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Measuring the Distances to Globular Clusters

Measuring the distances to the globular clusters rely on the 
comparison of Horizontal Branches of the clusters with those of a 
reference, which is 47 Tuc (for the metal-rich sample in the bulge).

Such a comparison simultaneously gives the distance and the 
reddening. 

Recent near-IR observations enabled reliable measurements of 
distances to a number of globular clusters in especially towards the 
galactic bulge (see e.g. Valenti et al. 2007).

3

Thursday, April 16, 2009



Are globular clusters really helpful for 
mass & radius measurements ?

We know only 9 X-ray bursters, out of ~72, that are known to be 
located in globular clusters :

4

Source Name N PRE Notes

4U 0513-40 1

4U 1746-37 3 Very low flux

GRS 1747-312 3 Varying touchdown flux

4U 1724-307 2 Cooling curve is not good

SAX J1748.9-2021 6 (4) Two Groups of Touchdown Fluxes

XB 1832-330 1

4U 1820-30 5 Suitable

4U 2129+12 1

EXO 1745-248 2 Suitable
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Red Clump Stars as standard candles

Core-helium burning giant stars 
with a very narrow luminosity 

function.

They are relatively bright, which 
means they can be identified to 

large distances.

The absolute magnitude and 
intrinsic color of the red clump 

stars are well established (see e.g. 
Alves 2000, Grocholski & 

Sarajedini 2002).
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Red Clump Stars in a Near-IR CMD

Absolute Magnitude

Intrinsic Color

Distance

Extinction
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Position on a CMD of a star depends on four 
parameters :

So in principle one can use red 
clump stars as a standard 
candle to map the variation of 
ext inction with distance 
(Paczynski & Stanek 1998, 
Lopez-Corredoira et al. 2002, 
Cabrera-Lavers, et al. 2005).  
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Extinction towards X-ray sources
Can we measure the total column density of the gas in 
the ISM towards X-ray sources ?

Binding energies of electrons in the K, L  etc. shells of some of the 
most abundant metals lie in the soft X-ray range.
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Element Absorption Edge Wavelength

O (K edge) 23.1 Angstrom (~0.5 keV)

Fe (L edge) 17.52 Angstrom

Ne (K edge) 14.31 Angstrom

Mg (K edge) 9.5 Angstrom

Si (K edge) 6.72 Angstrom (~1.85 keV)
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Measuring the X-ray absorption towards 
X-ray Bursters

X-ray bursters are bright X-ray sources with a number of high resolution 
X-ray spectra (see e.g. Juett et al. 2004, 2006) : 
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Si and Mg edges (Wroblewski, Güver, & Özel, 2008): 

9

Thursday, April 16, 2009



Converting the Column Density to optical 
Extinction

Although usually expressed in units 
of hydrogen column density, X-ray 
absorption is caused by the most 
abundant heavier elements.

On the other hand, opt ical 
extinction is also caused by grains 
composed of these same heavier 
elements.

Therefore one expects a relation 
between the optical extinction and 
the X-ray absorption a.k.a gas to 
dust ratio. 
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Table 2. Hydrogen column density values obtained from fits to archival Chandra observations. Errors show 90% confidence intervals.

SNR Name Model Name NH χ2
ν

(1022cm−2)

SNR G54.1+0.3 PL 1.67±0.1 1.05
bremms 1.54±0.06 1.05
mekal 1.59±0.14 1.43

SNR G69.0+2.7 PL 0.32±0.02 0.83
bremms 0.26±0.02 0.85
mekal 0.23±0.01 1.17

SNR G184.6−5.8 PL 0.294±0.002 2.57
bremms 0.222±0.002 3.53
mekal 0.208±0.001 6.49
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Figure 1. The observed correlation between hydrogen column density and optical extinction, together with the best fit linear model,
found as NH = (2.30 ± 0.04) × 1021 × AV.

the average errors given for the other measurements. These
cases are left without errors in Table 1.

3 RESULTS AND DISCUSSION

We plot in Figure 1 the optical extinction, AV, for 21 su-
pernova remnants against their hydrogen column density,
measured from their high energy resolution X-ray spectra.
Figure 1 includes a typical 15% error on the optical extinc-
tion for those remnants that did not have reported errors on
this measurement (see Table 1). Note that we exclude from
Figure 1 the Vela supernova remnant, as it shows a large
deviation from the general trend.

We performed a linear fit between these quantities and
obtained the best-fit relation

NH = (2.30 ± 0.04) × 1021
× AV, (1)

where the errors correspond to 90% statistical uncer-
tainty. We present the best-fit line in Figure 1. This relation
can also be expressed as NH = (7.13±0.12)×1021

×E(B−V )
between the reddening and the hydrogen column density.

We then investigated whether the continuum models
that are used to fit the X-ray observations to measure the
hydrogen column density affect the results found for the
AV −NH relation. Specifically, we looked into the power-law
continuum models, which are known to give higher values for
the hydrogen column density than others. To this end, we
compared the AV − NH relation that we found from fitting
the entire sample to that derived when the three power-
law continuum fits in the sample were excluded. We found
that the resulting relations do not differ significantly from
each other either in the slope or in the errors. Specifically,
excluding the subset of observations where the X-ray contin-
uum was modeled with a power-law results in the relation

c© 2009 RAS, MNRAS 000, 1–6

(Güver & Özel 2009)
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The distance to the X-ray Binary :
4U 1608-52

4U 1608-52 is a Soft X-ray Transient.

It has an Optical Counter-part QX Normae with I = 18.2 (Grindlay & 
Liller 1978).

Source exhibited 32 Type I X-ray bursts of which 12 are Eddington 
Limited Photospheric Radius Expansion bursts (Galloway et al. 2008).

11
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Hydrogen Column density Measurement

12

– 19 –

Table 4. Properties of the bursts used to find the

normalization value during the cooling tail. Burst start
times are adopted from Galloway et al. (2006).

ID Obs ID. MJD Normalization
(Rkm/D10kpc)2

2 70059-03-01-000 52529.17934 326.7±4.7
3 10093-01-03-000 50164.69334 330.2±4.9

4 70059-01-20-00 52524.10157 325.8±5.4
5 70059-01-21-00 52526.16006 317.0±4.5

Fig. 1.— RGS1 and RGS2 spectra of 4U1608−52 together with the best fit models (solid

line for RGS1 and dashed line for RGS2) are given for the regions we used to determine the
column densities of Mg (left panel) and Ne (right panel). Features are due to CCD gaps and
the malfunctioning CCD in the RGS detector.
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Optical Extinction towards 4U 1608-52

 Based on the NH measurement as :

 

and the using the relation :

 

AV = 4.66 +/- 0.39 mag. 

 Using conversion presented by Rieke & Lebofsky (1985), 

 AK = 0.52 +/- 0.04 mag.
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We modeled the Ne and Mg edges by fitting the X-ray spectrum in small wavelength

intervals : the 8.5 − 10.5 Å region for Mg and the 13.5 − 15.0 Å region for Ne. We assumed
that the spectrum in each of these intervals can be modeled with a power-law function
(Fλ ∝ [λ/λedge]α) and modeled each edge with a function of the form

Fλ =







Fλ for λ > λedge

Fλ exp

[

−A
(

λ
λedge

)3
]

for λ ≤ λedge.
(1)

Given the statistical quality of the X-ray spectrum, we used the known edge positions,

λedge = 9.5 Å for Mg and 14.31 Å for Ne (Durant & van Kerkwijk 2006a). Our results are
summarized in Table 2 and in Figure 1, we show the spectrum and the best fit models.
Using the best-fit absorption coefficients and the cross-sections from Gould & Jung (1991),

we then determined the column densities of each element. Our best fit values are We
found the values of (9.65 ±1.56) ×1017 for Ne and (2.42 ±0.87) ×1017 cm−2 for Mg. Here

and throughout this paper, the errors denote 1−σ uncertainties.

Using these values and assuming the ISM abundance reported by Wilms et al. (2000),

we inferred the galactic hydrogen column density towards 4U1608−52 as (1.08 ±0.16)
(1.08 ±0.09) ×1022 cm−2. Given the possible systematic uncertainties on the hy-

drogen column density values inferred by assuming an intrinsic spectra of the
X-ray binary, this result is also in good agreement with the continuum spectral analysis

of EXOSAT observations where the hydrogen column density was found to be (1.0 − 1.5)
×1022 cm−2 (Penninx et al. 1989).

We converted this hydrogen column density measurement to optical extinction using
the relation recently reported by Güver & Özel (2009) as

NH = (2.30 ± 0.04) × 1021 × AV (2)

(Note that this AV −NH relation is based on 21 supernova remnants and is in very good

agreement with the one found by Gorenstein 1975). Using this conversion, we found that the
optical extinction towards the X-ray binary is 4.66 ±0.70 magnitudes. One final conversion

is needed to be able to compare this value with the run of extinction with the distance of
the red clump stars. We adopted the relation AK = 0.112×AV (Rieke & Lebofsky 1985) and
found that the extinction in the K band towards 4U1608−52 is 0.52 ±0.08 magnitudes.

– 5 –

We modeled the Ne and Mg edges by fitting the X-ray spectrum in small wavelength
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Red Clump Stars towards 4U 1608-52

We used 2MASS 
archive to create a 
near-IR color-
magnitude diagram 
of the observed stars 
in the field of view 
towards 4U 
1608-52.

We ended up with 
40548 stars.

14
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Distance vs. Extinction

Assuming :

MK = -1.62 (+/- 0.03) 

(J-Ks)0 = 0.7 (+/- 0.05) mag 

(Alves 2000; Grocholski & 
Sarajedini 2002).

15
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Fig. 5.— Same as Fig. 2, but now considering a 0.45 deg2 field centered around 4U1608−52

(l = 330.9◦ b = −0.9◦).

Fig. 6.— The K-band extinction curve along the line of sight to 4U 1608−52 using a 0.45

deg2 field surrounding it. Overplotted are the AK value for 4U 1608−52 and its statistical
error.
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The Distance to 4U 1608-52

Distance can be found as :

5.16 +/- 0.72 kpc

(Guver et al. 2009)

16
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Fig. 7.— The K-band extinction curve along the line of sight to 4U 1608−52 using a 0.45 deg2

field surrounding it. Overplotted are the AK value for 4U 1608−52 and its 1−σ statistical
error.

Fig. 8.— The probability distribution over distance to the source 4U 1608−52 and the best

fit Gaussian model with a cut-off at 3.9 kpc. The best fit distance is found to be 5.16 ±0.72
kpc.
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Masses and Radii of neutron stars in 
X-ray Bursters
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4U 1820-30
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Figure 1. Spectral evolution during the first 12 seconds of an example burst of 4U 1820−30 (Obsid : 90027-01-03-05). Note that, due
to the broad range of measured normalization values, a logarithmic scale is used.

c© 2009 RAS, MNRAS 000, 1–??

(Güver et al. 2009, 
in prep.)

Thursday, April 16, 2009



4U 1820-30
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Mass and Radius of the neutron star in 4U 1820−30 7
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Figure 2. 1 and 2−σ confidence contours of the normalization and blackbody temperature obtained from fitting the five X-ray spectra
extracted from the touchdown moments of 5 PRE bursts observed from 4U 1820−30. The dashed lines show contours of constant
bolometric flux.

c© 2009 RAS, MNRAS 000, 1–??

(Güver et al. 2009, in prep.)
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4U 1820-30

20

Mass and Radius of the neutron star in 4U 1820−30 5

Table 1. Touchdown flux and normalization measurements for the PRE bursts observed from 4U 1820−30.

Obs. ID MJD Touchdown Flux Normalization
(10−8 erg cm−2 s−1) (Rkm/D10kpc)2

20075-01-05-00 50570.73110 5.33 ±0.27 –
40017-01-24-00 52794.73813 5.65 ±0.20 88.86 ±3.73
70030-03-04-01 52802.07557 5.12 ±0.15 96.68 ±3.39
70030-03-05-01 52805.89566 5.24 ±0.19 –
90027-01-03-05 53277.43856 5.42 ±0.16 90.40 ±2.00

c© 2009 RAS, MNRAS 000, 1–??

(Güver et al. 2009, in prep.)
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X-ray Bursters :

21

Source Name Distance
Touchdown 

Flux
Normalization PRE Bursts

(kpc) (10-8 erg/s/cm2) (R2
km / D2

10kpc) Number

4U 1608-52 5.16 +/-0.72 15.41 +/- 0.65 324.6 +/- 2.4 (2 T) (4 N)

EXO 1745-248 6.3 +/- 0.6 6.25 +/- 0.2 116.0 +/- 26.0 2

4U 1820-30 8.1 +/- 0.9 5.31 +/- 0.10 91.98 +/-1.86 (5 T) (3 N)

EXO 0748-676 --- 2.25 +/- 0.25 107.99 +/- 8.09 2
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4U 1608-52

– 29 –

Fig. 13.— The 1− and 2−σ contours for the mass and the radius of the neutron star in

4U1608−52. The descriptions of the various equations of state and the corresponding labels
can be found in Lattimer & Prakash (2001).

(Güver et al. 2009)
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EXO 1745-248
No. 2, 2009 THE NEUTRON STAR IN EXO 1745−248 1779

Figure 5. Plot of 1σ and 2σ contours for the mass and radius of the neutron
star in EXO 1745−248, for a hydrogen mass fraction of X = 0, based on
the spectroscopic data during thermonuclear bursts combined with a distance
measurement to the globular cluster. Neutron star radii larger than ∼ 13 km are
inconsistent with the data. The descriptions of the various equations of state and
the corresponding labels can be found in Lattimer & Prakash (2001).
(A color version of this figure is available in the online journal.)

The measurement of the mass and the radius of a neutron
star can significantly constrain the range of possibilities for
the equation of state of ultradense matter, as discussed above.
However, it cannot uniquely pinpoint to a single equation
of state because of both the measurement errors and the
uncertainties in the fundamental parameters that enter the
nuclear physics calculations, such as the symmetry energy
of nucleonic matter or the bag constant for strange stars.
Further, even tighter constraints on the equation of state can
be obtained by combining observations of neutron stars with
different masses that will distinguish between the slopes of the
predicted mass–radius relations, which are determined entirely
by the physics of the neutron star interior.

A number of other constraints on neutron star radii have been
obtained to date using various methods. Özel (2006) used spec-
troscopic measurements of the Eddington limit and apparent
surface area during thermonuclear bursts, in conjunction with
the detection of a redshifted atomic line from the source EXO
0748–676, to determine a mass of M ! 2.10 ± 0.28 M# and a
radius R ! 13.8±1.8km. This radius measurement is consistent
with the one presented in the current paper to within 2σ , and,
therefore, several nucleonic equations of state are consistent
with both measurements.

Radii have also been measured from globular cluster neutron
stars in binaries emitting thermally during quiescence, such as
X7 in 47 Tuc and others in ω Cen, M 13, and NGC 2808 (Heinke

et al. 2006; Webb & Barret 2007; note that we do not consider
here isolated neutron stars such as RX J1856–3754 because
of the unquantified systematic uncertainties arising from the
apparent temperature anisotropies on the neutron star surfaces
and their probable magnetic nature; see Walter & Lattimer
2002; Braje & Romani 2002; Tiengo & Mereghetti 2007). These
measurements have carved out large allowed bands in the mass–
radius plane, all of which are also consistent with equations of
state that predict neutron stars with radii R ∼ 11 km. Future
tight constraints on the masses and the radii of additional neutron
stars with these and other methods (see e.g., Lattimer & Prakash
2007) will resolve this long-standing question of high-energy
astrophysics.

We thank Rodger Thompson for his help with understand-
ing the NICMOS calibrations, Duncan Galloway for his help
with burst analyses, Adrienne Juett for bringing the source to
our attention, and Martin Elvis for useful conversations on con-
straining the neutron star equation of state. We also thank an
anonymous referee for useful suggestions. F.Ö. acknowledges
support from NSF grant AST 07-08640. D.P. is supported by
the NSF CAREER award NSF 0746549.
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4U 1820-30
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Figure 3. 1 and 2−σ contours for the mass and radius of the neutron star in 4U 1820−30. The descriptions of the various equations of
state and the corresponding labels can be found in Lattimer & Prakash (2001).

c© 2009 RAS, MNRAS 000, 1–??

(Güver et al. 2009, in prep.)

Thursday, April 16, 2009



EXO 0748-676
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We used Interactive Spectral Interpretation System (ISIS) (Houck, & Denicola 2000)

and XSPEC v11 (Arnaud 1996) for our spectral analysis. We fit the spectra with a blackbody
function (bbodyrad in XSPEC). For the hydrogen column density, we converted the E(B-V)
value given by Hynes et al. 2006, using the conversion recently found by Güver et al. (2008).

This way, we found the hydrogen column density as NH = 0.0429 × 1022 cm−2 towards the
binary. For each spectrum, we calculated bolometric fluxes using equation (3) of Galloway et

al. (2008). Figure 1 shows an example count rate spectrum as well as the best fit blackbody
model. There are no systematic residuals in the fit, which would indicate the need for an

additional spectral component. Average χ2
ν values of each fit were 0.955, 1.058, and 1.038

for the burst IDs 80, 81 and 83 respectively, during the whole burst.

We show in Figure 3 the bolometric flux, the blackbody temperature, and the nor-
malization, we obtained during the evolution of the three PRE bursts. As in the cases of

EXO 1745−248 and 4U 1608−52 we used the touchdown flux as the local Eddington flux
in our calculations. Measured values of the touchdown fluxes for each burst are given in
Table 1. The combined best-fit value for the touchdown flux between the two bursts is

(2.25 ± 0.25) × 10−8 erg cm−2 s−1 which is simply the same as given in Özel (2006).

From the spectral fits, we determine the apparent radius of the emitting region during
the cooling phase of the bursts. This is given directly by the normalization of the blackbody
function, A ≡ (Rapp/D)2, where Rapp is the radius corresponding to the apparent emitting

surface area and D is the distance to the source. We chose the time intervals 7.0−12 s after
the burst started, during which the apparent radius is constant. Measured values of the

normalization for each burst are given in Table 1.

3. Determination of the Neutron Star Mass and Radius

To calculate the mass and the radius of the neutron star we will follow the method
presented by Özel (2006).

M =
f 4
∞

c4

4Gκes

(

Fcool

σT 4
c

)

[1 − (1 + z)−2]2

(1 + z)3
F−1

Edd (1)

R =
f 4
∞

c2

2κes

(

Fcool

σT 4
c

)

1 − (1 + z)−2

(1 + z)3
F−1

Edd (2)

D =
f 2
∞

c2

2κes

(

Fcool

σT 4
c

)1/2 1 − (1 + z)−2

(1 + z)2
F−1

Edd (3)

The only gravitational redshift measurement (Cottam et al. 2002).

Unfortunately two identifications :

n = 2 - 3 transition H and He-like Fe lines => z = 0.35 (Cottam et al. 2002)

n = 2 - 3 resonance transition of Fe XXIV => z = 0.24 (Rauch et al. 2008)

Özel, 2006
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Future Prospects

Measure more distances !!!

Measure the Hydrogen Column densities towards low-mass X-ray binaries (see 
Wroblewski et al. 2008)

We will perform near-IR observations of the fields around the X-ray bursters with 
Magellan Telescopes.

Continue modeling the Type-I X-ray bursts
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