contribution to the observed magnitude is negligible, we
identified the star in the K-band adaptive optics images
obtained with ESO/MAD, which were used by Ferraro et al.
(2009) to discover the two main multi-iron populations hidden
in this system. We first corrected the combined K( ,
m KF606W - ) CMD for differential reddening. Then, we
transformed it into the absolute plane by assuming the average
color excess quoted above and the distance modulus
m M( ) 13.870- = corresponding to a distance of 5.9 kpc
(Valenti et al. 2007). The result is shown in Figure 4, where the
position of COM-EXO 1745-248 in the quiescent state is
marked. A more detailed characterization of the nature of
COM-EXO 1745-248 is strongly hampered by the complexity
of the stellar populations harbored in Terzan 5. The comparison
with a 12 Gyr old isochrone (Girardi et al. 2010) well
reproducing the main metal-poor sub-population of Terzan 5
at [Fe/H] 0.3= - dex6 suggests that COM-EXO 1745-248
could be a sub-giant-branch (SGB) star. On the other hand,
the metal-rich sub-population could be significantly (a few
gigayears) younger than the main metal-poor component (see
Ferraro et al. 2009). Thus, if COM-EXO 1745-248 belongs to
the metal-rich component, it would be located below the SGB
in a position where companions to redback MSPs have been
found (see, e.g., the case of COM-MSP6397A in Ferraro et al.
2001). Since no spectroscopic information on the metallicity of
this star is available, both possibilities are equivalently valid.
While in the case of redbacks any prediction on the stellar
parameters based on the observed photometric properties can
be difficult (see the case of COM-MSP6397A), this is possible
for an SGB star belonging to the metal-poor population. In this
case, the following stellar parameters are obtained: mass
M M0.9= :, effective temperature T 5440eff = K, surface

gravity glog 3.9= , and luminosity L Llog 0.35=: . The
corresponding stellar radius, therefore, is R R1.7~ :. Hence,
by assuming that the star has completely filled its Roche Lobe
and adopting a canonical value for the neutron star mass
( M1.4~ :), we derive an orbital separation of a R5.2» : and a
period of P 0.9orb ~ days for the binary system, fully in
agreement with the range estimated above. We estimate that the
radial velocity variations of such a binary system should have
an amplitude of i170 sin~ km s−1 (i being the system
inclination angle), which could be detectable through a
dedicated spectroscopic follow-up.

4. DISCUSSION AND CONCLUSIONS

By using high-resolution images obtained with the HST/ACS
during three different epochs, we have identified the optical
counterpart to the neutron star transient EXO 1745-248 in
Terzan 5. With respect to the two previous epochs, this object
shows a current brightening of ∼3 mag. In the quiescent state it
is an SGB star, i.e., an object that is experiencing its first
envelope expansion while evolving toward the red giant branch
stage.
Very interestingly, the X-ray emission of EXO 1745-248

during quiescence was found to be highly variable both on
short and long timescales (Degenaar & Wijnands 2012), and
Linares et al. (2014) recently underlined that these properties
are impressively similar to those observed for MSP-M28I, the
system occasionally swinging between accretion-powered and
rotation-powered emission (Papitto et al. 2013). This evidence
suggests that EXO 1745-248 could be another system
belonging the rare class of objects caught shortly before the

Figure 4. Absolute M( ,K m K )F606W 0- CMD of Terzan 5 obtained from a
combination of HST/ACS and ESO/MAD observations. The position of COM-
EXO 1745-248 in the quiescent state is marked with the large red circle. The
blue line corresponds to a 12 Gyr isochrone with [Fe/H] 0.3= - (from Girardi
et al. 2010), well reproducing the main metal-poor sub-population of Terzan 5.

6 As discussed in Massari et al. (2014), this population consists of 62%~ of
the total, while a super-solar component at [Fe/H] 0.3= + dex accounts for

29%~ , and an even metal-poorer component at [Fe/H] 0.8= - dex, recently
detected by Origlia et al. (2013), corresponds to 5%~ of the total. The CMD
plotted in Figure 4 nicely shows two distinct red clumps at M 1.5K = - and
M 1.81K = - , corresponding to the two major sub-populations first discovered
in the system by Ferraro et al. (2009).

4

The Astrophysical Journal Letters, 807:L1 (5pp), 2015 July 1 Ferraro et al.12	Gyr	Isochrone	with	[Fe/H]=-0.3	

Quiescent	State	

Burst	State	



Current	High-Resolu0on	Observatories	I	

•  Chandra	ACIS	
– physical	size	of	the	CCD	pixels	~	0.492	arcsec	
– High	Resolu0on	Camera	(HRC):	spa0al	resolu0on,	
FWHM	~	0.4	arcsec	

•  HST	
– STIS	(Space	Telescope	Imaging	Spectrograph)	

•  visible	plate	scale	~	0.05071	arcsec	per	pixel	
•  ultraviolet	plate	scale	~	0.0246	arcsec	per	pixel	



Current	High-Resolu0on	Observatories	II	

•  HST	
–  COS	(Cosmic	Origin	Spectrograph)	

•  ~	0.07	arcsec	for	G185M	and	G230L	
•  ~	0.06	arcsec	for	G225M	and	G285M	

– NICMOS	
•  f/80 11"x11 43 mas/pix	
•  f/45 19”x19” 76 mas/pix	
•  f/17 52"x52” 200 mas/pix	

– ACS	(Advanced	Camera	for	Survey)	
•  ~	0.05	arcsec/pix	(WFC)	
•  ~	0.028	x	0.025	arcsec/pix	(HRC)	
•  ~	0.034	x	0.030	arcsec/pix	(SBC)	



Current	High-Resolu0on	Observatories	III	

•  HST	
– Wide	Field	Camera	3	(WFC	3)	

•  ~	0.04	arcsec/pix	(UVIS)	
•  ~	0.13	arcsec/pix	(IR)	

•  Very	Large	Telescope	(VLT)	
–  Four	8.2m	telescopes	

•  ~	0.05	arcsec	for	individual	telescope	
•  ~	0.001	arcsec	(=	1	mas)	with	interferometry	

–  VLT	UT2	
•  ~	0.16	arcsec	(blue)	-	0.22	arcsec	(red)	per	pixel	



Spa0al	Resolu0on	of	Future	Observatories	

•  Giant	Magellan	Telescope	(GMT)	
–  Integral-Field	Spectrograph	

•  ~	5	mas/pix,	20.4	x	20.4	arcsec	field	of	view	at	1	micron		
•  ~	13	mas	at	J,	~	16	mas	at	H,	~	22	mas	at	K	

–  Facility	Fiber	Op0cs	Posi0oned	–	MANIFEST	
•  Posi0oning	accuracy	~	0.02	arcsec	

•  Thirty	Meter	Telescope	(TMT)	
–  Infrared	Imager	and	Spectrometer	(IRIS)	

•  ~	0.004,	0.010,	0.025,	0.050	arcsec/pix	for	IFU	(at	different	wavelength	of	
IR)	

•  ~	7	mas	at	1	micron	

–  High-Resolu0on	Op0cal	Spectrometer	(HROS)	
•  spa0al	sampling:	<	0.2	arcsec/pix	



•  JWST	
– ~	0.1	arcsec	at	2	microns	
– Near-Infrared	Camera	(NIRCam)	

•  ~	0.032	arcsec/pix	at	2.0	microns	
•  ~	0.065	arcsec/pix	at	4.0	microns	

– Mid-Infrared	Instrument	(MIRI)	
•  ~	0.18	arcsec	at	5	microns	
•  full	width	at	half	maximum	~	0.035	x	Lambda	(in	
microns)	arcsec	at	Lambda		

Spa0al	Resolu0on	of	Future	Observatories	



NICER	(Neutron	star	Interior	Composi0on	Explorer)	

•  Opera0ng	now	ajer	installed	at	ISS	on	June	12-13,	2017	

 
 

 
 

In pursuit of its key science objective, NICER exploits a well-founded and accessible approach to mass and radius 
constraints: analysis of X-ray flux modulations due to rotating hot spots on the surface of a neutron star (Figure 4). 
NICER enables such lightcurve analysis at a level that achieves the standard set by nuclear theory for distinguishing 
between proposed EOS models: ±5% uncertainty on radius measurements.3,5 To realize such precision, large numbers of 
photons, typically 105–6, must be collected. 

Rotating hot spots are seen from both rotation- and accretion-powered pulsars. Lightcurve analysis to constrain neutron 
star properties has been demonstrated in both cases — for steady thermal X-ray pulsations from nearby millisecond 
pulsars6 (MSPs), and for transient accretion-powered pulsations and burst oscillations from low-mass X-ray binaries7  — 
but with broad statistical and, in the case of the accreting systems, systematic uncertainties. NICER delivers data suited 
to both investigations; its prime focus, however, is on the non-accreting MSPs, which are unaffected by the complexities 
of accretion flows. Rotation-powered MSPs are ideal for this approach: they appear frequently in binary systems, 
offering independent mass measurements, their radiative properties are well described by hydrogen atmosphere models, 
and they are always “on” with lightcurves stable in time, producing steady and predictable gains in signal-to-noise ratio 
with increasing exposure. 

Figure 4. (Left) A distant observer sees X-ray intensity grow and fall as hot-spots on a neutron star surface 
spin through the line of sight. The far-side spot becomes more visible for smaller stars through gravitational 
light-bending, which depends on M/R; thus, depth of modulation constrains compactness. (Right) Two sets of 
simulated NICER lightcurves, for stellar radii differing by ±5%, show measurable differences in several 
energy bands for a 1 Msec exposure: 4–6σ differences per phase bin pinpoint the star's radius. 

Figure 3. Mass and radius measurements probe the nature of dense matter by testing proposed equations of state 
(EOSs; representative labeled curves). Current weak radius bounds allow virtually all EOSs. NICER will 
improve radius measurements by an order of magnitude, isolating viable models of dense matter. 
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• The NICER SDDs are commercial devices that include integrated thermoelectric coolers (TECs) and 
thermal/optical-blocking filters. The SDDs are housed in Focal Plane Modules (FPMs) that provide pre-
amplification of the SSD signal. Groups of eight FPMs are connected to a Measurement/Power Unit (MPU) via 
analog connections; the MPUs provide bias voltages and TEC controls, while the FPMs return the output of the 
preamplifiers and SDD temperature data. Each of the seven MPUs has a fast channel in parallel with a slow 
channel for each FPM detector. The fast channel has a very fast shaping time (30 nsec) that enables precise 
individual X-ray photon timing. Absolute time-stamping to high precision is accomplished with the help of an 
oscillator on the MPU that is compared to a one-pulse-per-second (1 PPS) signal from an on-board GPS 
receiver. The slower channel, with a much longer shaping time (300 nsec), provides better energy resolution of 
the detected X-rays, which enables the NICER spectroscopic science objectives and a cleaner selection against 
background events. The NICER detector system is provided by MIT. 

• The Instrument Optical Bench (IOB) holds the optical and detector systems in a compact, co-aligned assembly, 
providing mechanical rigidity, thermal stability, and ease of integration for the highly modular instrument. 

SDDs offer energy resolutions typical of silicon-based detectors, approaching the Fano limit. NICER’s anticipated 
performance is 3% energy resolution at 6 keV and 8% at 1 keV. The SDD’s timing resolution is limited by the spread of 
electron drift times for photons interacting at various distances from the central sensing anode. The resulting timing jitter 
is less than 155 nsec. NICER’s anticipated background level will be dominated below 2 keV by the diffuse cosmic X-ray 
background (0.05 cts/sec over the 15 arcmin2 non-imaging field of view at high Galactic latitudes), and by unrejected 
particle background at higher energies (0.01 cts/sec/keV across the entire NICER band). Figure 8 shows the combined 
capabilities of NICER as an X-ray astrophysics tool. For countrate and spectral-fitting simulations, NICER is recognized 
by the online WebPIMMS and WebSpec tools at GSFC’s High Energy Astrophysics Science Archive Research Center. 

Figure 8. NICER plumbs unexplored depths in time resolution, spectral resolution, and sensitivity. The time-
tagging resolution benchmarks represented by the upper and lower shaded planes enable, respectively, high 
precision timing for mass and clock-stability measurements, and lightcurve analysis for radius measurements. 

Figure 7. Functional block diagram of the NICER X-ray Timing Instrument’s components: concentrator optics, 
Focal Plane Modules that house silicon drift detectors, and Measurement/Power Units. 

Gendreau	+	2012		



Discussion	
•  Past	and	current	X-ray	observatories	
–  Low	spa0al	resolu0on	with	high	0me	resolu0on:	RXTE	
found	XRBs	in	LMXBs	

–  High	spa0al	resolu0on	with	low	0me	resolu0on:	Chandra,	
XMM-Newton,	and	Suzaku	are	not	op0mized	for	detec0ng	
XRB	signals	

•  Past	and	current	op0cal	and	IR	observatories	
–  Higher	spa0al	resolu0on	than	X-ray	observatories	

•  Best	combina0on	of	mul0-band	observa0ons	to	pin	
down	companions	
–  High	resolu0on	in	all	bands	
–  Currently	lacking:	UV	and	X-ray	



Possibili0es	with	Limita0ons	

•  Con0nue	to	search	variable	objects	with	high	
resolu0on	UV,	op0cal,	and	IR	observa0ons	
within	the	error	circles	of	X-ray	observa0on	

•  Sta0s0cally	constrain	the	opacity	
– Count	different	stellar	types	within	the	error	circle	
– Stars	with	hydrogen	envelope	or	not	





Thank	you!	



Search	More	

•  X-ray	observa0ons	
– High	spectral	resolu0on	observatory	like	Hitomi	

•  Importance	of	Future	UV	observatories	
– Spa0al	resolu0on	toward	GCs	near	the	Galac0c	
center	is	hindered	via	ex0nc0on		
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the maximum flux reported from the bursts observed by RXTE, of
5.2 × 10−8 erg cm−2 s−1 (Wolff et al. 2005). This discrepancy (also
noted by Damen et al. 1990) of more than a factor of 2 is far in ex-
cess of that expected from the varying gravitational redshift during
radius expansion. If the touchdown flux does indeed correspond to
the Eddington limit, it is difficult to understand how the flux earlier
in the burst could exceed that value by such a large margin.

Motivated by this result, we undertook a broader study of the
relationship between the peak radius-expansion burst flux and the
flux at touchdown in different burst sources. In Section 2, we de-
scribe the observations and analysis of the bursts. In Section 3, we
present the results of our study. In Section 3.1, we identify sources
with low touchdown fluxes (compared to the peak fluxes), while in
Section 3.2, we investigate the effect of the maximum radius reached
during the expansion. We present the broader conclusions of this
study in Section 4.

2 O B S E RVAT I O N S A N D A NA LY S I S

We used analyses of thermonuclear bursts observed by the RXTE
from the catalogue of Galloway et al. (2008). This catalogue contains
analyses of all bursts present in public data since shortly after the
RXTE launch on 1995 December 30. The primary instrument for
burst studies is the Proportional Counter Array (PCA; Jahoda et al.
1996), consisting of five identical, co-aligned proportional counter
units (PCUs), sensitive to photons in the energy range 2–60 keV and
with a total effective area of ≈6500 cm2.

Data were analysed with LHEASOFT version 5.3 (released on 2003
November 17) or later; this release was the first to incorporate a sig-
nificant reduction of the geometric area of the PCUs for improved
consistency with calibration sources (Jahoda et al. 2006). Data with
the best spectral and temporal resolution were used to extract time-
resolved spectra covering the PCA bandpass every 0.25 s near the
peak of each burst, becoming longer in the burst tail to preserve
signal-to-noise ratio. Each burst spectrum was fitted using an ab-
sorbed blackbody, with a spectrum extracted from a (typically) 16 s
interval prior to the burst as the background, following the dard
X-ray burst analysis procedure (e.g. van Paradijs & Lewin 1986;
Kuulkers et al. 2002). To take into account gain variations over the
life of the instrument, we generated a separate response matrix for
each burst using PCARSP version 10.1.

The bolometric flux at each time-step was calculated from the
fitted blackbody temperature kTbb and radius Rbb. Each burst was
inspected visually for evidence of radius expansion, specifically a
local maximum in Rbb near the time the maximum burst flux was
reached, synchronous with a minimum in kTbb. By these criteria, 246
bursts in the catalogue exhibited unambiguous evidence of radius
expansion.

We subsequently analysed the bolometric flux evolution of each
of these bursts to determine the touchdown flux Ft. Immediately
prior to touchdown, the photosphere is expected to be contracting
back towards the neutron star, reflected by the decreasing black-
body radius. The long (∼1 s) observed time-scale of the radius
contraction (compared to the ∼1 ms free-fall time-scale) suggests
that the atmosphere is still primarily radiation pressure supported
during the contraction phase. Because of this condition, the flux
remains equal to the local Eddington limit, and the blackbody tem-
perature must be increasing. Immediately after touchdown, the pho-
tospheric radius is roughly constant, but now the burning has more
or less ceased and the neutron star gradually cools, giving a de-
creasing flux and blackbody temperature. We thus identify the time
at which the photosphere touches down as the time of a local maxi-

Figure 1. Example PRE bursts from 4U 1636−536 (left-hand panels) and
EXO 0748−676 (right-hand panels). From top to bottom, the panels in each
column show the bolometric luminosity (units of 1038 erg s−1); blackbody
temperature (keV); and blackbody radius (km). The luminosity and black-
body radii are calculated for a distance to 4U 1636−536 of 6 kpc (Galloway
et al. 2006), and to EXO 0748−676 of 7.4 kpc (Galloway et al. 2008). The
open circles indicate the time of peak burst flux, while the open diamonds
indicate the time when the photosphere is assumed to have just returned to
the neutron star surface (the ‘touchdown’ point). Note that the flux at touch-
down Ft for 4U 1636−536 is essentially identical to the maximum flux,
while for EXO 0748−676 it is approximately half that value.

mum in the blackbody temperature, following the time of maximum
radius.

This definition is illustrated in the two examples of Fig. 1. The
time of touchdown can be unambiguously determined from the time-
history of kTbb; in both cases a clear local maximum can be seen
(middle panels), following the radius maximum (bottom panels).
While not all the cases were as clear-cut as these examples, we
nevertheless were able to determine the time of touchdown for each
of the radius-expansion bursts in the sample.

3 R E S U LT S

We measured the flux at touchdown Ft for each of 246 PRE bursts
in our sample, and calculated its ratio to the peak flux f = Fp/Ft.
For 61 bursts (around 1/4 of the sample) the maximum flux was
achieved at touchdown, so that Fp = Ft and f = 1. More generally,
Ft was consistent with Fp to within the 3σ confidence limit (based
on the uncertainties of Fp and Ft ) for 184 of the bursts, or almost
3/4 of our sample (the burst shown in the left-hand panels of Fig. 1
is such an example). In many cases, this commensurability of the
peak and touchdown fluxes arises from a common behaviour in
PRE bursts, where the flux continues to increase following the time
the maximum radius is reached (as noted for 4U 1636−536 by
Sugimoto, Ebisuzaki & Hanawa 1984). We note that f >1 for all
three radius-expansion bursts from EXO 0748−676, as we expect
based on the comparison of the published fluxes by Özel (2006) and
Wolff et al. (2005). Thus, we made a closer examination of what
conditions give rise to values of f >1.

C⃝ 2008 The Authors. Journal compilation C⃝ 2008 RAS, MNRAS 387, 268–272

Galloway	+	2008	MNRAS	

PRE	XRBs	at	high	inclina0on	angle	


