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ABSTRACT

The iron depletion level and the gas-phase iron abundaniteinot ¢ 10° K) interstellar medium (ISM)
are critical to our understanding of its energy balance dbkagethe thermal sputtering, cooling, and heating
processes of dust grains. Here we report on the first detecfithe Fexvi absorption line at 152 A from
the hot ISM in the spectrum of the low mass X-ray binary 4U 18%IB observed with th€handra X-Ray
ObservatoryBy jointly analyzing this absorption line with those fromv®, O vin, and Neix ions in the same
spectrum, we obtain an abundance ratio as Fe/Ne=0.8(QYinunits of the Anders & Grevesse solar value
(90% confidence intervals). We find that the result is robutt respect to different assumed gas temperature
distributions. The obtained Fe/Ne abundance ratio, alligtit large uncertainties, is consistent with the solar
value, indicating that there is very little or no iron deplgtnto dust grains, i.e., most of or all of the dust grains
have been destroyed in the hot ISM.

Subject headings: ISM: abundances — ISM: dust — X-rays: ISM — X-rays: individ (& 1820-303)

1. INTRODUCTION In the hot ISM, the knowledge of the exact amount of iron

As one of the most abundant refractory metals, iron is an contained in d_ust grains, which is reflected in the g_as-phase
important constituent of the interstellar dust grains anbd- ~ 2Pundance of iron (e.g., Savage & Sembach 1996), is of great
lieved to have the greatest fraction of its atoms depletal jn Importance for understanding many astrophysical prosesse
dust grains[(Sofia etal. 1994). Surveys in ultraviolet (Uy) FOr anemission spectrum of a solar abundance plasma at tem-
wavelength band indicate that70% of the iron in the cool ~ Perature~ 10° K, the contributions of iron ions encompass
and warm medium of the Galactic disk/halo could be locked 220Ut 50% of the total emitting energy and photons in the en-
up in solid grains, and only the remains can be probed through€'dY range from 10 eV'to 2 keV. On the other hand, dust grains
absorption lines of gaseous Fésee Savage & Sembach 1996 are an effective coolant of the hot gas. The thermal energy of
and references therein). Recent studies on X-ray absarptio the hot gas can be transferred to dust grains via the cailisio

edges also provide evidence of iron depletion into dushgrai 0€tween electrons and dust grains, resulting in bulk hgafin
in the interstellar medium (ISM; Juett et al. 2006). the dust and infrared (IR) emission. For a solar abundance of

Iron can be liberated from the dust to the gas phasethedustgrains, the grain IR radiation is at least compattab|

through thermal sputtering. Theoretical calculationsvsho 2and could be more than 10 times more efficient than, the gas
that the sputtering caused by high velocity shoaks{ 50- X-ray emission in coollng the hot gas at tempera_turéo6

200 km 1) could destruct severak10% of grains in the K (Dwek & Arendt [1992). Consequently, the existence of
ISM, and that with the presence of a magnetic field, grain- the iron-bearing dust in the hot ISM could alter the chemical
grain collisions can also be a very efficient process for dustcor;pr?smon of tlhetht gafs,r:hehrefore, Iarg.ely char]lfge thﬁ flu
grain destruction, specifically in the case of low-velocity &nd the spectral shape of the hot gas radiation, affect tne en
shocks ¢s <100 km s%; Draine & Salpeter 1979; Jones et €9y balance, change the cooling rate thus the lifetime®f th

al. 1994). The dust grains can also be fragmented/destroyetlj"'?]t glgasé and zvefr;tuallel/, adeUSt the stlar formation ratlehén t
through thermal evaporating in the hot ISM. The recycling Whole ISM and affect the galactic evolution in general.
of atoms back to the gas phase has been evidenced by thle) The iron depletion level in the hot gas can be measured

difference of the elemental abundance ratios in the Galac-0Y Modeling the iron emission lines or the absorption lines
tic halo from those in the Galactic disk, and by the ioniza- that the gas-phase iron ions imprint on the background point

tion disparity of the shocked material at various post-khoc SOU'Ce spectrum, then comparing the iron abundance with the

distance [(Jenkins & Wallerstéih_1995: Savage & Sembach S°lar values. Directly measuring the IR emission of the dust
1996). A comparison between the observed abundance rall Such environments is difficult due to the confusion with
tio of (Mg+Fe)/Si in the dust of the halo clouds and that of the foréground cold dust in the Galactic disk along the line of
theoretical expectation, together with the observed taticn ~ SI9Nt. A recent study of the very soft (0.25 keV) X-ray difus
between the gas-to-dust ratio and the dust mass carried, by F&ackground emission mothe vicinity of the Sun suggests that
indicates that the dust grain cores likely contain iron esid t2he gas phase iron is 30h/0 ththe solar vaIue_éSa.\nders_ e.} al. g
and/or metallic iron. Some of these resilient cores canieerv 001). HC_)WEVﬁI’, glvenlt att eb?)llm mﬁy :jes' ; em al p‘;g ege
from the shock destruction during the dust processing in thelocation (i.e., the Local Hot Bubble), this depletion lewey

ISM (Sembach & Savage 1896; Frisch & Slaiin 2003). 1ot be typical for the general hot ISM. Furthermore, the in-
‘ ferred emission measure is also sensitive to different tedop
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TABLE 1
STRONG TRANSITIONLINES OFFE XVII AND FE XVIIl
1 lon Transition XA
g Fexvil  2822p%(1S) -2s22p°4d(tPP) 12.123 0.53
3 Fexvil  2s22p8(tS)—2s22p53d(tP?) 15.015 2.31
E - Fexvil  2s22p5(1S)-25%2p°3d(3DO) 15.262 0.63
" Fexvill  2822p°(2PY%) -2522p*(19)3d(3D) 14.121 0.90
S Fexvill  222p5(2P%) -2s22p*(1D)3d(3P) 14.203 0.57

N

7

o b b b b

Fexvill  2822p°(?PY) - 2522p*3d(?D) 14.361 0.93

is distributed in a narrow temperature range (Eig. 1); there
fore, a well confined gas temperature or its distribution is
crucial for inferring the total iron in the hot gas. The de-

6.5

log[ T(K)] ' tection of multiple absorption lines in this sight line etexh
Fic. 1.— lonization fractions of oxygen, neon, and iron ions dare- .US to Ob.ta.m such a. C.OnStramJF' F.OI’ mSta.r.lce.’ if the interven
tion of temperature for a gas in the collisional ionizatiaguiéibrium state ing gas is in the collisional lonization equ'“bm}m (CiEpge
(Arnaud & Raymond_1992). The fractions of neon and iron haenscaled  (Arnaud & Raymondl 1992) and isothermal, its temperature
down with respect to the relative solar abundance ratio ygen. Theverti- can be determined 8s=2.2+ 0.3 x 10°f K (Paper |)_
cal lineindicates the best fit temperatureZ 10° K) in the isothermal case
for the absorbing gas toward 4U 1820-303. 3. Fexvil ABSORPTION LINE AND IRON ABUNDANCE IN THE

HOT ISM
density along the line of sight, are less affected by thesdiff

ent models and the charge exchanges between the solar wind We searched for the ionized iron absorption lines at the cor-
and the local neutral gas, and, therefore, should provige ar "€sponding rest frame wavelengths in the wavelength range
liable measurement of the iron abundance in the hot ISM.  between 2 and 25A in the spectrum obtained in Paper I. The
In this Letter, we present the first detection of thexve Fexvi absorption lines are expected to be very weak (the os-
absorption line at- 15 A from the hot ISM toward 4U 1820~  Cillation strengthf; < 10°°), and are not considered further
303. Comparing the column density of ken with that in this work. Tablé 1L lists the strong line§;(> 0.5) of ions
of Ne ix, and with those of O and Ovii that we previ- Fe xvi gnd _Fexvm. We only.detected a .5|gn|flcant Be
ously measured, we have derived a relative abundance rati@bsorption line at 15.02A (Figl 2), and did not see any clear
of Fe/Ne and then inferred the iron depletion level in the hot Sign for the other lines listed in Tallé 1. These detection re
gas. Throughout the Letter, we adopt the solar abundance$ults are not surprising. The constrained hot gas temperatu
from [Anders & Grevesdel (1989, and quote the errors at favors the Fexvi population, and the transition of the 15.02
90% confidence levels for single varying parameters urtiil ot A line is strongest (Figll1; Table 1). Therefore, the ke
erwise specified. absorption line at- 15.02 A is expected to be at least 4 times
stronger (in terms of equivalent width [EW]) than the others
2. SOURCE, OBSERVATIONS, AND THE EXISTING RESULTS We use different models to characterize thexte absorp-
~ 4U 1820-303 is a bright low mass X-ray binary residing tion line at 15.02A. The negative Gaussian model gives the
in the globular cluster NGC 6624 (Galactic coordindtds= line centroid as 15.008(14.999, 15.018) A or 132(-50, 314)
2°79,7°91) and its distance has been determined @s-D.4 km s, line width aso < 280 km st or v, < 396 km §?, and
kpc (Kuulkers et all_2003), meaning thatitis very close ®th jts EW as 5.1(2.9, 7.3) mA.

Galactic center and is located1 kpc above the disk plane. We then fit the line with oumbslinemodel, which adopts
The Chandra X-Ray Observatohas observed this source the \oigt function as line profile and allows a joint analysis
three times with different instrumental configurations.eTh  of multiple absorption lines (see Yao & Wang 2005; Paper I;
observation log, data reduction and analysis procedunes ha \wang et al. 2005 for further discussion). The fit is as good as
been described in detail in Yao & Wang (2006, hereafter Pa-yjith a Gaussian model, and the obtained line position is also
per 1), and here, we summarize absorption line detectiods an jdentical. Connecting the, with those of Ovii, O v, and
relevant absorption line diagnostic results. Ne ix lines (since the non-thermal broadening dominates, we
We have detected highly ionized®, O vii, and Nex Ka, therefore ignore the tiny differences of the thermal brodnuig
and Ovi K3 absorption lines, which are produced in the hot i different elements), we obtain the column density of the
ISM rather than in the circumstellar gas associated with the Fexvii as logNeexvi(cm2)] = 15.0(147,15.2).4
binary system (Paper I; see also Futamoto et al. 2004; Juett Following the procedure we established in Paper I, we
et al. 2006). Modeling these lines with our absorpt|0n I|_ne probe the abundance ratio of Fe/Ne in the hot gas. Since
model,absline(Yao & Wang|2005), we have constrained dis- neon is a noble element, it is very unlikely depleted intotdus
persion velocity of the hot gasi{ = 255(165369) km s'], grains. Therefore we take it as the reference element. tn fac
column densities of Qni, O vii, and Neix. We have also e have obtained a Ne/O ratio that is consistent with the sola
obtained the abundance ratio of Ne/O in the hot gas, whichyalue (Paper 1), and the following inferred Fe/Ne is essdijti
is consistent with the solar value. For a gas at tempera-the same as Fe/O in units of solar value. Assuming that the

ture about 18- 10’ K, the population of each abundantiron ahsorbing gas is in a CIE state and isothermal, we jointly an-
ion contained in the gas, e.g., ke, Fexvi, and Fexvi,
4 This column density, together with the dispersion velogitgonstrained
3 The “real” solar abundances are still under debate (e.gpluhd et in jointly analyzing oxygen and neon lines (82), can repumithe EW mea-
al. 2005; Antia & Basu 2006), so we still use the old values. sured with Gaussian model.



IRON ABUNDANCE IN THE HOT ISM

alyze the Fevil line with the Ovir, Ovii, and Nex Ka lines
and the O K3 line, requiring the common absorbing gas to

be of the same temperature. We fix the neon abundance at th
solar value, and let the abundances of oxygen and iron be free
parameters. In this way we constrain the hydrogen column

density toNy = 7.9(5.0,10.2) x 10'° cm™2, the temperature to

T =2.2(19,2.5) x 10° K, and the abundance ratio to O/Ne =
0.9(0.5, 1.3) solar for the absorbing hot gas, which are-iden
tical to those reported in Paper I. In addition, we obtain the
abundance ratio of Fe/Ne as 0.8(0.4, 2.1) solar. Consiglerin
the dependence of the ke population onT (Fig.[), we
calculate the confidence contours of Fe/Ne velisushich is
presented in Figuild 3a.

(b)

o (solar)
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-
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FIG. 3.— The 68%, 90%, and 99% confidence contours of (a) the abun-
dance ratio of Fe/Ne (in units of solar value) vs. gas tentpegd , (b) Fe/Ne
vs. temperature dispersion, and (c) Fe/Ne vs. power-lawxindfor the
isothermal case, log-Gaussian temperature distribution, the power-law

temperature distribution, respectively.
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Next, we investigate the effects on the inferred Fe/Ne ratio oiogt < 0.15, and the abundance ratio Fe/Ne = 0.8(0.4, 2.3)
if the above isothermal assumption of the intervening gas issolar. In Paper I, we have demonstrated that since an isother

relaxed. Since the absorption samples almost the entigeGal
tic disk from the Sun into the Galactic bulge, it is possible
that the hot gas consists of different temperature comgsnen
Here we examine two simple temperature distributions. In
each case, we first interpolate the ionization fractionsdfat d

mal absorbing plasma is adequate to describe the obsaryatio
the additional free parametepyt cannot be fully constrained

in the spectral fitting, and there is an apparent correldi@sn
tweenTy andoiegt (See Fig. 4 in Paper |) due to the large
value ofNoyy . But the inferred Fe/Ne is insensitive to differ-

ferent temperatures, assuming the gas to be in CIE state, an@ntogr Values, as illustrated in the confidence contours of

then calculate the column density for each ion. To get a bet-

ter constraint, we also add the undetected e x (12.134
A) absorption line in the joint fit. This line, except for the
detected line absorptions from oxygen, neon, and iron ions

is the next most expected one from a different ion to be ob-

served in the spectrum with high counting statistic becafise
its anticipated large column density (Fig. 1) and largedian
tion coefficient §; = 0.416), and is particular useful for con-

the Fe/Ne ratio versusogr (see Fig[Bb).
In the second case, we assume that the hot gas temperature
distribution follows a power-law (PL) form,

Nro(y +1)
— 2)

This simple characterization of the temperature distrdut
can be derived, for example, naturally from an exponential

dNy(T) = (T/To)"dT.

straining the upper boundary to the gas temperature. In thedisk model (Yao & Wang 2007), wheidyo is the total hy-

first case, we assume that the hot gas temperature disbributi
follows a logarithmic Gaussian form, as a natural extensfon
the isothermal single temperature case,

—(logT - logTp)?
Z(TQT)Z dlog(T), 1)

where the mean temperatulig is equivalent toT in the
isothermal case, andgt is the dispersion of logp. Un-

der this assumption, we obtalp = 2.0(1.8,2.4) x 10° K and

dNK(T) < exp
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Fic. 2.— Fexvil absorption line at 15.02A in th€handraMEG-LEG
combined spectrum of 4U 1820-303, modeled with dlslinemodel his-
togram). Thedipat 15.26 A indicates the expected amount of absorptions for
the second most significant &1l line (Table[1). The dotted line indicates
the smooth continuum level around the line. The model has bervolved
with the instrumental response, and the binsize is 12.5 nife dpparent
bump on the blue-side of the line may be due to the imperfedbration
near the hot pixel. For the detail information of the co-atldpectrum and
the continuum fit, please refer to Paper I.

drogen column density along the sight linkg,is the Galac-

tic mid-plane temperature, and the PL indexis the ra-

tio of the temperature to density scale heights. Our joint
analysis givesNy = 7.5(5.3,10.0) x 10" cm™, v > 2, and

To = 2.4(2.1,3.4) x 10° K. Again, although the extra free pa-
rametery can vary in a large range, the constrained abundance
ratio Fe/Ne=0.9(0.4, 2.0) solar is insensitiverto Fig.[3c
shows the confidence contours of the Fe/Ne ratio versus the
PL indexy.

4. DISCUSSION

We detect a significant Fevi absorption line atv 15.02
A in the Chandraspectrum of 4U 1820-303. A joint anal-
ysis of this line with the detected highly ionized oxygen
and neon lines, all interstellar in origin and observed ia th
same spectrum, gives the abundance ratio of Fe/Ne in the hot
ISM component, which, although with large errors, is con-
sistent with the solar value. In addition, this result appea
to be unaffected by the different gas temperature disiohst
adopted. We conclude that there is no evidence for substan-
tial depletion of iron into dust grains in the hot ISM. This
is in contrast to cooler phases of the ISM where iron is usu-
ally found to be heavily depleted (Sembach & Savage 11996;
Juett et all 2006). Grain cores containing iron oxides are ge
erally rather resilient and it is quite difficult to liberates iron
from these cores (Sembach & Savage 1996; Frisch & Slavin
2003). This solar value of Fe/Ne ratio, if confirmed, thus-sug
gests that likely all of the dust in this very hot ISM phase (T
> 1P K) has been destroyed by frequent and/or severe shocks
during the dust grain processing in the ISM.

Dust grains pre-existing in the ISM or formed in supernova
ejecta can be destroyed by their generated forward and re-
verse shocks and subsequently, in heated hot gas. By study-
ing the iron abundance via the far-UV kebsorption lines,
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Sembach & Savage (1996) find that while more than 99% of2002). | Futamoto et al.l (2004) and Juett et al. (2004, 2006)
iron is depleted into dust grains in the cold disk of the Gglax already argued successfully that this is likely not the dase
the iron depletion is~ 80% in warm clouds of the Galac- 4U 1820-303.
tic halo. They attribute this difference to the dust grais-di As a final note, we point out that the absorption path length
ruption by the supernova (SN) shocks when circulating the toward 4U 1820-303 passes through the Galactic bulge re-
grains between the Galactic disk and halo. If the hot ISM is gion where the soft X-ray background emission in the 0.75
believed to be heated from the cool ISM, it should have expe-keV band is greatly enhanced (Snowden €t al. 1997). This
rienced shocks much more frequently and/or much more vio-enhancement indicates that the emitting plasma is either of
lently than the warm halo clouds. Therefore itis naturako e a high temperature or of a dense emitting region, or both.
pect that many more grains, even including the resiliemt-iro  Recently, we have obtained an exponential scale height of
rich cores, could have been destroyed in such harsh environ~ 2 kpc and the mid-plane density ef 2.4 x 10° cm™
ments. More recently, Strickland etial. (2004) have obthine for the hot gas toward Mrk 421 (Galactic coordinaktgs=
an abundance ratio of Fe/O from the diffuse extraplanar halo179°83 65°03) in a joint-analysis of absorption and emis-
emission of many disk galaxies like our own, whichigl0% sion data at the same time (Yao & Wang 2007). This char-
solar. This result, although subject to different therntasma acterization, if typical for the general hot ISM, only acota!
models adopted and the different thermal properties assume for ~ 30% of the observed absorption toward 4U 1820-303,
for the emitting hot gas in the data analysis, clearly rulgis 0 meaning that a large portion of the absorption originatesfr
the depletion pattern found by Sembach & Savage (1996) inthe Galactic bulge. Therefore, the gas phase abundanoe rati
the cold and warm gas of the Galactic disk and halo, further of Fe/Ne presented in this letter could be biased becaube of t
supporting the scenario that more iron has been releas&d bacremarkable absorption contribution from the bulge, whiee t
to gas phase. metal abundance pattern may not be as the same as that in the
The above interpretation may not be entirely unique and overall ISM. Nevertheless, we present here a feasible way to
in some cases is subject to systematic effects introduced byinfer the gas phase iron abundance in the hot ISM that poten-
line-of-sight variations and intrinsic X-ray source projes. tially affects our understanding of the cooling/heatingqass
Claims like an overabundance of heavier elements relative t in the ISM in general. To obtain a global picture of the gas
oxygen in neutral matter towards the Galactic center direc- phase iron abundance in the hot gas, high quality absorption
tion presumably caused by a significant contribution of Type data along other sight lines that are away from the Galactic
la SNe in the Galactic bulge (Ueda etlal. 2005) would elevate bulge region are therefore required.
the contribution of iron in the hot gas phase as well. In thisr
spect the result by Juett etlal. (2006) that iron is signitigan
depleted in the cool phase in line of sight towards 4U 1820—
303 andthat Ne/O is close to the solar value is animportantin -~ We thank the referee for valuable suggestions that helped
dicator that conditions are not so unusual. Abnormal hehvy e to improve our presentation. We are also grateful to Claude
ement abundances have been observed in microquasars (e.@anizares and Aigen Li for useful discussions. This work is
Cyg X-1: Schulz etal. 2001, Juett et al. 2004; GRS 1915+105:supported by NASA through the Smithsonian Astrophysical
Lee et al. 2002, GX 339-4: Miller et al. 2004). In all these Observatory (SAO) contract SV3-73016 to MIT for support
systems, the observed overabundance pattern of the heavgf the ChandraX-Ray Center, which is operated by the SAO
elements relative to oxygen can also be interpreted as thdor and on behalf of NASA under contract NAS 08-03060.
different photoionization structures of these elementthin Support from aChandraarchival research grant AR6-7023X
intrinsic absorbing material (Schulz etlal. 2002; Lee et al. is also acknowledged.
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