Astronomy & Astrophysicsnanuscript no. aa22913 © ESO 2013
December 20, 2013

The cooling rate of neutron stars after thermonuclear shell flashes
J.J.M.in't Zand, A. Cummind, T.L. Triemstrd, R.A.D.A. Mateijse®?® and T. Bagnofi*

1 SRON Netherlands Institute for Space Research, Sorbam@ls3584 CA Utrecht, the Netherlandganz@sron.nl

2 Physics Dept., McGill University, 3600 Rue University, Mozal, QC, H3A 2T8, Canada

3 Reynaertcollege, Postbus 32, 4560 AA Hulst, Zeeland, thaeéviands

4 Astronomical Institute ’Anton Pannekoek’, University ofisterdam, Science Park 904, 1098 XH Amsterdam, The Netiuzrla

Recommended for publication, dd. Dec. 15th, 2013
ABSTRACT

Thermonuclear shell flashes on neutron stars are detectedgas X-ray bursts. Traditionally, their decay is modeleith an ex-
ponential function. However, this is not what theory préslidhe expected functional form for luminosities below Eddington
limit, at times when there is no significant nuclear burnis@ power law. We tested the exponential and power-law fonat forms
against the best data available: bursts measured withghethioughput Proportional Counter Array (PCA) onboameRbssi X-ray
Timing Explorer. We selected a sample of 35 'clean’ and adir(i.e., shorter than a few minutes) bursts from Iffledént neutron
stars that 1) show a wide dynamic range in luminosity, 2) heel¢ast fiected by disturbances by the accretion disk and 3) lack
prolonged nuclear burning through the rp-process. We fidded that for every burst a power law is a better descriptian &n
exponential function. We also find that the decay index isfsté&.8 on average, andf@irent for every burst. This may be explained
by contributions from degenerate electrons and photonsetgpecific heat capacity of the ignited layer and by dewviatioom the
Stefan-Boltzmann law due to changes in the opacity with itheasid temperature. Detailed verification of this explaomatyields
inconclusive results. While the values for the decay indexcansistent, the predicted dependency of the decay indbxtve burst
time scale, as a proxy of ignition depth, is not supportechieydata.
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1. Introduction the energy (’F,") spectrum is above 3 keV which is for a large

) part > 80%) covered by the bandpass of most X-ray detectors
A common phenomenon among mass-transferring low-mass e q thus far (2-30 keV).
ray binaries (LMXBs) with a neutron star (NS) as accretor is While exponential decays are generally a good description

a thermonuclear shell flash in the outer layer of that NS (f f the X-ra e - :
) ; ) X -ray burst data, this is not based on physical comside
reviews, see Lewin et al. 1993; Strohmayer & Bildsten 2006} ,¢ " A simplified derivation of the expected decay lawss a

The matter accreted from the companion star is rich in hydrﬂ)‘llows. Let us assume that the cooling layer has total mass

gen andor helium. It accumulates on the NS in a pile thiCIfem eraturd and a specific heat capacity at constant pressure
enough that, at the bottom, a pressure is reached thaffis s fCE Then. the amoupnt of heat is gi\r/)en g/ P

ciently high for the ignition of thermonuclear fusion thgiuthe
CNO cycle angbr triple-a process. The ignition column depth isQ - mGCoT 1)
y =10%-12 g cnT?, while the geometric depth is @ cm, com- Pl

pared to a NS radius of 2@m. Often, the fusion is unstable and¢ yq peat is lost by radiation through a constant skethe rate

most of the fuel is consumed within a fraction of a second.(e.%f | ; e i
" ; o0ss as a function of timeis given by the Stefan-Boltzmann
Fujimoto et al. 1981; Bildsten 1998). Temperatures reatleg law: g y

in excess of 19K at the location of ignition. Some of the heat is
conducted inward, but most is radiatively transported antlv ¢ T4
The photosphere reaches temperatures of ordeK 1The ther- i ~ArspT gy = —Aast , (2
mal emission peaks in the X-ray regime of the spectrum, iigld
a'type I' (thermonuclear) X-ray burst. Subsequently, theo- where o, the Stefan-Boltzmann constant and we assume the
sphere cools down on a time scale determined by the amounfgfer has optical depth>> 1 with r independent of temperature.
mass heated up. The deeper the ignition is, the larger the ma$eat is promptly transported within the reservoir befbeing
heated up and the longer the burst. radiated through the photosphere and if the specific heabitgp

It is custom in the literature to model the decay phase @findependent of temperature, then
X-ray burst light curves with an exponential function, tight

curve being defined as the time history of the number of photon 3Ace, \ 3

that is detected per unit time (e.g., Lewin et al. 1993; Gadlp T = ( C ) 3

et al. 2008). The light curve in terms of energy flux is in pijie m&et

different, because the spectrum changes during the decay asa%a

NS cools. Therefore, the decay rate is not necessarily the sa

The diference is not dramatic, though. For the bright phase of dQ 4 a3

X-ray bursts, when the temperature is above 1 keV, the peaklof= ——p= o« T" o 797, (4)
1
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with L the bolometric luminosity. Thus, the decay follows a
power law. This relationship is urfiected by General Relativity
effects close to the neutron star surface.

A more sophisticated study of NS cooling was performed
by Cumming & Macbeth (2004), for X-ray bursts with large
ignition depths (carbon-fueled 'superbursts’ with duwas of
roughly half a day), using a multizone model that takes imto a
count the heat transport inside the reservoir after the flEisis
study predicts the samé3power-law decay index for late times
in the burst, after the cooling wave from the photospherehres
the ignition depth. We see late§4) that the decay index may be
different after shallower ignitions.

We decided to verify the theory by checking whether a power
law is more consistent with the decay of X-ray bursts than an
exponential function, both in photon count rate and energy fl
(or L). Our study focuses on ’'ordinary’ X-ray bursts with du- .
rations of a few minutes or less, because those are much more e —
abundant and provide better test data than long burs§ ine 1 10 100
explain how we selected and prepared the data for this te$3, i Time since burst start [s]
we present details of the analysis method and results, agdl in
these results are discussed.

—

00 oy

o
o
T

| GS 1826-24/61
| SAX J1808.4-3658/2
250918-549/1

0.01F

PCA intensity [normalized]

Fig.1. Normalized light curves of three bursts of our sample (c.f.,
Table 1) and one from GS 1826-24 which has a strong additingoe
nent and whose tail cannot be due to cooling alone. The celgian
of this figure is only available online.

2. Data

2.1. Observations 2.2. Data selection

The best data currently available are those collected wi¢h tCare has to be taken to obtain an unimpeded clean view of
Proportional Counter Array (PCA; Jahoda et al. 2006) on ttiee NS cooling process, because the signal may easily be con-
Rossi X-ray Timing Explorer (RXTE; Bradt et al. 1993) be-fused by prolonged nuclear burning through the rp procegs (e
tween 1996 and 2012. The PCA consists of five proportiondfallace & Woosley 1981; Hanawa & Fujimoto 1984; Woosley
counter units (PCUs) with a spectral resolution of 1 keV at @ al- 2004; Fisker et al. 2008), scattering or obscuratiotfe

keV (full-width at half maximum), a bandpass of 2 to 60 ke\Accretion disk or accretion disk corona (e.g., in 't Zandlet a
and a combined photon-collecting area of about 6508 diis  2011; Bagnoli et al. 2013) and a varying accretion rate (e.g.
implies a typical X-ray burst peak photon count rate of §¢ Worpel etal. 2013). Therefore, X-ray bursts have to be cilyef
(for 5 active PCUs) - the highest for any historical X-rayetel selected. Light curves were generated of all 2099 burstss&h
scope. During the course of the mission the average numbe@é# histories of the count rate of detected photons as aifunct
active PCUs decreased, so that in general peak count rates @ time. PCA 'standard-1’ data were employed for this pugpos
higher earlier on in the mission. The PCA could simultangougVith a time resolution of 1 s, combining the signal of all geti

be read out in 6 dierent data modes. For our analysis, we d&2CUs and photon energies. _ _

pend on ’event mode data’ (few to tens of ms readout resaiutio  Visual inspection of the burst light curves resulted in the
64 channels between 2 and 60 keV, PCUs unresolved), standé@ntification of 14 diferent classes of decay shapes. We are in-
1 data (0.125 s resolution, no energy resolution, PCUsvedp! terested in bursts whose measurements are the i¢esteal by

and standard-2 data (16 s resolution, 129 energy chani@ls P Strong and variable non-burst emission or by variabiligt thdi-
resolved). cates possible disturbances of the accretion flow (e.gt Zarid

et al. 2011). Two classes contain bursts with the desiredesha

Galloway et al. (2008) published a catalog of 1187 X-ra )
bursts detected with the PCA up to 2006. A final catalog is b f the decay: a smooth curve after a sharp peak or after a broad

ing generated as part of the Multi-INstrument Burst ARchiv ss defined peak. Bursts in other classes show dents_ i_n the de
(MINBARY) e ffort to create an archive of more than 600 ay, have other pre-burst fluxes than post-burst, showinssst

. . imilar to their decay times or show multiple peaks without a
type | X-ray bursts detected with the PCA and instruments gfj . o
BeppoSAX and INTEGRAL (Galloway et al, 2018) That final_ tliescent period in between.

catalog covers the complete mission and includes 2097 PCA- The first class of smooth decays after sharp peaks is the
9 P CI rgest with 655 bursts. That with smooth decays after broad
detected X-ray bursts plus two superbursts from 59 low-m

S . L . Saks contains 119 bursts. The total of 774 bursts encompass
z)(f-roal}/r Z'tﬁ?j;es‘ These burst identifications are the signieint more t_han one third of all RXTE bursts. Of the other_classes,
' that with bursts with a shoulder shape (see below) is largest
(337 bursts). That with bursts with a triangular shape idehst
1 An exponential decay function does apply in another cirdane: prominent with 7 bursts. It should t_)e noted that 405 burstewe
when the cooling is not due to radiation but to conductic@/dtiis then Weak and barely rose above the noise. The many bursts from IGR

proportional to the temperaturefiirenceAT with the cold medium J17480-2446 (Linares et al. 2012) are good examples of that.

instead ofAT* To illustrate the dierence between smooth and other decays,
2 More information about MINBAR is provided at URL we showin Fig. 1 aburstwith a shoulder shape from GS 1826-24
burst.sci.monash.edu/minbar together with 3 bursts that we ended up selecting. Obviotisy
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much choice in the PCA sample (four bursts). We added artinter
T Y mediate duration burst from 2S 0918-549 (in 't Zand et al.1201
and a superburst from 4U 1636-536 (Strohmayer & Markwardt
2002; Kuulkers et al. 2004; Cumming et al. 2006, Keek et al.
in prep.). These two bursts do not have monotonic decays and
have lowR, see§2.3, but particularly the superburst from 4U
1636-536 has the best data available for such a long event.

Our total burst sample consists of 35 ordinary and 2 long
E bursts from 14 LMXBs, see Table 1. This includes a variety
1 of LMXBs. There are 3 confirmed ultracompact X-ray bina-
ries with presumably a deficiency in hydrogen (4U 0512-40,
2S 0918-549 and 4U 1820-30), 3 accretion-powered X-ray pul-
sars (IGR J17511-3057, SAX J1808.4-3658 and HETE J1900.1-
2455) and 6 transients (4U 1608-52, IGR J17511-3057, SAX
E J1808.4-3658, XTE J1810-189, HETE J1900.1-2455 and Agl X-
1 1). Therise time of all 37 bursts is fast: the time to rise t&6A&
the burst peak count rate is always less than 2 s. This automat
ically selects flashes of 'pure’ helium layers. Such layediste
either in a H-rich LMXB when the accretion rate is in a favor-
able regime (e.g., Fujimoto et al. 1981) or in a H-poor LMXB in
! o ] an ultracompact X-ray binary system with a hydrogen-deiicie

10 - 100 companioydonor star. 29 out of the 37 bursts are Eddington-

atio -
limited (see Table 1).

1000

100

log N(>R)

Fig. 2. Cumulative distribution of peak-to-pre-burst flux ratios
2.3. Data preparation

time profile of the burst from GS 1826-24 is ratheffelient and FOr each burst we prepared two types of light curves. The first
is neither consistent with a pure power law or an exponentiéithe history of the photon count rate in the detector. Thibe
function. There is clearly an additional component whicstda Same kind of data that was used for the above data selecten. W
100 s and then drops very fast. Such a burst tail cannot solgiptracted for each burst the count rate as determined inea ti
be due to cooling. Bildsten (2000) proposed that the shouldg2me of 20 to 100 s prior to the burst start time.
in GS 1826-24 is due to prolonged nuclear hydrogen burning The second type of light curve is the history of the bolomet-
through the relatively slow rp-process. Heger et al. (2@@f)- ric flux. This involved a more elaborate data treatment. We em
vincingly proved this by detailed modeling of the nuclearrbu ployed event-mode data, again combining all active PCUs, bu
ing. resolved in photon energy. In a few bursts (from 4U 1608-8P, 4
Next, an additional selection criterion was applied. Thetbel 728-34 and SAX J1808.4-3658) the onboarffidausometimes
bursts to study are those with the widest dynamic range in fluxverflowed resulting in data stretches not being downloaahed
the range being defined as the ratio between the peak andltsé. That always happened prior to the cooling phase and doe
pre-burst fluxes, because that avoids most of the confusithn wnot afect our analysis. We selected calibrated data between 3
changes in accretion flux. The pre-burst flux was calculated Bnd 20 keV that are usually covered by 23 energy channedt, Fir
taking the average of the flux in the 20 to 100 s time frame inive generated a spectrum from pre-burst standard-2 dataas fa
mediately prior to the burst start time as determined by@®aly possible (up to 2500 s) and as far as it is anticipated to be rep
et al. (2008). The peak flux was determined from the maximur@sentative for the non-burst radiation during the burst,(with
between 10 s prior to 50 s posterior to the burst start, at a tim flux that is identical within the noise to the flux immedigtel
resolution of 1 s. The ratiR is the dynamic range. Fig. 2 showsprior to the burst). This spectrum was fitted Xispec (Arnaud
the cumulative distribution oR. To obtain a reasonably sized1996) version 12.8.0d, with a combination of a disk blackyod
set of bursts with accurate enough determinations of bimst t (€.9., Mitsuda et al. 1984) and a power law, absorbed fotigwi
scale parameters, we initially applied a thresholRef 50. This the model by Morrison & McCammon (1983) for cosmic abun-
yields 22 bursts from the first class and 8 bursts from thersiicadances and with hydrogen column densifigsfixed at values
class (see above). However, seven bursts are from theiaglipbtained from the literature for each source (see Appendix A
system EXO 0748-676 and were removed because of a high like-Worpel et al. 2013). A systematic error of 0.5% was added
lihood for interference by the accretion disk due to the Imigti- quadratically to the statistical error per channel. Fovie ma-
nation angle (Parmar et al. 1986). Furthermore, we had t@legority of spectra this results in an acceptable goodness affi
out 4 bursts for which no event mode or burst catcher data ameasured througl?. In incidental caseg? was formally not
available. This selection step, going from 755 to 19 bussthé acceptable but theflect of that in our analysis was found to
most restrictive. We note that this does not introduce actiele be negligible due to the dominance of the burst flux over the
effect on shape. persistent flux. Second, the burst was divided in a number of
To extend the diversity of NSs and bursts, we added buréf®e intervals for which separate spectra were generated fr
with smallerR as well as two long bursts. For the first additionevent mode data. These were modeled with a combination of the
we searched for LMXBs that had bursts with> 10 and picked model for the pre-burst data and a Planck function with a tmp
two bursts per LMXBs that were as far apart in time as possibdureTc and a normalizatioRf, , .. whereRyo iy is the radius
to probe diferent circumstances. This yielded 14 more burstf an assumed spherical emission area in km for a distand2 of 1
from seven LMXBs. For the addition of long bursts, there is n&pc. All burst spectra were again multiplied with the same ab
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sorption model and fixed hydrogen column densltyas above.

Subsequently, the bolometric fll per burst time interval was 2.0F

determined through the law of Stefan-Boltzmann: g

F(t) = osednRiy o/ (10 kpef Tc? ergcm? st (5) 19

where it is assumed that the emitting area is constantstcati 1.8 E

errors for the bolometric flux were calculated through theesa E E

law, by sampling parameter space 10,000 times iort40) 1.7F E

intervals ¢~ representing the single-parameter 1-sigma error) e

around the best-fit values ofTk and Rﬁo kpe searching for all . E

parameter pairs for which? < anm + 2.3, calculating for those g

pairs the bolometric flux and searching the minimum and max- |5 g E

imum flux values for thay? constraint. These delimit the 68% T

error margin in flux for two free parameters (e.g., Lamptoal et E E

1976). 1.4F E
The two long bursts (2S 0918-54%nd 4U 1636-538b) in- g E

volve additional data preparation. Both bursts do not havean TS

tonic decays. The intermediate duration burst from 2S (BA8- -4 -2 0 2 4 6

has strong modulations on its decay which extend from 105 to t, [s]

201 s after the start of the burst (in 't Zand et al. 2011). We
excluded data for this time frame, leaving a few data poiets b

tween 100 and 105 and between 201 and 226 s. The superburst ~ 2-0f °
from 4U 1636-536 has a very loR value of 5.2 and we are g

forced to exclude a large part of the tail. Furthermore, tha-c 1.9 * *
ing wave takes a long time to reach the ignition depth, imgyi g 1
that it is necessary to exclude the first 3000 s of the burst. Th 1.80 E

left-over data covers 4708 to 8616 s after the start of thetpur
compared to a data set extending 20,000 s (including dag gap

Instrumental dead time corrections were applied to both the g

bolometric flux values and the photon count rate values. S g
1.6 E
3. Light curve modeling 15E E
We tested two models for the evolution of the flux during the X- f ]
ray burst decay. The first is the traditional exponentiatfion: 1.4F E
F(t) = Fo ei(titO)/T + Fbg’ (6) 1.3 ; P NS S H S R U
and the second the power law function 4 2 0 o [s] 2 4 6
t _ t -
F@t) = Fo(t ts ) + Fog (7) Fig. 3. Contours of goodness of fi£ for a power-law fit to the bolomet-
— s

ric flux data for the burst from 0918-549 (upper plot) and batsmber

P : ; : 2 from SAX J1808.4-3658 (lower) as a functiontpnda. Three con-
wheret is time, gy the time wherd-g is measured ang the time tours are drawn, fog?,. + Ay? with Ay? = 1.0, 2.3 and 4.6 (i.e., not per

When the cooling_starts (|rrelev_ant f_or the exponentiattion). degree of freedom). The first contour delimits the singlepeater -
7 is the exponential decay folding time andhe power-law de- (e4ion. The second and third contour delimit the 68% and 908fi<

cay index.Fpg is the background flux (i.e., everything unrelatedence regions. The contours show a coupling between basimesers.
to the burst emission and assumed to be constant). Itis fixgéd a

for all fits (but see below)}y is chosen to be the time of the first

data pointincluded in the fit. The typical burst time scalefisr

the exponential function artg — t5 for the power law, iftg is the

time when the decay starts. a large error orr. We work on the presumption thgtis accu-
Fitting the exponential function to the data involves firglinrately given by the burst start time, but have to keep in mirad t

the best values for, Fo andFpg. Fitting the power law involves on rare occasions this may not be known. Some superexpansion

4 instead of 3 parameters; Fo, Fpg andts. In principle one bursts have precursors that are quite short - of order tenssof

expectds to be close to the start time of the burst. In both casé® 't Zand & Weinberg 2010; in 't Zand et al. 2011). Forturlgte

we determinedF,y from pre-burst data, assuming that during ththe PCA instrument is quite sensitive and can pick up smgil si

burst this is not dferent, se§2.3. nals, but if precursors are as short as a few ms, that may even b
There is a fundamental fierence between both functionsa problem for the PCA. In that casemay be df by order 1 s.

The power law is, for positive, divergent foit = ts while the ex- We did varyts for our bursts, to check whether better fits were

ponential function has no divergence point. That cause®agt possible for start times veryfiiérent from that of burst onset, but

coupling betweem andts (e.g., Clauset et al. 2009). Sinkds  were unable to find such instances (see Fig. 3 for such egsrcis

outside the range dffor which there are data, this may inducen bursts from 2S 0918-549 and SAX J1808.4-3658).
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Table 1. Fit results on 35 ordinary bursts and 2 long bursts (at theobgtbelow the line).

SAX J1808.4-3658
SAX J1808.4-3658

52566.426770 82.8 27.0 229 1984+0.008 1.93| 17.0 113.1 1961+0.033 1.7%9.30
29.1 18.6 1868+0.010 2.20{ 170 71.6 1954+0.048 0.676.27
30.2 8.2 2089+0017 1.78| 164 53.3 2231+0.041 2.678.13

253 241 1903+0.008 1.45| 191 40.8 1739+0.029 4.2210.34

4
6 53526.638240 76
SAX J1808.4-3658 7 54732.708128 95
SAX J1808.4-3658 9 55873.916348 79

3

5

2

SAX J1810.8-2609 54590.729819 62.5 11.2 13.6 1833+0.010 1.14| 116 9.2 1633+0.029 1.24
4U 1820-30 53277.438562 13 6.4 5.4 2002+0016 3.33] 54 255 1991+ 0.020 0.75
4U 1820-30 12 54981.187286 15 52 143 1901+0.011 5.28] 7.2 27.0 1885+0.021 2.09
HETE J1900.1-2455 3 54506.856149 56.1 11.4 30.3 255+0.007 3.22 79 100.9 2276+0.015 1.743.01
HETE J1900.1-2455 5 54925.796423 72.2 14.7 16.5 1858+0.008 1.31] 9.8 46.6 1727+0.015 1.77

HETE J1900.1-2455 6 55384.878220  86.
HETE J1900.1-2455 7 55459.228637  59.

147 38.2 216+0.007 2994 93 137.4 2404+0015 6.3111.16
11.3 50.1 234+0.005 3.59| 93 201.6 2289+0.014 3.7111.09

Object Bu. MJD R Photon count rate histoty Bol. flux history;
No.f Exponential Power law Exponential Power law
T Xy @ Xo| T X @ x5

4U 0512-40* 2 51324.286947 223 13.8 3.0 1707+0.018 1.15 79 14.3 1439+0.022 0.38
4U 0512-40* 15 54839.516222 27{7 11.4 25 1715+ 0.024 0.97| 7.7 7.1 1792+ 0.042 0.65
2S5 0918-549 1 51676.826588 122.6 19.2 17.7 1902+0.007 1.41| 138 65.9 1832+0.013 1.69
4U 1608-52 8 50914.274663 86|9 14.7 90.2 1894+0.004 1.08| 145 1149 1808+0.016 1.748.31
4U 1608-52 9 51612.030846 59(5 10.1 63.2 1829+0.004 1.49| 38 1.2 2141+0.049 2.45
4U 1608-52 10 51614.071258 1115 14.0 103.5 1995+0.003 0.95| 9.9 248.8 2000+0.013 1.0%8.86
4U 1608-52 31 53104.407932 90,7 17.8 64.5 1859+0.004 5.14| 130 256.9 1869+0.015 2.139.52
4U 1636-536 68 52286.054034 355 9.2 10.2 1681+0.010 1.34) 49 826 1652+0.011 2.45
4U 1636-536 327 55394.904042 31.2 12.1 49 1681+0.016 1.06| 52 43.7 1592+0.014 1.67
4U 1702-429* 13 51939.193940 42|9 125 12.6 1816+0.009 1.17| 61 82.8 1751+ 0.009 2.02
4U 1702-429 44 53212.793589 436 12.0 334 1825+0006 1.43| 7.8 106.2 1874+0.012 1.8%13.00
4U 1705-44* 51 54046.201890 33|9 12.4 4.4 1863+0.017 1.46| 94 17.9 1801+0.021 0.79
4U 1705-44* 77 55062.220583 29|8 11.4 2.7 1807+0.025 1.05| 57 19.7 1421+0.017 0.68
4U 1724-30 2 53058.401400 16/9 11.4 3.0 1823+0.028 0.96| 46 285 1651+0.018 0.99
4U 1724-30 3 53147.218284 27|8 129 115 1764+0014 131 54 711 1857+0.012 1.19
4U 1728-34 76 51657.203264 330 8.1 93.1 1786+0.006 2.19| 6.7 76.1 1781+0.011 1.18
4U 1728-34 126 54120.25887 296 7.6 684 1784+0.007 2.02| 64 67.0 1835+0.010 1.00
IGR J17511-3057* 10 55099.313613 43.3 124 3.9 2303+0.026 1.09| 102 14.2 2320+0.033 1.89
IGR J17511-3057* 12 55101.289836 47.4 12.4 3.6 2134+0.028 1.40| 98 7.9 2065+ 0.031 2.05
SAX J1808.4-3658 2 52564.305146 63.8 25.2 13.8 1820+0.010 1.57| 204 32.6 1789+0.023 1.27
SAX J1808.4-3658 3 52565.184268 74.8 24.9 27.0 1896+0.008 2.39| 220 50.3 1814+0.050 0.886.50

.8

5

.0

T

5

3

1

5.1

2.2

5.5

).3

Agl X-1 11 51336.590743 64.8 11.0 258 1802+0.007 1.18| 123 14.2 1531+0.027 1.73
Agl X-1 25 52100.799520 56.2 85 455 1836+0.005 1.25| 145 14.3 1641+ 0.026 1.01
Agl X-1 64 54259.247877 162.5 24.6 67.7 2078+0.004 2.56| 216 108.3 1904+0.044 0.266.64
2S 0918-549 5 54504.126944 158.8110.6 3.4 1372+ 0007 1.79| 993 3.9 1516+ 0.005 1.47
4U 1636-536* sb 51962.702961 5(24387.1 15 #128+0.004 1.23| 4879 5.0 1321+ 0.004 1.59

+ The bursts numbers are those from the burst catalog partilysped in Galloway et al. (2008}. Uncertainties are only provided far since
only power-law fits are acceptablg. Sometimes two values foy? are provided. The fitted values farapply to the low value of? (see text).
* hon-PRE burst

Itis necessary to skip the first part of the burst, becausésthaused the same data for the fits with the exponential function a
not smoothly decaying yet. For each burst we increagsémm for those with the power law.
immediately after the peak ungl? did not decrease anymore. ;

. = Ay . Table 1 presents the results of the modeling of the pho-
This usually implies that the first 10 s of the burst, inclugiihe ton count rate and bolometric flux data of the 37 selected

rising part, are skipped and the flux decreased by approzlynat : vy :
a factor of 2. This ensures exclusion of that part of the burbg\r;ésrllgvc\)lnf}tpsariltnig tchlggrot(l?gt]%?)ivziﬁx;tgfeeﬁgro ngs;agﬁsd

where possibly nuclear burning is ongoing or where the flux o
close to the Eddington limit during which part of the radibém- rictgli;dde;;”ptlon ofboth the photon countrate and therbelo

ergy may be transformed to kinetic and potential energyanbt
of radiation. In 13 bursts, fitting the power-law function to the bolomet-
Similarly, itis sensible to notinclude all data beyaptutto  fic fluxes yields unacceptable values for the goodness:-gf:fi
stop when the burst flux becomes of the same order of magnit@i@ough better than for the exponential model. Thatisabbp
as the pre-burst flux. We did this for the fits to the bolomdtie ~ due to the fZaCt that some spectra in those time series hate hig
data. For the photon count rate data we mostly included &l d¥alues fory}. In order to obtain more reliable estimates of the
until 200 s after burst onset and longer for the long burstees Uncertainty in the decay index, we multiplied in these calses
the data preparation is in this case more straightforwa, Wrrors on flux per time bin withy/y2 of the appropriate spec-
thought it interesting to study the decay further down intdiie tral fit to forcey? to 1 and performed the power-law fit again
This did not result in more insight, though. Inconsistentvpo and determine the uncertainty in For reference, thg? val-
law fits are mostly due to random changes in slopes (i.e losthal ues before and after this procedure are provided in Tablast (I
to steep and vice versa). We note that, for both sets of d&ta, @olumn). There is always considerable improvemenfiin the



in't Zand, Cumming, Triemstra, Mateijsen and Bagnoli: Tleeling rate of neutron stars after thermonuclear shell 8ash

4U 0512-40 / 2

2S 0918-549 / 1

4U 1608-52 / 31

4U 1636-536 / 68

1.00F E| 1.00F 1.00F 1.00F
<z T T T
5 g g g
5 E) E) E)
£ £ £ £
3 0.10¢ E 3 o.10p 3 010 3 o.10p
b 5 5 5
x x x x
El 2 2 2
3 oo1f E 3 001k 2 o.01 3 001k
3 4
. L | o ] o
4 g ] g g
: : i : SN
X! X X 1 X
. i SRR UL i o iy
- ° ° o 0
2 0 g S ol ] 3
E ] I T NI
2 b - 1 ® b -2f
] 5 ‘ 5 -2 ] 5
2 2 2 2
_af
. ] |
n L L -6L L J
10 100 10 100 10 100 10 100
Time [s] Time [s] Time [s] Time [s]
4U 1702-429 / 13 4U 1705-44 / 77 4U 1724-30 / 3 4U 1728-34 / 76
1.00F E| 1.00F 1.00 1.00
<z T T T
5 g g g
5 E) E) E)
£ £ £ £
3 0.10¢ E 3 o.10p 3 010 3 010
b 5 5 5
x x x x
El 2 2 2
3 oo1f E 2 o.01 2 o.01 3 001k
oF
of
af 1 2t 1
4 g B Ll g
5 ol ‘ 1 5 5 2 ‘ 5 2f
X X X X
3 H H ‘ ‘ 3 of 1 3 3 ‘
3 3 3 3
2ol (IR : ! :
o ] : : f ol |
2 2 Z -2f E L,
N |
10 100 10 100 10 100 10 100
Time [s] Time [s] Time [s] Time [s]
IGR J17511-3057 / 12 SAX J1808.4-3658 / 2 SAX J1810.8-2609 / 3 4U 1820-30 / 5
1.00F E| 1.00F 1.00F 1.00F
<z T T T
5 g g g
5 E) E) E)
£ £ £ £
3 0.10¢ E 3 o.10p k! 3 010 3 010
b 5 5 5
x x x x
El 2 2 2
3 oo1f E 2 0.01 \\ 9 2 0.01 3 001k
I
4t N A 1 3
4 ‘ g B2 ] 87
5 oof m ] 5 ‘ ‘ 5 \ 5,
X X ol b X X
H H ‘ ‘ \ ‘ § ‘ g } ‘ H ‘ ‘ ‘ ] § ‘
3 3 3 3 o
3 of ] H H H
E ‘ ‘ £ £ £
b b -2 — 5 s
$ L0 ‘ ‘ ‘ ] H £ 2} ] H
2 2 2 Z -2
-4p . 3 i . -4t . ] - .
10 100 10 100 10 100 10 100
Time [s] Time [s] Time [s] Time [s]
HETE J1900.1-2455 / 7 Aql X=1/ 25 2S 0918-549 / 5 4U 1636-536 / sb
1.00F 4 1.00F 1.000 ¢ 1.000 £ E
<z T T =
] H H 8
4 g 2 0,100} 2 0.100¢ E
3 0.10F E S o10f 3 3 \
b 5 g 8
3 3 3 0.010F \t‘ 3 o.010F |
3 oo1f E 3 001k 3 3
0.001 0.001 3
4 ] 2 af ]
: | | | : ] : &
> > > >
3 of ‘ m ‘ } ‘ 1 3 °r ‘ ‘ } " 3 o 3 or 1
E ‘ ‘ £ £ E
o ] : P Lo ]
5 ‘ ‘ 5 ~2[ 1 5 5
2 2 2 S ]
—af ‘ 1 -2 ’A
. —4r . | . . -6 . . .
10 100 10 100 1 10 100 100 1000 10000
Time [s] Time [s] Time [s] Time [s]

Fig. 4. Power-law fits to bolometric flux histories of 16 represemeabursts from 14 dferent LMXBs. The X-axis represents time since burst
onset. There are two panels per burst. Upper panels: balierfiek in units of the Eddington flux, as determined from thghest peak flux over
all bursts observed per source. Lower panels: deviatiomrggpect to the model in units ofper data point. All axes of the upper panels and time
have an identical dynamic ranges so that slopes can beldioechpared. The burst are identified in a slightly abbredabut straightforward
manner (c.f., Table 1). The last two bursts were added todxtee time range, although they do not have smooth decays.
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steeper than/3. The range ofr also remains similar: 1.4-2.3.
£ [ B B Comparing H-rich against H-poor accretors we find 826
against 1.820.15, which is an insignificant flerence.

Many of the power-law fits to the photon count rate data are
of good quality as well, with a weighted average of the power-
] law decay index of D29, which is only 0.085 diierent from the
1 value for the bolometric flux, and a standard deviation 060.1
] - smaller than for the bolometric flux. On a burst-by-burst ba

S

T

lons
Electrons
Photons
TR B

] sis, the diference is larger than 0.1 seven times, most notably in
b 4U0512-402, 4U 1705-4477 (these are the two ordinary bursts

] with the shallowest power-law decay index in bolometric fJux
4U 1608-529 and Agl X-¥11.

4, Discussion

For 35 ordinary 'clean’ PCA-detected X-ray bursts, thatdéne
simplest light curve shape (complete coverage, monotamdic a
smooth decay, non-variable non-burst emission and higk pea
3.0 flux to pre-burst flux ratio), we find that a power law is always a
o better description of the decay portion than an exponéfuite-

tion, whether that decay is measured in units of photon cateat
Fig. 5. Histogram of power-law decay index of fits to to bolometrixflu or bolometric flux. The same applies for 2 additional long, bu
history of all 37 bursts. The gray areas indicate the cambnalues for not so 'clean’ bursts (i.e., they show smooth decays for paly
apure ideal ion gas (1.25-1.33; see text) and a pure degeredeatron of the decay). This preference for the power law confirms the
gas (;.67-2.00). When the photons contribute significatiatithe heat theoretical expectations for the cooling curve (e.g., Cumgn.
capacity can become higher. Macbeth 2004) and warns against the common use of a single

exponential function. The power-law decay index is conside

ably steeper than the canonic#@B4alue (c.f., Eq. 4) for the 35
power law fits. The reason why the spectra are formally insensordinary bursts and variable from burst to burst. What cdngld
tent with a black body is unclear. It may be related to tramsiethe reason for this fast cooling and spread in ordinary b@rst
scattering &ects in the accretion flow. If so, then these bursigfe first consider whether systematiteets in the data analysis
should, according to our selection requirements not beidedd  could bias the measured power-law indices, and then shaw tha
in our sample. Therefore, these bursts should be consigétied a more careful consideration of the microphysics of the baat

caution. _ pacity of the cooling layer naturally gives a steeper debayt
Figure 4 shows for a representative subset of all bursts tite 43 law predicted by assuming a constant heat capacity and
power-law fits to the bolometric flux data. constant opacity.

We verified the robustness of the power-law fits to the pho-
ton count rate data in order to obtain a sense of the possi
systematic errors of the power-law decay index. This verific
tion encompassed 3 tests: how does the power law change wagnmentioned abovey is strongly correlated withs, so if ts
leaving freeFpg, when limiting the data to fluxes that are 2% ogvere wrong, that would introduce a systematitset ine. An
higher than the peak flux, or when both these tests were appligitset of 1 s, for our bursts, translates to a change of 0.05
at the same time. We find that individual values of the decay iffor an illustration of the coupling between both paranmstsee
dex change on average by 3 to 4% and that the mean value gugf. 3). However, in order to get shallower index values, one
all bursts changes by only 0.2%. Therefore, the result seemswould need to introduce values farthat are later in the burst, in
bust. other words cooling would need to start later than the entef t

Concentrating on the power-law fits to the bolometric flukuclear burning. That seems an unlikely scenario. Furtbegm
histories of the 35 ordinary bursts, we find that the power-lathe power-law fits become unacceptable (see Fig. 3).
decay index lies between 1.4 and 2.4, with a weight average of In order to estimate the bolometric flux, the empirical Pkanc
1.844 and a standard deviation of 0.24. This is a 0.511 steegriction is assumed to apply outside the 3 to 20 keV bandpass.
index than the derived value §1 (4/3). The histogram (Fig. 5) If that assumption is increasingly wrong with decreasing-te
looks bimodal with a primary distribution between= 1.4 and peratures, that would introduce a bias and change in pawver-|
2.1 peaking atv = 1.75 and a tail of 5 bursts wittk > 2.1. decay index. The lowest measured temperature is 0.8 keV. The
The weight averages of the 4 objects with multiple bursts ageak of the energy spectrum is then just below the lower tiares
1.71+0.11 for 4U 1608-52, B7+ 0.16 for SAX J1808.4-3658, old of the bandpass and the risk for wrong extrapolations the
2.18+0.26 for HETE J1900.1-2455 andGé+0.16 for Agl X-1.  highest. There is a rich body of literature about the dewrati
Due to the large uncertainties (these are the standardti®sy of NS photosphere models from the Planck spectrum. These all
there is no strong evidence for systematitfatiences between agree that the ratio between color temperature, which ifittee
objects. The decay index for the two long bursts is low. THat dlack body value, and thefective temperature, which would be
the superburst is the only one consistent with the canodj8al a fair representation of the Planck spectrum, is greater tha
value. and decreases with color temperature (e.g., London et 86;19

If we exclude the 13 bursts that we took under reserve Madej et al. 2004; Suleimanov et al. 2012). We tested ffexe
Sect. 3, then the average over the 22 ordinary buratssid.75+  on our analysis by employing the model of Suleimanov et al.
0.21. This average is only marginally shallower and still 841(2012), calculating the 'true’ bolometric flux according ttee

9'3 Systematic effects
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model, simulating the spectrum for a range of temperattites,
ting a black body model between 3 and 20 keV with the RXTE 3.0 T e
response matrix and calculating the bolometric flux front.tha i
We find that the true bolometric flux is always larger than the

one derived from the black body fit, that this deviation irses

towards lower temperatures, but that it remains limited @61

at 0.8 keV (1.6% at 2.1 keV). Thisfiierence is by far (by about 2.5 I
factor of 10) instficient to explain the dierence in power-law | Photons
decay index. The non-Planckian nature of the burst spectrum
alone cannot explain the discrepancy between the measoded a i
predicted power-law decay index. s 2.0k /

Electrons //1 O5

4.2. Intrinsic effects

The 43 decay index (Eq. 4) is derived from the assumptions
that Cp is constant and independent of the temperature in the
layer T (Eg. 1) and that the cooling luminosity of the layer is

o« T4 (Eq. 2). In fact, a more detailed consideration of the micro-
physics shows that both of these assumptions must be modified

lons

for the neutron star outer layers. 1.0 S S ———
First, we consider the heat capadily. The heat capacity is 10 10 Lo
independent of for an ideal gas, but we know that the ignited Flux [erg cm™ s™]

layer of plasma consists of two components: the ions, whach ¢

be considered an ideal gas, and the electrons, which areeiegerig. 6. The light curve slope as a function of flux as calculated in-mul
ate beyond a certain depth. Comparing the thermal erlgefBy tizone models of a cooling layer (solid curves) with columepths

to the non-relativistic Fermi enerdgr = (72/2me)(37°ne)%/3, 'y = 1%, 1¢°, and 10° g cnT2. For comparison we show the one-zone
the electrons are degenerakgT < Ef) for densities greater model result fory = 10° g cn? as the dashed curve. The gray areas

than 12 x 10* 9 CrrT3T3/2(Ye/O.5)’1 or column depths greaterShO\.N the expected range of va}luesmmhen ions dominate f[he hef’;lt ca-
) 83 12 3 . pacity or when electrons dominate the heat capacity, takiagooling
than about 19 g cnt T3 “(Ye/0.5), whereY, is the electron tg ie betweerl o T4 andL o« T°.

number fraction andg = T/10% K. Ignition depths for X-ray
bursts are typically a factor of 2@eeper in column depth (e.g.,.

Cumming & Bildsten 2000). The heat capacity of degenerdl;sedetermmEd by integrating the radiativéfdsion equation

electrons is _ dacT®dT ©)
2 kéT 3kp dr
Cre = EYempEF oo T (8)  wherexis the opacity. For constant opacity, the integration gives

F o T4, but the scaling with temperature can bé&elient when
. the opacity is temperature and depth dependent. For exathele
~ 107 3
For densities greater tham ~ 10° gcnt* (column depths o -ion hetween surface temperatdig and the temperature
> 10'° g cnT?), the electrons are relativistically degenerate, 'Heep in the crust at densities @ 1090 g cnT is Tep o T22
which case the prefactor in the heat capacityigather than (Gudmundsson et al. 1982). We calculated a series of canstan

5 L oo
n%/2, but the scaling is S'Em:l?,e o T. o flux temperature profiles in the neutron star envelope tordete
The total heat capacity is the sum of the contributions frofine the scaling of luminosity with temperature at the base o

ions, electrons, and radiation. At low temperature, the Bom-  {he |ayer,L « T”. We find that for column depths typical of
inate the heat capacity givinge approximately constant. At x_ray hurst ignition, 18-1° g cnr?, y ~ 4-5.
higher temperatures, the electron heat capacity incremsés Following through the argument leading to Eq. 4 fox T”
eventually dominates, so that the total heat capacity beson@ivesa = y/(y - 1 - B). Therefore for the rangg = 4-5,
proportional to temperature. A specific heat capacity thato- e expectr = 1.25-133 when ions dominate the heat capac-
portional toT changes Eq. 310 « t2and Eq. 4 td. o 2, (B = 0), @ = 1.67—20 when electrons dominate the heat
In general, ifCp o T#, & = 3%;. Thus, for a mixture of ideal capacity, and higher values efwhen radiation makes a signifi-
and degenerate gasis expected to range betweef84nd 2. If cant contribution. These values are shown as gray regidh®in
the temperature is relatively low, it will remain neaB4but if it  histogram ofe in Figure 5. We see that there is a good match to
is high the heat capacity of the electrons increases whitedh the observed values aefwhen degenerate electrons or radiation
the ionic gas remains constant amavill grow. At higher tem- s taken into account.
peratures still, radiation pressure becomes non-negigiith To further investigate the agreement between the predicted
respect to the gas pressure, andill increase even further be- and observed values ef we calculated the expected values of
cause the heat capacity of a pure photon gas i&® at con- ¢ as a function of the flux from the star. We did this in two
stant volume (and formally divergent at constant pressaamdy  ways. The first is a one-zone model based on the argument lead-
grows to infinity (e.g., Cumming & Bildsten 2000). ing to Eq. 4. For a given fluf and layer column depti, we

The dependence of the cooling luminosity on the layer terfirst use our constant flux envelope models to find the temper-
perature depends on the details of the temperature profiteein ature at the base of the layer. We calculate the heat capacity
layer, connecting the temperature near the base of thetlajfge temperature scaling using the base temperature and base pres-
temperature at the photosphere. For a constant flux, tlagorl sureP = gy, whereg is the gravitational acceleration (where we
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use the fact that the layer is in hydrostatic balance). Talate

the one-zone approach, we also calculated a series of onatiz 3.0 T T T
cooling models following Cumming & Macbeth (2004) but ex- I ]
tended to shallower layers. In these models, we heated a laye
of a given depth by depositing the amount of energy expected ]
from complete helium burning (@ MeV per nucleon) and then 2.5F B
followed the cooling of the layer by integrating the therrdi I ]
fusion equation. We then calculated the local slope of tlet li I v |
curvea = —dInL/dInt as a function of time and therefore as a I |
function of flux. s 2.0F + I -

The results of the multizone models are shown as solid I et L }
curves in Fig. 6 for column deptlys= 108, 1¢°, and 13°g cn12. I + !
The one-zone model results fpe 10° g cnT? are shown as the . * tot ]
dashed curve. The shape of the one-zone model curve matches 1.5 ! > 99.3 5
the multizone model well, but the one-zone model decay is ev- i ]
erywhere steeper than found in the multizone model. Thereas
for this is that in the multizone model, which follows the tem I ]
perature profile of the envelope in detail, a significant antou oL e R
of heat is conducted inwards as the layer cools, so fiestive 0 10 20 30
mass of the cooling layer changes. This is not taken intowadco 7 [s]
in the one-zone model which assumes a fixed column dgpth
and therefore cools faster (larger. Fig. 7. Measurements af versusr. Horizontal bars are simple markers

Fig. 6 shows that the expected behavior is thawill de- (exponential function are bad fits to the data) and vertiaed li- errors

crease with flux (light curve decay becomes shallower). Bae r of a. There is no clear correlation between both parameterspexicat
S d : o the longest burst has the lowest value.

son for this is that initially when the layer is hot, radiatipres-
sure is significant, but later the heat capacity becomesiakten
by the electrons and ions. At larger column depths, the inflae 5 conclusion
of both radiation pressure and electrons is smaller, andedlesm
range of values of is explored. The decreasing influence o¥Ve have verified, for a representative set of 35 ordinary-ther
degenerate electrons towards larger ignition depths catmast monuclear X-ray bursts from 14 neutron stars, that the radia
because only a fracticksT/Er of the degenerate electrons nealive decay follows a power law rather than an exponential de-
the Fermi surface participates in the thermal energy,BBnih-  cay function, and find that the decay index of the power law is
creases as the layer becomes thicker. steeper than seen in long superbursts (1.8 versus 1.3), idlso
varies from burst to burst, even if from the same neutron star

e hypothesize that this is due to the influence of degenerate
trlectrons and photons on the heat capacity of the ignitest.lay

upper decade in flux, this is not unexpected. Most of the cdaan@ \,:VG are unabletto ‘;‘?”ﬁ.rtm th(;s htyr/]poth(:sis thrr?tég? inmdepen-
in « is in that range. However, around half the bursts do cov pht measurements ot ignition deptns or througn detectien o

: hange inx. That will only be possible through more complete
that upper range. Thus, the model appearsfiiwent. It may © . X .
be thar'th)he bas% temperature is ill congi)rained due tdﬁn'mn¥ modeling of burst light curves, particularly at early praadien

: .« the cooling wave is traveling from the photosphere to théigm
knowledge about the total energy liberated. For examphkbgif X )
energy per nucleon is 0.6 MeV instead of 1.6 MeV as assumg(?pth' That is not straightforward, because data from thase

which is the number for helium burning to carbon instead au*ferfro_m the dects of photospheric expansian. Therefore, the
iron, o will remain below 2.05 fory = 1CF g cn2 for a flux model will have to include thosedfects. Currently, there are no

below 15 erg crr2s L. This compares ta < 2.8 for an energy s_uch r_nodels. If it _wo_u_ld become possible to confirm the rela-
release of 1.6 MeV per nucleon. Measuring this isiciilt for tionship between ignition depth ardfor a number of bursts,

PRE bursts, because a significant fraction of the energyis-in measurement af might yield a valuable constraint on ignition
ible. This may be a subject of future refined modeling. depth.
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