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ABSTRACT

Aims. We aim to place upper limits on the combined X-ray emissi@mfthe population of steady nuclear-burning white dwarfs
in galaxies. In the framework of the single-degenerate atenthese systems, known as supersoft sources, aredzbliebe likely
progenitors of Type la supernovae.

Methods. From theChandra archive, we selected normal early-type galaxies with thatmmurce detection sensitivity better than
10° erg s in order to minimize the contribution of unresolved low-magray binaries. The galaxies, contaminated by emission
from ionized ISM, were identified based on the analysis ofaleglirface brightness profiles and energy spectra. The lsangs
complemented by the bulge of M31 and the data for the solaghberhood. To cover a broad range of ages, we also included
NGC3377 and NGC3585 which represent the young end of the iatribdtion for elliptical galaxies. Our final sample indies
eight gas-poor galaxies for which we determlngLk ratios in the B — 0.7 keV energy band. This choice of the energy band was
optimized to detect soft emission from thermonuclear-imgron the surface of an accreting white dwarf. In computimglty we
included both unresolved emission and soft resolved sewvith the color temperature &ff,, < 200 eV.

Resuits. We find that the XX luminosity ratios are in a rather narrow range af7(33.2)- 1%’ erg s* Lk . The data show no obvious
trends with mass, age, or metallicity of the host galaxy)@lgh a weak anti-correlation with the Galactic NH appearsxist. It

is much flatter than predicted for a blackbody emission spettvith temperature of 50 — 75 eV, suggesting that sources with
such soft spectra contribute significantly less than a loatlfi¢ observed X ratios. However, the correlation of the/ratios with

NH has a significant scatter and in the strict statisticabsaannot be adequately described by a superposition of erpaw and a
blackbody components with reasonable parameters, thokigdheg quantitative constraints on the contribution freaft sources.
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1. Introduction ing white dwarfs. This quantity cannot be measured unambigu
. ously for several reasons. First, galaxies have large ptipak

In_the framewor_k of the singe-degenerate scenarg bright compact X-ray sources, — accreting neutron stads a
(Whelan, & Iben, .19’3).’ white  dwarfs (WD$) accreting, ¢ holes in binary systems (Gilfanov, 2004). Althougéith
from a donor star in a binary system and steadily buming t8e 5 are relatively hard, these sources make a sigritioan
accreted material on their surfacga are belleve_d to be aylik ibution to X/K ratios, even in the soft band. Unless their con-
p.at.h to_the Type la supernova (Hlllebrandt& N|emey_er, 200 ibution is removed, the obtained/K ratios are rendered use-
Livio, 2000). Nuclear burning is only stable (required fofoqs This requires adequate sensitivity and angularutiso| a
the WD to gro"‘; n m%ss) i th? mass accretion rate 'S_h'gfbmbination of qualities that currently can only be delag:by
enoughM ~ 107 - 10°Mo/yr. Given t8hat the nuclear-buming Chandraobservatory. Another source of contamination is the hot
efficiency for hydrogen igy ~ 6 1013 erg/g,gthe bolometric 564 gas present in some of galaxies (Mathews & Brighenti
Iummo_sny of su_ch systems are in the’16- 10* erg S°range, 2003). Although there is a general correlation between Hee g
potentially making them brlght X-ray sources. Their enussi luminosity and the mass of the galaxy, the large dispersien p
howevgr, has a rather Iovﬁectwe temperaturd.er < 50— 100, cludes an accurate subtraction of the gas contributioncbaise
eV S0 is prone to absorption by cold ISM (G"f@”OV & Bogt_janfor example, optical properties of galaxies. The gas cbuation
2009). The brightest and hardest.sources _of this type aeethd ay increase the X ratio by ~ 1—2 orders of magnitude, there-
observed as supersoft sources in the Milky Way and near%(e gas-rich galaxies need to be identified and excludeu fro
galax_les (Greinet, 2000). The rest of the p_opulatlon, h(m‘“‘evthe sample. Finally, other types of faint sources do exidtcam-
remains unresol\_/ed ~ weakened by absorption a_nd bIendhd Wbute to the unresolved X-ray emission. Only upper lintits
other types of faint X-ray sources — thus makes its conidbut ¢ |yminosity of WDs can be obtained, becausgedént com-
to the unresolved X-ray emission from gaIaX|e_s. onents in the unresolved emission cannot be separated.

We have recently proposed that the combined energy outgut The aim of this paper is to measukg/Ly ratios in the

of accreting WDs can be used to measure the rate at which W6)§ 0.7 keV band f le of b laxi
increase their mass in galaxies (Gilfanov & Bogdan, 2008)s -~ ~ €V band Tor a Samplé of nearby gas-poor galaxies.
The energy range has been optimized to detect emission from

allowed us to severely constrain the contribution of thglein | burni hite dwarf idering th ot
degenerate scenario to the observed Type la supernovmrat?qrg earr-turrnmgt\)/v Ireti vr:ar ? ﬁ%nj' neriltri]g enzj?fr}]:}%te/ |;/e
early-type galaxies. The critical quantity in our argumisrthe emperatures, absorption colu ensities, a earea

X-ray to K-band luminosity ratio of the population of aceret®UVe ofChandrgdetectors. ) )
The paper is structured as follows: in Sect. 2 we describe

Send offprint requests to: bogdan@mpa-garching.mpg.deAR); the sample selection, the data preparation, and its anal
gilfanov@mpa-garching.mpg.de (MG) identify and remove gas-rich galaxies from the sample in.Sec
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Table 1. The list of early-type galaxies and galaxy bulges studigtiismpaper.

Name Distance Ny Morphological Lk Tobs Tit Liim Ry Ry
(Mpc)  (cnm?) type (ko)  (ks)  (ks) (ergs) (1) (")
(1) (2) (3) (4) (5) (6) (7) ® 9
M31 bulge org 6.7-10%° SA(s)b 37-10°° 1801 1437 2-10® 300 720
M32 0808 6.3-10%° cE2 85-10° 1788 1722 1-10%* 25 90
M60 168° 22100 E2 22-10" 1093 905 9.10%% 50 125
M84 184° 2.6-10° El 16-10* 1170 1138 9-10°%® 50 100
M105 98d 2.8-10° El 41-10° 3414 3140 1-10°% 30 90
NGC1291 8¢ 21-10° (R)SB(s)ga 63-10° 767 512 5.10%% 60 130
NGC3377 112° 29100 E5-6 20-10°° 402 340 2-10°%7 - 79
NGC3585 2Q0° 5.6-10%° E7/SO 15.10" 959 891 2-10 50 180
NGC4278 1a1° 18- 10%° E1l-2 55.10° 4677 4430 2-10°% 50 110
NGC4365 204¢ 16-10%° E3 11-10% 1983 1814 8-10® 30 80
NGC4636 147° 18- 10%° E/S0.1 81-10° 2125 2021 5.-10% 30 102
NGC4697 118° 21-10° E6 51-10° 1956 1620 4-10°® 30 95
NGC5128 3rf 8.6-10%° SO0 pec .10 5691 5689 1-10°% 65 240
Sagittarius ~ ®2489 12-10* dSph(t) 89-10° 301 297 1.10%2 - 55

(1) References for distancesStanek & Garnavi¢h (1998); Makti (1983)°IMateo (1998) - Tonry et al. [(2001) < [Jensen et all (2003) &

de Vaucouleufs (1975) LIFerrarese et all_(2007) “Kunder & Chaboyér (2009) (2) Galactic absorption columnsitgn(Dickey & Lockman,
1990) (3) Taken from NED| (httgnedwww.ipac.caltech.edu(4) K-band luminosity of galaxies (5) and (6) Exposure timsefore and
after data filtering (7) Point source detection sensitivitythe Q5 — 8 keV energy range (8) and (9) The radii used for the inner and
outer regions in obtaining the spectra presented in[Hig.h2 drientation and shape of the regions were taken from Klmaeasurements
(httpy/irsa.ipac.caltech.edapplication®MASS/).

3. The obtained X ratios are presented and discussed in Sedthe data reduction was performed with standard ¢ A0ft-
4. Our results are summarized in Sect. 5. ware package tools (CIAO version 4.1; CALDB version 4.1.3).
The main steps of the data reduction are similar to those
outlined inlBogdan & Gilfanavi (2008). First, the flare camta
inated time intervals were removed, which decreased the-exp
2.1. Sample selection sure time bys 10 per cent. For the point source detection, we
i , i used the unfiltered data, because longer exposure time igiisve
The superb angular resolution combined with the low angaher hackground periods. We combined the available data f
stable ms_trumental bac_kground Ghandra observatory makes ggch galaxy by projecting them into the coordinate systetneof
the satellite perfectly suitable for the present study. ®&shed pservation with the longest exposure time. We ran the CIAO
the Chandra archive for observations in the science categoty,detect tool on the merged data in theS0- 8 keV energy
“Normal Galaxies” and selected a sample of early-type defax range, and applied the same parameters as in Bogdan & Gifan
with point source detection sensitivity better thar?’lerg s™. 2008). This results in relatively large source cells, iderto
This threshold was chosen to minimize the contribution of UR inimize the contribution of residual point source countghe
resolved low-mass X-ray binaries (LMXBs), and its part&ul ,nresolved emission. We find that98 per cent of the source
value is explained later in this paper (Séctl 4.2). The samBb ¢4y ns Jie within the obtained regions. Because of the laaje
further extended to include the bulge of M31, which has simil 5j;e some of the source cells may overlap in the centrabnsgi
stellar population and gas and dust content to ellipticEd@s. ot some of the galaxies from our sample. However, this is not
To explore young elliptical galaxies we also added NGC33%/yroplem, because the goal of this analysis is the unresolve
and NGC3585, which would otherwise not pass our selectigiission, rather than point sources. The source list was tose

criteria because of the high point source detection seftgiti  mask out point sources in the analysis of the unresolved-emis
The sample constructed this way includes 14 galaxies aggp,

galaxy bulges, whose main properties are listed in Tableh®. T The phackground subtraction plays a crucial role in studying
point source detection sensitivity refers to thB-08 keV band, ihe extended X-ray emission. In all galaxies, except for M@
and it was calculated assuming average spectrum of LMXBS & a combination of several regions away from the galaxies
power law withl” = 1.56 (Irwin et al./ 2003). to estimate the sky and instrumental background components
This technigue cannot be applied in M31 since its angularisiz
2.2. Chandra significantly greater than the field of view of the detecttiere-
) ) ) _ fore we followed the procedure described in Bogdan & Gitfan
We analyzed 70 archiv&handra observations, as listed in (2008) We constructed exposure maps by assuming a power-]a
Tablel2. The total exposure time of the data Was ~ 2.8 Ms.  model with a slope of = 2.
For ACIS-I observations we extracted data of the entire ACIS
array, while for ACIS-S observations we used only the S3.chip?! httpy/cxc.harvard.edigiao

2. Sample selection and data reduction
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Table 2. The list of Chandra observations used in this paper.

Obs-ID  Tops kS Tii, ks Date Det. Galaxy || Obs-ID  Tops ks T, ks Date Det: Galaxy
303 120 82 1999 Oct 13 I M31 7075 842 790 2006 Jul 03 S M105
305 42 40 1999 Dec 11 | M31 7076 701 667 2007 Jan 10 S M105
306 42 41 1999 Dec 27 I M31 795 397 317 2000 Jun 27 S NGC1291
307 42 31 2000 Jan 29 I M31 || 2059 370 195 2000 Nov 07 S NGC1291
308 41 37 2000 Feb 16 I M31 2934 402 340 2003 Jan 06 S NGC3377
311 50 39 2000 Jul 29 I M31 2078 358 331 2001 Jun 03 S NGC3585
312 47 38 2000 Aug 27 I M31 9506 602 560 2008 Mar 11 S NGC3585
1575 382 382 2001 Oct 05 S M31 || 4741 379 347 2005 Feb 03 S NGC4278
1577 50 49 2001 Aug 31 I M31 7077 1117 1032 2006 Mar 16 S NGC4278
1583 50 41 2001 Jun 10 I M31 7078 521 464 2006 Jul 25 S NGC4278
1585 50 41 2001 Nov 19 I M31 7079 1064 1002 2006 Oct 24 S NGC4278
2895 49 32 2001 Dec 07 I M31 7080 565 536 2007 Apr 20 S NGC4278
2896 50 37 2002 Feb 06 I M31 7081 1121 1049 2007 Feb 20 S NGC4278
2897 50 41 2002 Jan 08 I M31 || 2015 410 361 2001 Jun 02 S NGC4365
2898 50 32 2002 Jun 02 I M31 5921 400 373 2005 Apr 28 S NGC4365
4360 50 34 2002 Aug 11 I M31 5922 400 383 2005 May 09 S NGC4365
4678 49 27 2003 Nov 09 I M31 5923 401 347 2005 Jun 14 S NGC4365
4679 48 27 2003 Nov 26 I M31 5924 271 257 2005 Nov 25 S NGC4365
4680 52 32 2003 Dec 27 I M31 7224 101 93 2005 Nov 26 S NGC4365
4681 51 33 2004 Jan 31 I M31 323 530 464 2000 Jan 26 S NGC4636
4682 49 12 2004 May 23 I M31 324 85 47 1999 Dec 04 | NGC4636
7064 291 232 2006 Dec 04 | M31 3926 757 787 2003 Feb 14 | NGC4636
7068 96 7.7 2007 Jun 02 I M31 4415 753 753 2003 Feb 15 | NGC4636
2017 465 422 2001 Jul 24 S M32 784 398 378 2000 Jan 15 S NGC4697
2494 162 139 2001 Jul 28 S M32 4727 404 364 2003 Dec 26 S NGC4697
5690 1161 1161 2005 May 27 S M32 || 4728 362 314 2004 Jan 06 S NGC4697
785 386 232 2000 Apr 20 S M60 4729 386 195 2004 Feb 12 S NGC4697
8182 530 496 2007 Jan 30 S M60|| 4730 406 369 2004 Aug 18 S NGC4697
8507 177 177 2007 Feb 01 S M60 7797 982 980 2007 Mar 22 | NGC5128
803 288 286 2000 May 19 S M84 || 7798 920 920 2007 Mar 27 I NGC5128
5908 467 461 2005 May 01 S M84 7799 960 960 2009 Mar 30 | NGC5128
6131 415 391 2005 Nov 07 S M84 || 7800 920 920 2007 Apr 17 I NGC5128
1587 319 251 2001 Feb 13 S M105|| 8489 952 952 2007 May 08 | NGC5128
7073 852 768 2006 Jan 23 S M105/| 8490 957 957 2007 May 30 I NGC5128
7074 700 664 2006 Apr 09 S M105|| 4448 301 297 2003 Sep 01 I Sagittarius

**"and “S” denote observations performed with ACIS-I and ISCS detectors.
2.3. Near-infrared data X-ray sources. Therefore our aim is to identify the emissibn

T h lar liaht distributi d th KWarm ionized gas, and, if possible, to separate it from wives
b dodtraceft e stellar light I'St” u'ilron,( we us:a It 7e int compact sources. To reveal the presence and map thie dis
and data of 2MASS Large Galaxy Atlas (Jarrett etal., 2003)ion of the ISM we constructed radial surface brightness p

Because of the large angula_r size Of_ M31, the backgroundgias of the unresolved X-ray emission and studied its spectr
somewhat oversubtracted on its near-infrared images (fetfa In Fig.[1 the distribution of X-ray surface brightness iswho

pn?/a):e comm?ntlczt;uop), ?Oi;r;a_}thevo%t?{] bulr?e ?[n?ng'smeg Yor the studied galaxies. The profiles were extracted in the P
galaxy appears fo be oo faint. 10 avo € uncertaintias keV energy band using circular annuli, centered on the cente

by the improper background subtraction, we used the Irdrar f the . :
: galaxy. The data was corrected for vignetting, and all
Array Camera (IRAC) onboar8pitzer Space Telescope (SST) background components were subtracted. The contribufion o

to trace the stellar light in M31. To facilitate the companf o< ueq compact sources was removed as described in the pre
results with other galaxies in our sample, we converted the Qious section

served near-infrarefpitzer luminosities to K-band values. The : S
It is known that the distribution of unresolved com-
scale between the.@um IRAC and 2MASS K-band data Waspact objects follows the stellar mass (Revnivtsev et alQ620

determined in the center of M31, where the background leyg}——- : , : . .
is negligible. The obtained conversion factor between ikelp Bogdan & Gilfanov, 2008; Revnivtsev etial., 2008). Therefo

values isCy /C ~ 104 we looked for deviations in the X-ray profile from the distrib
K/36 pum = S5 tion of the K-band light as an indication of an additional emi
sion component, presumably the emission of warm ionized gas
There are five galaxies, M32, M105, NGC3377, NGC3585, and
Sagittarius in which the X-ray brightness closely folloviee t
Truly diffuse emission is present in many luminous ellipticadtellar light distribution at all central distances. In el oth-
galaxies, that originates from warm ionized gas. Its lumityo ers — M31, M60, NGC1291, and NGC4278 the X-ray emission
may significantly exceed the emission from unresolved capdollows the near-infrared light only in the outer regions.the

3. Identifying gas-poor galaxies
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Fig. 1. Surface brightness profiles of the 14 galaxies in our sanmptee 05 — 2 keV energy range. All background components
were subtracted. Crosses (red) show the distribution césgived X-ray emission based @mandra data, the solid line (black)
shows the (arbitrarily) re-normalized near-infrared htigess.
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Fig. 2. Energy spectra of the 14 galaxies in our sample. All speca@ewormalized to the same level of near-infrared briglstnes
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counts.
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Table 3. Results of spectral fits of unresolved emission.

Name KTmkL r LvkL LeL Limxs Lwke/Lee  Lwki/(Lee — Limxe) — x%/d.of
(keV) (erg st (ergst) (ergs?h
@) ) 3 4 ®) (6) M 8
M31 bulge 032+0.01 182+0.04 18-10%® 25.10%® - 072 Q72 473223
M32 060+0.13 165+0.15 11-10%®  53.10% - 021 021 7670
M60 080+001 170+011 62-10° 15-10° 20-10%®° 4.13 477 1015100
mM84 065+001 145+012 30-10° 11-10° 15-10%® 273 316 385122
M105 064+0.05 226+0.19 47-10 1.8-10°® 38-10% 0.26 033 7473
NGC1291 (B81+003 264+0.23 63-10°® 99.10°%® 32.10% 0.64 094 8367
NGC3377 (07} 215+ 047 <1.8-10¥ 3.0-10°® 33.10% < 0.06 - 4534
NGC3585 (07} 275+061 <80-10% 25.10° 3.0-10%® <0.32 - 4639
NGC4278 ™7+006 234+031 51-10°®¢ 11-10*° 1.1-10%® 0.46 052 15%/132
NGC4365 (™9+004 167+0.17 24.10%° 28-10° 9.0-10%® 0.86 126 12§98
NGC4636 (B659+001 264+0.05 11-10% 13100 4.1.10% 8.46 874 1122199
NGC4697 (B83+0.03 254+054 73-10%  47-10%® 21-10°® 155 281 7866
NGC5128 062+001 -0.76+0.01 21-10® 30-10° 51.107 0.07 007 3547435
Sagittarius o 244+ 051 <12-10%® 25.10% - <0.48 <0.48 18§20

(1) Temperature of the thermal emission (2) Photon indexefgower-law (3) and (4) Luminosities of the thermal and pelae components
in the Q5 - 8 keV energy range (5) The combined luminosity of unresoleadmass X-ray binaries brighter than®@rg s (but fainter than
the sensitivity limit for the given galaxy) estimated frotretK-band luminosity of the studied region and the average<XBNK-ray luminosity

function of|GilfanaVv (2004) (6) The observed luminosityioadf the soft thermal component to the power-law (7) Same6adt corrected
for contribution of unresolved LMXBs. For NGC3377 and NG@85the predicted LMXB luminosity exceeds the observed hasity of the

power-law component, presumably because of a scattefKratios for LMXBs, therefore no LMXB-corrected luminositgtio is computed.
(8) Goodness of fit.

inner parts of these galaxies, an additional X-ray emitiom- ways describe the observed spectra well from the statigticat
ponent is present and often dominates. In all other case(-th of view, as illustrated by the hig¢? values given in the last col-
ray surface brightness strikingly deviates from the nafrared umn of Tabld_B. However, it does describe the spectra wit rel
light distribution, indicating the presence of strong diddial X- tive accuracy better thag 10%, which is entirely sflicient for
ray emitting components. The largesfidience between the X- the purpose of this calculation. The contribution of the Ig
ray and K-band profiles are observed in M84, NGC4636, aigl in principle, characterized by the ratio of luminosta ther-
NGC5128. These galaxies are known to show recent activityal and power-law components. The latter, however, indude
in their nuclei (e.gl_Finugenov etlal., 2008; Kraft et al. 080 the contribution of unresolved LMXBs, which may be dominant
Baldi et al., 2009). for galaxies with point source detection sensitivity thatoo

To confirm that there is emission from ionized gas, we inveBigh, 2 10°® erg s, making the luminosity ratios also depend
tigated the spectra of unresolved emission (E]g 2) As Hme g)n the sensitivity of the available Chandra data. To comgtens
emission is more centrally concentrated in some of the gald®r this, we estimated the contribution of unresolved LMXBs
ies, we distinguished between inner and outer regions. The dsing the average LMXB X-ray luminosity functionlof Gilfavo
viding radii are listed in TablE]1. Similar to the radial ptei, (2004) and subtracted their contribution from the lumitost
we excluded the contribution of resolved compact sources. the power-law component. These corrected values are strown i
facilitate the comparison, all spectra, shown in Eig. 2,eveor- the column labeletlyk. /(LpL — Limxs) in Tablel3.
malized to the same K-band luminosity b = 10" Lk, and The spectral analysis results presented in Table 3 lead to
projected to a distance of 10 Mpc. In the case of Sagittanids athe conclusions consistent with the brightness profile yanal
NGC3377, we only show the spectrum of the entire galaxy dse. As expected from surface brightness profiles, M32, M105
to the relatively low number of counts. The emission from theGC3377, NGC3585, and Sagittarius show the same spectral
hot ISM reveals itself as a soft component, clearly visibléhe properties at all central radii, they all have a rather weaidk s
spectra of many of the galaxies. To quantitatively charae component. In M31 and NGC4278, the significanffetence
its contribution, we performed fits to the spectra of unresdl between the spectra is that the luminous soft component is
emission (Tabl€]3), using the MEKAL model in XSPEC to repgresent only in the inner region, not the outer ones, suggest
resent the emission from ionized gas and a power-law spactrthat the hot gas is centrally concentrated (Bogdan & Gilfan
for the contribution of unresolved compact sources. The-sp2008). In all other galaxies, the soft component dominatel a
tra were derived from full regions whose parameters are pientral radii and can be well-fitted with an optically-thhret-
sented in the Tabld 1, the metal abundances for the thernmal canal plasma emission model with temperature in the range of
ponent were fixed at solar values (Anders & Grevesse, 198K), ~ 0.3 — 0.8 keV, in good agreement with previous stud-
and the hydrogen column density was fixed at the Galactievalies (Sarazin et al., 2001; Irwin et|al., 2002; Sivélet al., 2003;
(Dickey & Lockman, 1990). Such a simple model does not aRandall et al., 2004).
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x x L S e x we computed.x/Lk ratio in the outer regions, where no signif-
.l“l_._ 1 icant gas emission is detected. The Milky Way value was ob-

L tained using the results of Sazonov etlal. (2006), who coetput
the luminosity of active binaries (ABs) and cataclysmidaales
(CVs) in the solar neighborhood. The interstellar absorpis
negligible in this case. We converted their X-ray-to-mads
from the 01 — 2.4 keV band to the @ — 0.7 keV energy range,
using typical spectra of ABs and CVs (see Fig. 3), and assgimin
a mass-to-light ratio o, /Lx = 1.0 (Kent, 1992)
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The obtained ratios are in the range lof/Lx = (1.2 -

R J0439.6-6809 -6 4.1)- 10°" ergs* L, and show a large dispersion. This dis-
V711 Tau B persion is caused by the largeffdrence in the point source
L feh‘ L | detection sensitivity for the galaxies in our sample (Table
0.5 1 To correct for this &ect and to bring all galaxies to the same
Energy, kev source detection sensitivity, we chose the threshold logiip
Fig.3. The spectrum of the active binary V711 Tau and of @f 2- 10°*® erg s™. In those galaxies that had better source detec-
steady nuclear-burning white dwarf of RX J0439.8-6809. THi®n sensitivity (M31 bulge, M32, M105, Sagittarius), wel diot
spectrum of the former was extracted usk\gM-Newton data, remove any source fainter than 20° erg s* in computing the
while the latter was observed ighandra. The background is luminosity of “unresolved” emission. In the case of NGC3377
subtracted from both spectra. and NGC3585 having much worse detection sensitivity we sub-
tracted the contribution of unresolved LMXBs in the lumiitps
range of 210°¢-2.10*" erg s** from the measured luminosity of
Based on radial profiles and spectral analysis, we concludieresolved emission. To estimate the former we used two-meth
that the following seven galaxies are relatively gas-podrmay ©0ds. In the first, we measured the combined X-ray emissian fro
be suitable for our analysis: the bulge of M31, M32, M10g)ard resolved sources in this luminosity range in threexjesa
NGC3377, NGC3585, NGC4278, and Sagittarius. In all oth&#31, M105, and NGC4278, which allowed us to compute the
cases, the signatures of recent activity of the galactidemsc Lx/Lx ratio due to such sources for each of these three galax-

andor large amount of hot gas make the galaxies unsuitable f66. We obtained fairly uniform values with the average num-
our study. ber of~ (1.5 + 0.2)- 10°” erg s* L., where the cited error

is the rms of the calculated values. In the second method, the

contribution of unresolved hard sources was estimated them
4. Results luminosity function of LMXBs (Gilfanov| 2004). In the lumi-
nosity range of 2 10% - 2. 10°*" erg s, the X-ray to K-band
luminosity ratio is~ 1.4- 10°° erg s* L, in the 2— 10 keV

The high bolometric luminosity~ 10°” — 10°® ergs®, band. To convert this value to the36- 0.7 keV energy range we

means that some (generally speaking unknown) fractionef tised the average spectrum of LMXBS, described by a power-
nuclear-burning white dwarfs is detected Biandra as super- law model with a slope of = 1.56 (lrwin et al., 2003) and as-
soft sources, despite the low color temperature of theission. sumed a column density My = 4 - 10°° cm™2. The result is
These sources obviously should be included in computing the/Lk ~ (1.7 + 0.1)- 10° erg s* L, which is in reasonable
final X/K ratios. To separate them from LMXBs, we used thagreement with the value obtained from the first method.
spectral properties of compact sources. The temperatutesof
hydrogen burning layer is in the rangeT§; ~ 30— 100 eV, but
we conservatively included all resolved sources with hasdn
ratios corresponding to the blackbody temperature lowan th
kTpp < 200 eV. We used this method for all galaxies, exce;?tS
for M31, where we relied on the catalog of supersoft sourc8d
from|Di Stefano et &l.[ (2004). Because of the increased sou

cell size (Sect_2]1), some of the sources are merged into ’
; TR e ur sample. The possible age dependence of the LMXBrA-
This may compromise identification of supersoft sources, bg gannot be excluded but still needs to be establishedh®n t

cause some of them could be confused with harder sources 0ﬁ1er hand, the correction due to unresolved LMXBs is lean th

missed in our analysis. To exclude this possibility, we etpd _" ) .
our analysis with a nominal source cell size and did not find arrT 40/’ (l)ﬂfitri]en:)]?srirhvedrvaluri d’{XéLKV\(IEableg)} This iaicu- n
difference in the list of supersoft sources. acy 1S sdiicient for the present study, whose purpose 1S to con-

strain the luminosity of nuclear-burning white dwarfs. Téfere
we defer further investigation of the possibtéeet of inconstant
4.2. Lx/Lk ratios LMXB X /K ratio for a follow-up study.

T
Ll

10°

T
ol

4.1. Resolved supersoft sources

Both methods are based on the assumption that tKera¢
tio for LMXBs is the same for all galaxies in the sample. This
sumption may be contradicted by the fact that in NGC 3377
d NGC 3585 the predicted luminosity of unresolved LMXBs
ceeds the observed luminosity of unresolved emissionl€Ta
Incidentally or not, these are the two youngest galaities

The results of our analysis are presented in Thble 4. Listed
in the table are the X-ray luminosity of unresolved emission The X-ray to K-band luminosity ratios transformed to the
Lx unres Of resolved supersoft sourckg sss and of ionized gas same point source detection sensitivity are listed in Table
Lx gas From these quantities and from the K-band luminosity dfhese numbers are fairly uniforax/Lx = (24 + 0.4) -
the studied region (Tablg 1), we computed the X-ray to K-bardd?’ erg s L., where, as before, the cited error refers to the
luminosity ratios -Lx /Lk. In the case of M31 and in NGC4278rms of the measured values.



8 A. Bogdan and M. Gilfanov: Soft band/K luminosity ratios for gas-poor early-type galaxies

Table 4. X-ray luminosities in the B — 0.7 keV band of various X-ray emitting components in gas-pa@axes.

Name Lx unres Lx sss Lx gas Lx/Lk (Lx/Lk)corr Age
(ergst) (ergsl) (ergs?) (ergs* L) (ergstLl (Gyn)
1) (2) (3) 4) (5) (6)
M31bulge 11-10°% 3510 7.9.-107 (18+0.2) 107 (22+02)-10¢7 6-1¢
M32 64-10% 90-10° - (18+0.2) 1077 (24+02) 107  4-10°
M105  6&4-10% 1.9.107 - (20£0.2)- 1077 (20+02) 107 815
NGC3377 67-10% 1.1.107 - (39+06)- 1077 (24+06) 107  4.1¢
NGC3585 &2-10% - - (41+03)- 107 (26+03)-1077  3.1¢
NGC4278 55-10% 34.107 41-10% (32+02)-107 (32+02)-107 10.7
Sagittarius  &H-10°2  7.3-10% - (12+£04)- 107 (L7+04) 1077 6.5-9.5
Milky Way - - - (34+10)- 107 - -

(1) Luminosity of unresolved X-ray emission (2) Luminosiresolved supersoft sources (3) Luminosity of ionized @a®bserved X-ray to
K-band ratio (5) X-ray to K-band ratio transformed to the sapoint source detection sensitivity of 20°¢ erg s*. The errors in columns (4)
and (5) correspond to statistical uncertainties in X-rayntoates. (6) Age of the stellar population. Referencesiffms: Olsen et al.[(2006),
Coelho et al.[(2009F,Gregg et al.[(2004) Terlevich & Forbes (2002} Bellazzini et al.[(2006)

4.3. Contribution of unresolved LMXBs T

----------------- M31 =
. L . T e m32 -
The excellent source detection sensitivity, achieved & th 541027} " M105 ¢ A

bulge of M31, and the large number of compact X-ray sourcesin "7 NGC3377 A

this galaxy allows us to estimate the contribution of unhes c L e mggzggg E )
LMXBs having the luminosities below the adopted threshold 2 4 x 10?7 Sagittarius @ |
of 2. 10% erg s? to the Lx/Lk ratio. We consider the inner = Milky Way ——

6 of the bulge where the source detection is complete dowrp I |
to 2- 10°° erg s* (Voss & GilfanoV,[ 2007). In this region we . 3x10?’ | 1
collected all compact sources with the luminosity in thegen ix I |

2-10° - 2. 10% erg s, excluding those classified as super-
soft sources. The combined X-ray luminosity of these s@irce 2x10* ¢
is divided by the near-infrared luminosity of the same ragto
producelx/Lk = (3.6 +0.3)- 10%° ergs* L1 . This number

(o]

represents théx/Lk ratio in the soft band of low-mass X-ray 10?7 G o
binaries with luminosities in the 2L0®° — 2- 10°¢ erg s* range. Ny, cm

We conclude that LMXBs contribute 15 per cent to théx/Lk

ratio derived above. Fig. 4. The sensitivity-correctety /Lk ratio versus Galactic hy-

drogen column density. The solid line (black) shows the depe
dence of the absorbed flux on tiNy; assuming a power-law
4.4. The effect of the interstellar absorption emission spectrum with sloge = 2. The dotted line (green in
_ _ . the color version of this plot) and the dashed-dotted lirel)r
The possible fect of the interstellar absorption on the obgorrespond to the combination of the same power-law with a
seryed X-ray Iu_m!nosmes, depends on t_he energy spectizeof blackbody spectrum witkTy, = 75 eV andkTy, = 50, respec-
main X-ray emitting components — active binaries and supgely. For the last two curves equal luminosities of the ton-
soft sources. ABs have significantly harder spectra thaE}rsupponemS in the B — 0.7 keV band was assumed. Milky Way
soft sources, which is illustrated in F{g. 3. The class of A8s represents the absorption-freg/Lg ratio, and itsNy value is

represented by V711 Tau, it was observedd®yM-Newton for  shown as an upper limit and is arbitrarily placed alongefsis.
3.2 ks in[obs-id 0116340601, while RX J0439.8-6809 is an ex-

ample of steady hydrogen-burning sources, basedG@maadra

exposure with & ks in Obs-ID 83. As a consequence of th@eighborhood also fits this dependence well. On the othet,han
harder spectra, ABs are lesSexted by the interstellar absorp-a much steeper dependence would be expected if a significant
tion. fraction (e.g. a half of the unabsorbed flux) of thd8 8 0.7 keV

In Fig.[4 we plot the corrected /K ratio ((Lx/Lk)crr i emission had a blackbody spectrum with temperature of 50 eV.
Table 3) against the Galactic column density. A weak anflhis suggests that the contribution of sources with sofssion
correlation between these two quantities appears to edigs. spectrakTy, ~ 50— 75 eV is not dominant. The discrepancy
dependence or, rather, absence of a stronger one, can he udecreases quickly, with the temperature of the soft emmszsil
in principle, to further constrain the contribution of soeis with  becomes negligible for the blackbody temperaturelgf ~ 100
soft spectra to the X ratio. Indeed, the data is roughly con-eV, which has approximately the same dependencelas &
sistent with theNy dependence for emission with a power-lavpower-law. Therefore the contribution of the sources wétder
spectrum with the slopE = 2. The value obtained for the solarspectra could not be constrained using this method.
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4x10%’ x x x x = low-mass X-ray binaries contribute 15 per cent of this value.
m32 - We did not find any significant dependence gKXatios on the
| M5 3¢~ | parameters of the galaxies, such as their mass, age, ofinistal
NGC3377 —A There appears to be a weak anti-correlation ¢ Xatios with
NGC3585 - . - . .
c ”7 J( NGC4278 —— the galactic absorption coluniy. The relative flatness of this
33x107r sagitarius @ | dependence suggests that contribution of the sources wiith s
= spectrakTy, < 50— 75 eV to this ratio does not dominate. The
? - {1 remaining dispersion in the data points precludes moreaigo
E s and quantitative conclusions.
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