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ABSTRACT

The circumgalactic medium (CGM) around galaxies is belieierecord various forms of galaxy feedback
and contain a significant portion of the “missing baryons'irafividual dark matter halos. However, clear
observational evidence for the existence of the hot CGMilisasisent. We use intervening galaxies along 12
background AGNSs as tracers to search for X-ray absorpti@sjproduced in the corresponding CGM. Stacking
Chandragrating observations with respect to galaxy groups ancbdifft luminosities of these intervening
galaxies, we obtain spectra with signal-to-noise ratiod®2 per 20-mA spectral bin at the expectediO
Ka line. We find no detectable absorption lines ofvC N vi, O vir, O vin, or Ne ix. The high spectral
quality allows us to tightly constrain upper limits to thersponding ionic column densities (in particular
log[Novi (cm™)] <14.2-14.8). These nondetections are inconsistent witlh.dleal Group hypothesis of the
X-ray absorption lines a ~ 0 commonly observed in the spectra of AGNs. These resulisdtalthat the
putative CGM in the temperature range of26 1052 K may not be able to account for the missing baryons
unless the metallicity is less than 10% solar.

Subject headings: Cosmology: observations — intergalactic medium — quashsogption lines — X-rays:
general

1. INTRODUCTION accretion phase can be a key driving force of the winds, the

Modern simulations are converging on the formation and mechanical energy injection in a radiatively inefficientiae

evolution of the dark galactic halos as well as the largdesca 'Ition dpt?asff may balance tr}e CO°””|9 0(; the sulrrounding %g_as.
intergalactic structure of the Universe (e.g.. Navarrdéta ' eedbackfromstars, even from evolved onesalone (e.ce, Typ

1996; Sheth et al[_2001; Cen & Ostriker_1999: Davé et al. & Supernovae), can play an essential role in maintainirig ho
19997 Springel et al. 2005). However, serious difficulties a 92Seous halos around galaxles (Tang €t al._2009a,b). Cosmic
present in reproducing the visible parts of galaxies, idelu '8y pressure can also‘play an important role in driving large
ing the mass/luminosity functions at low and high masses, th scale galactic outflow_:> (Everett etlal. 2008). The relatie i
angular momentum distribution of galactic disks, and the su Portance of these various forms of the galaxy feedback, how-
permassive black hole (SMBH) and bulge-mass relationship€Ve": rémains very unclear. Direct observational comssai
(e.g. Gilmoré[ 2008; Prima¢k_2009; Cattaneo et al. 2009). on the physical process and history of the galaxy feedbazk ar

For instance, the ratio of the visible baryonic mass to the thxs badly_n(ﬁedefg. . hi b he ci
gravitational mass of all galaxies is 3-10 times less than th potentially effective approach Is to observe the circum-
cosmic value (0167 0.006) inferred from theWilkinson ~ dalactic medium (CGM) around nearby galaxies. On scales

Microwave Anisotropy ProbéKomatsu et all 2009; also see fromr? fer\]/v tegls of k_pc.?.p t@ll |\¢pr, tr(‘jebC(?]M i”‘f'”def;;:‘j%
Bregman et al[_2009 and references therein); the discrgpanc @S that has been significantly affected by the galaxy a
; ; ; : jut is outside of the boundaries of the traditionally-known

massive ones (e.d., Hoekstra et al._20i05; McGalgh 2008)§tellar and multi-phase interstellar components of sutdixga

This missing link between the intergalactic medium (IGM), ‘€S- Itis quite possible that the CGM around the galaxies con
dark halos, and visible galaxies is attributed largely to ou [2inS their ‘missing” baryons (e.q.. Dehnen & Binney 1998;

; p e Sommer-Larsen 2006).
poor understanding of the complex “gastrophysics”, in par- . .
ticular the coupling between gas and galaxy feedback (e.g. Searches for the CGM have been conducted in ultravio-

Davé & Oppenheimer 2007). let (UV), but the association between galaxies and IGM ab-
Galaxy'f'eedback comes in many forms. Starbursts sorbers still remains an unsettled issue. Within impact dis
are known to generate galactic winds, which must be {&NCeS Ofr, <350 kpc from the sight lines of background
chiefly responsible for the chemical enrichment and non- Q50S, all galaxies with > 0.1L* seem to have “associated
gravitational heating of the IGM at high redshifts (e.g., LY& Or other low ionized absorbers (e.g.. Chen & Tinker
Mac Low & Ferraral 1999). Nuclear starbursts are also be- 2008; Wakker & SavagQ 2009). However, not .a_"O‘Lﬁb'
lieved to be intimately related to the formation and growth SOrbers have an associated galaxy found witHii* Mpc

of the SMBHs, which are an additional source of feedback, (€-9-, [Morris etal.| 1993 Stocke etial. 2006). These ab-
especially in massive galaxies (e.g., Strickland é{al. 2200 sorbers could be either associated with faint galaxies that

Swartz et al. 2006). While the radiation pressure in a high- are beyond the detection limits of current galaxy surveys or
not related to any galaxies at all (some absorbers are de-
LCenter for Astrophysics and Space Astronomy, Department of t€cted invoids; Chen & Mulchaey 2009; Stocke et al. 2007.)
Astrophysical and Planetary Sciences, University of Calor 389 Also, it is possible that much of the injection into the IGM
U%Bv BOULdef, Clo 8330%; Yangsen.Yao, Steven.Penton, MicBaull, occurred at high redshifts, and in the time that has subse-
John. Stocke@colorado.edu quently passed, substantial separations in space andtyeloc

2 Department of Astronomy, University of Massachusetts, Arat) MA . g
Oloog;pwqd’ tripp@astro.um)ellss.edu v have developed between the ejected matter and the galaxies
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from which it originated|/(Tripp et al. 2006). The highly ion-

ized absorbers, @i absorbers in particular, may trace the

CGM at high temperatures. Covering fraction of these ab-
sorbers varies with respect to galaxy luminosities and the
impact distances of these absorbers to their nearest galaxi Sre. Name No. ofObs. Exb. No. ofgal
(Stocke et al.[ 2006;_Prochaska ef al._2006; Ganguly ket al. ' ZAGN ' ' (ksr))' -orga
2008; Wakker & Savage 2009).

TABLE 1
BACKGROUND AGNS, ChandrabBSERVATIONS,
AND INTERVENING GALAXIES

X-ray observations could provide complementary or even hagzleas  0.297 N 47(7@
key constraints on the existence and properties of the CGM. PG 1116+215 0.176 1 89 12(11)
The bulk of the CGM, at least for galaxies with masses PKS 2155-304 0.117 46 1075 14(13)

imi i i i i Ton S180 0.062 1 80 3(3)
similar to and higher than our Galaxy,ég believed to be in Pa1511+143  0.081 3 141 46(43)
a gaseous phase at temperatured af10° K and mainly Mrk 766 0.013 1 90 13(12)
emits and absorbs X-ray photons (elg., Birnboim & Dekel H1426+428 0.129 3 184 3(3)
2003). However, because of the low density and poten- 1Hk0414+009 0.287 2 88 4(2)
tially low metallicity of the CGM, its X-ray emission, ex- K o Q.03 v 13((13))
cept for that in galaxy clusters where the missing baryon Fairall 9 0.047 1 80 1(1)
problem becomes less severe, is expected to be hard to de- Sub total: 82 3076  154(143)
tec_t (eg. Hansen_ & S_ommer-Lars;en 2006), and the obser- NoTE. — Values in parentheses indicate numbers of in-
vational evidence is still absent (e.g., Rasmussen et &9;20 tervening galaxies with reported B-magnitudes. Only these
Anderson & Bregman_2010). galaxies were used in this work.

The high spectral resolution grating instruments aboard
Chandra and XMM-Newton now provide us with a new We selected our background AGNs and thehan-
powerful tool — X-ray absorption line spectroscopy — to dra observations using the following criteria.  For all
probe the low-surface brightness diffuse hot CGM. Unlike X- AGNs observed wittChandragrating instruments, we chose
ray emission that is sensitive to the emission measure of thé0Se sources without intrinsiz ¢ zagn) soft X-ray emis-

hot gas, absorption lines produced by helium- and hydrogen-Sion/absorption lines reported in the literature. We afso i
like ions such as Qui, O vii, and Newx directly probe cluded those AGNs with intrinsic lines (e.q., Yagoob et al.
their column densities, which are proportional to the mass2003; [Mason etal. 2003; Renskaetal.| 2004; also see

of the gas and are sensitive to its thermal, chemical, angMcKernan et al.. 2007 and references therein), but showing

kinematic properties. Indeed, both t#andraand XMM- no lines withEW/AEW> 20 (EW is the equivalent width of
Newtongrating observations of bright AGNs and X-ray bi- aline) atwavelengths longer than 10 A in th€handraspec-
naries have been used to firmly detect and characterize théra. We excluded observations with nonstandard configura-
global hot gas in and around the Milky Way (elg., Wang €t al. tions [e.g., observations that put target source outsidbeof
2005; [ Yao & Wang [ 2005, 2006, 2007; Fang et al._2006; S3 chip of the advanced CCD Imaging Spectrometer (ACIS)
Bregman & Lloyd-DavieS 2007). However, our location in for calibration purposes] to avoid spectral resolutionrdeg
the midst of the hot gas makes it hard to determine the presdation. We did not use several shoxt (0 ks) exposures
ence of the CGM around the Galaxy; our previous investiga- of PKS 2155-304 that together contributel 0% to the total
tions only yield tentative upper limits to the column densi- spectral counts. Among the candidate AGNs, we only used
ties of the CGM beyond the hot gas-rich Galactic disk (e.g., those sight lines along which there aré intervening galax-
Yao et all[ 200€, 2009a). ies at projected impact distances p& 500 kpc. We used 500
In this work, we search for absorption lines of/G N v, kpc as a test limit, which is comparable to the size of regular
O vi, O v, and Neix produced in the CGM of intervening  galaxy groups (e.g., Tully 198/7; Helsdon & Ponman_2000).
galaxies along 12 AGN sight lines by extensively exploring The Ovi and Cui ultraviolet absorbers are found to have a me-
Chandragrating observations. Because detection sensitivitiesdian impact distance of 350-500 kpc and a maximum distance
of current high resolution X-ray instruments are still lied, ~ 0f 800 kpc around.* galaxies|(Stocke et al._2006).
to enhance the signal-to-noise (S/N) ratio, we stack spectr  The information on the intervening galaxies was extracted
with respect to group membership and luminosity propertiesfrom the same galaxy database as used by Stocke et al.
of intervening galaxies. This stacking technique, as imple (2006). This database was assembled from several galaxy
mented in our previous papér (Yao et al._2009b), enables ugedshift surveys and has been updated with SDSS DR7. Only
to probe the absorbing gas to unprecedented low column denthose galaxies with reported B-band magnitudes were used,
sities. and the K-correction af Fukugita et al. (1995) had been ap-
The paper is organized as follows. In Sectidn 2, we dis- plied to obtain the absolute magnitude of these galaxies. Ta
cuss the background AGNs and survey of intervening galax-ble[l summarizes our selected AGNs, the numbe€Chéan-
ies, and we describe the data reduction process. We searcHragrating observations and total exposure time used in this
for and measure the X-ray absorption lines produced in thework, and the number of intervening galaxies along eacht sigh
CGM in Sectioi B, and discuss the implications of our results line. Table 2 lists the intervening galaxies used in thiskwor
in Sectiori 4. Figure[d shows the intervening galaxy distributions aldre t
Throughout the paper, we adopt the Schechter luminosity3C 273 and PG 1116+215 sight lines for demonstration.
function with characteristic luminosity, ~ 2 x 10%°L, (or There are two detectors [the ACIS and the high resolution
absolute B magnitud®i ~ —20.5) and use the cosmology cametra (HRC)] and tVt\{O g(ratllzn_lgGsspng?ﬁralphS [the hlgth en-
i - <1 = - - ergy transmission grating and the low energy trans-
with Ho = 73 km $™ Mpc™, Oy = 0.3, andf2, =0.7. mission grating (LETG)] aboar@handra]. Observations

2. BACKGROUND AGNS, INTERVENING GALAXIES,
ChandraDBSERVATIONS, AND DATA REDUCTION 3 Pplease refer to Chandra Proposers Observatory Guide
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FiG. 1.— Impact distances of intervening galaxies versus iiédsiiong the 3C 273 (a) and the PG 1116+215 sight lines (b).

TABLE 2
INTERVENING GALAXIES ALONG THE H1821+643SIGHT LINE

RA (J2000) Dec (J2000) Zy A6 b mg L/L*
(deg) (deg) (arcsec) (kpc) (mag)
275.365 64.203 0.027519 9.02 300.9 20.60 0.006
275.010 64.315 0.027879 1255 424.1 1850 0.041
275.512 64.361 0.121537 1.19 176.0 1830 1.502
275.403 64.357 0.170858 2.38 4923 19.10 1.857
275.477 64.335 0.225603 0.60 164.8 19.50 2.920
275.520 64.348 0.284400 0.85 291.8 22.20 0.593

NoTE. —L/L* is calculated in B band. Information of intervening galaxie
along other sight lines are available online.

with the LETG collected the majority of the data used in this
work. TABLE 3

We followed the same procedures as described in S/NRATIOS OFAGN SPECTRA AROUND KEY
Wang et al. [(2005) and Yao & Wang (2005, 2007) to perform LINES.
the Chandradata reduction. Most observations of the first
six sources listed in Tabld 1 have been reporteéd in Yao et al.

Src. Name Nex Owvili Ovi Nvi Cwv

(2009b), and the same spectra and the corresponding instru- H1821+643 131 96 76 81 37
mental response files as obtained by Yao etlal. (2009b) were ?F;((:;2171:§.6 1215 2‘2'21 13'81 123'3;3 1%'3 g'g
used here. We extracted spectra and calculated the instrume PKS 2155-304 453 37.9 30.4 31.0 216
tal response files for those observations that have not been a Ton S180 6.2 54 34 37 16
alyzed. For each sight line with multiple observations, ¥ge a PG 1211+143 53 44 33 35 15
combined spectra and corresponding response files to form a mﬁggfzxzs 15(',38 3633 2444 2471 ﬁ
single coadded spectrum and response file. Figdres Zland 3 1H 0414+009 34 20 <1 11 <1
demonstrate the final spectra of 3C 273 and PG 1116+215, Mrk 509 5.4 3.1 2.1 20 <1
and Tabld B summarizes S/N ratios of each AGN spectrum IC 4329a 55 19 <1 13 <1

. . Fairall 9 4.7 25 14 18 <1
in 20-mA bins around the restframe wavelengths of the K :
NOTE. — The restframe wavelengths of thexKransi-

transitions of Nex, O v, Owvi, N vii, and Cwvi. .
tions of Nelx, O VIIl, OViI, N Vi, and CVI are 13.448 A,

3. DATA ANALYSIS AND RESULTS 18.967 A, 21.602 A, 24.781 A, and 33.736 A, respectively
’ (Verner et alll 1996).

We first search for the & absorption lines of Ne, O v,
O i, N vir, and Cwvi produced in the CGM along individual ) o . ) ]
sight lines. Most of the spectra of our selected AGNs are of We classify the galaxies into five categories, correspandin
low counting statistics, and only three of them, H1821+643, t0 galaxies in groups, galaxies with luminositesLof- L*,
3C 273, and PKS 2155-304, have sufficiently high S/N ratios 0.1L* <L < L*, L <0.1L*, and all galaxies. We define
to warrant such a search (FigufgE]2-3 and Table 3). Visual2 9alaxy group along a sight line as consisting of three or
inspection reveals no convincing X-ray absorption linenatt More galaxies with line-of-sight velocity differencesz; <
redshift of each intervening galaxy along any of these sight 1000 km s, wherec is the speed of light and\z; is the
lines. redshift interval of any two galaxies in the group. Figlte 4
We then search for the X-ray absorption lines produced in illustrates the number of galaxies in each category as a func
the CGM of the intervening galaxies from stacked spectra.tion of impact distances. We coadd the spectra with respect
o to redshifts of the intervening galaxieg) in the same cate-
(http://asc.harvard.edu/proposer/POG/) for furtheoiinfation. gory. Redshifts of the CGM absorption lines are expected to
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F o AlL 1 with or without contribution from the PKS 2155-304 sigh#in
sl o8 Bl E L ons o ] (e.g., Figure§]616). Adding the Gaussian profiles at the rest
- @ i eroups o frame wavelengths of & transitions of Nex, O v, O v,

N vi, and Cwvi, we constrain the 95% upper limits to the
equivalent widths (EWs) of these absorption lines. Replac-
ing the Gaussian profiles with our absorption line maoafel

slinel and fixing the dispersion velocity fn= 50 km §* for

S
T
<&
<
!

Number of effective galaxies
w
T
|

° ° o ] the absorbing medium, we also obtain the upper limits to the
° o ] corresponding ionic column densities in the CGM, which are
0 ; ; | reported in Tablgl5.
© o ]
oL .o o i 4. DISCUSSION o
0 00 200 200 200 We have presented a search for X-ray absorption lines of

Impact distance (kpc) the CGM along 12 sight lines. The limited counting statsstic

FIG. 4.— The number of galaxies in five impact-distance bins fifent of the X-ray spectra of the ba;Ckground AGNs USl,Ja”y doesn’t
galaxy categories. The numbers of all galaxies (“All L") ionse distance ~ warrant such a search. To improve the S/N ratios, we have
bins are less than the sum of the numbers of individual lusiies, which stacked the AGN spectra with respect to different group and
{eﬂtefctséhf glalaxylndependent requirement in spectrumidiog. Please see luminosity properties of the intervening galaxies. We do no
extfor detars. . ) . detect any X-ray absorption line in the coadded spectra al-
be the same as those of the intervening galdki@s properly  though the high S/N ratios enable us to constrain the ionic
conduct the coadding, along each sight line, we first bldeshi -, ,mn density to be as low &y < (1.6-6.3) x 104 cm2
the AGN spectrum and accordingly squeeze the instrumentajape[B). In the following, we first examine the reliability
response file byga, the redshift of each intervening galdly o oyr results (Section 4.1) and then discuss implicatidns o
and then stack them to form a single spectrum and responSg,ese results for the galaxy feedback (Sedfioh 4.2) andhéor t
file for each of the five categories. To assure mdependenc%rigin of the absorption lines @~ 0 routinely detected in

each shifted spectrum in coadding, for those galaxies alongspectra of many AGN's (Section#.3)
the same sight line and in the same category but at very close e

redshifts that cannot be resolved Byandra spectral reso- 4.1. Validity of our data analysis procedures
lution (e.g.,cAz; < 1000 km s*; we take the resolution of
1000 km s as a conservative value), we use an average red
shift Zyy defined as

Here we address two crucial questions regarding to the anal-
‘ysis procedures employed in this work: (1) Can our stacking
restore the line significance if there were X-ray absorgion

n o402 produced in the CGM at various redshifts? (2) Could the ab-
>im1 Z'gal/rp (1) sorption signal be severely blurred if the CGM absorptiars a

S 1/rip2 ’ of several hundred kni$velocity offset from those of galax-
, , _ _ . ies? To answer these questions, we run Monte-Carlo simula-
wherez, andr,, are the redshift and the impact distance of tions to obtain detection rates of the LETG for three diffetre
a galaxy, respectively. For instance, along the 3C 273 sightscenarios.

line, galaxies at only two redshifts (Figuré 1a) are used to First, we simulate the probabilities of detecting an absorp
form the coadded spectrum of the “galaxies in groups” cate-tion line from a single spectrum. Since the LETG collects
gory. Among the 143 intervening galaxies listed in Tdhle 1, most of the photons for the spectra used in this work (Sec-
only 29 are “independent” in the “all intervening galaxies” tion[d) and the S/N ratios of the stacked spectra are 40-50
category (Tabl€l4). Since the PKS 2155-304 sight line dom-around the Ovi Ko absorption line (Tablgl4), we use the
inates the spectral counts of these coadded spectra (Tgble 3response file of the LETG to simulate spectra with spectral
to avoid possible bias caused by a single sight line, we alsocounts of 2000 per 20-mA bin around 21.6 A. We then mea-
obtain another five similar coadded spectra but without con-sure the significanceEfV/ AEW) of a simulated line for dif-
tribution of the PKS 2155-304 sight line. Figuig§]5-6 show ferent input column densitiedloy; ) and a fixed Doppler dis-
two examples of these coadded spectra. Table 4 summarizegersion velocity ofv, = 50 km S1. We repeat these simu-
the S/N ratios of these coadded spectra around the expectefhtions 10,000 times and obtain the 68% and 90% detection
X-ray absorption lines and the number of the galaxies and therates, which describe the probabilities of detecting theiO
sight lines that these spectra are sampling. line at certain significance levels or higher for varidUsy

We measure the absorptions of the CGM from these coad<Figure[T). For instance, the simulations indicate thatafor
ded spectra. Since all background AGN spectra have beeryssymedioy, = 10'° cmi2, the 68% and 90% of the detec-
shifted by the redshiftg, of the intervening galaxies before  {jons are at>3.10 and > 2.40.

being coadded, the absorption lines produced in the CGM are  gecond, we check the validity of our shifting and coadding
thus expected to be at the restframe wavelengths of these lin ,yqcedures. In this scenario, we first simulate a set of ten
in the coadded spectra. Again, visual inspection reveals NOgpectra, each with spectral counts of 200 per bin around the
convincing absorption line in any of these coadded spectra,g \; Kq line. In these ten spectra, the lines, all character-

; ; — <1
4 The redshift of the putative CGM of a galaxy could be offsenirthe IZ%d xv#h bhetsgrrlﬁlgvu an?th’D_t\E;vo kmg dfre gl%Cidtat te.n .
Zgal by several hundred knT (e.g.[Stocke et dl._2006), which, however, is re S s dis r'. ute e"er?y € .een : .an -4, 10 mimic
unresolvable by current X-ray instruments. Please seéoBEEH for further various redshifts of the intervening galaxies. We then use
discussion.

5 Please refer to_Yao et all_(2009b) for procedures of blutsif spec- 6 This model is similar to an analysis of the curve of growtheaR®ke refer
trum and the corresponding response file. to[Yao & Wang [(2005) for a detailed description.

m:
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TABLE 4
S/NRATIOS OF COADDED SPECTRA AROUND THEK @ TRANSITIONS OF KEY IONS

No. Galaxies Sightlines Nix ovii ovil N VIl Cvi

12 10(7) 6(5) 86.7(36.9) 66.2(25.6) 54.5(19.2) 55.6(19.4) .688.7)
20 6(4) 4(3) 68.5(19.5) 49.9(12.5) 46.0(13.2) 39.5(8.5) 24.8)
3* 15(12) 8(7) 88.0(38.9) 67.2(27.9) 54.8(21.0) 55.7(21.08.9@12.1)
4 16(14) 11(10) 76.5(41.2) 58.1(29.0) 46.4(21.4) 47.9(22.32.5(12.0)
5¢ 29(24) 12(11) 113.(48.4) 85.1(34.1) 72.4(26.9) 69.2(25.39.2(14.3)

NOTE. — Values in parenthesis indicate without contributiomirthe PKS 2155-304 sight line.

a Sampling 10(7) intervening galaxies in groups along 6(&htsiines.
b Sampling intervening galaxies with> L*.
¢ Sampling intervening galaxies withlL* < L < L*.

d Sampling intervening galaxies with< 0.1L*.

€ Sampling all intervening galaxies.

TABLES
THE 95% UPPER LIMITS TOEWS OF THE EXPECTED KEY LINES AND THE CORRESPONDING IONIC COLUMDENSITIES

No. Ne X ovil owvi N vII Cvi
EW log[N(cm2)] EW log[N(cm2)] EW log[N(cni2)] EW log[N(cni2)] EW log[N(cm2)]
(mA) (mA) (mA) (mA) (mA)
12 [ 0.99(2.71) 14.99(15.57) 0.77(2.55) 14.53(15.01) 0.41(2.60) 14.25(14.96) 0.99(4.78) 14.34(15.04) 0.73(6.57) 14.06(14.96)
2 | 055(2.11) 14.76(15.36] 2.56(8.76) 14.05(16.29) 1.62(3.28) 14.76(15.25) 1.18(9.96) 14.41(15.53] 1.56(18.8) 14.29(15.67)
3 | 087(219) 14.96(15.35) 0.70(3.42) 14.41(15.18) 0.39(2.50) 14.20(14.86) 1.18(4.11) 14.52(14.96) 0.67(7.03) 13.93(15.02)
49 | 0.92(2.06) 14.92(15.35] 1.05(1.81) 14.56(15.35) 0.69(1.25) 14.51(14.86) 0.97(2.32) 14.37(14.66) 0.83(3.03) 14.01(14.62)
5¢ | 0.64(2.17) 14.71(15.40] 0.96(2.26) 14.61(14.98) 0.41(1.08) 14.16(14.51] 0.74(3.19) 14.20(14.96) 0.49(5.27) 13.80(14.87)

NoTE. — & Measurements are obtained from the spectra, sorted tohe a@ler as listed in Tab[é 4.
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. 88% detection rate ] ies, we can estimate the total mass contained in the CGM

90% detection rate asMcom <1 % (£2) x (%32) x (505502 * 10“'Mg, where

6 Ry B fown, A, andR are the ionization fraction of Qu, metal-
i ey ] licity, and the radial distance of the CGM, respectively. In
a T ] contrast, the hot CGM is expected to contaB x 10** M,
4r - baryons for Milky Way type galaxies and a typical galaxy
I ] group (McGaugh 2008). These results thus indicate that the
I i 1 bulk of the CGM is unlikely to reside in a chemically enriched
ol e 4 warm-hot phase (at temperatures ranging froA?+1.0°2 K)
F e ] where our X-ray absorption line spectroscopy is sensitive.
Our results, together with existing measurements of variou

Significance o (EW/AEW)

o= . . .. ] species in other wavelength bands, can be used to constrain
14.8 15.0 15.2 15.4 the state and/or extent of the CGM, hence its effect on galaxy
log[Ngy(em™)] evolution. One possibility is that the bulk of the baryon mat
FIG. 7.— The 68% and 90% possibilities of detecting the/l0 Ko ab- ter that was initially assoc_:lated Wlth the dark matter haanbe
sorption line at certain significance levels or higher faiaas OVIl column _eXPe_”ed out to large regions poss!b_ly on scales greater tha
densities. Blue curves indicate the results from individigectra, each con- individual group halos. Such stratification of baryon matte
taining 2000 counts per 20-mA bin around the line. Red cuingisate re- relative to dark matter halos may be a natural result of gialac

sults obtained from shift-coadded spectra, that each itentan spectra with it ; ; :
200 counts per bin around the line. Ten absorption lines éntéim spectra feedback, |n|t|aIIy via superwmds from starbursts andspos

are at redshifts evenly distributed from 0.01 to 0.1 to mimsidous redshifts ~ PIY AGNs (e.g.. Mo & Mao et all_2004) and later maintained
of the intervening galaxies. Green curves indicate thelaimésults to those by relatively gentle, but long-lasting energy injectiomrfr
of red curves, except for that the lines in each set of the pexctsa are of continuing star formation and by evolved stars (e.g., Type |
random velocity offsets from those intervening galaxieleafe see text for SNe;[Tang etall 2000a). The exact physical/chemical state
details. , _and extent of the stratified region is still uncertain, detieg
the same procedures as used in the actual data analysis tgy, the efficiency of the energy outputs from the starburgts an
blueshift these spectra by the corresponding redshifed@®o e star formation history as well as the environment of the
them to form a single spectrum, and then measure the line Si9galaxies.
nificance. As in the first scenario, we repeat the whole psces ™ \yhjle in this work the intervening galaxies are located at
10,000 times to obtain the 68% and 90% detection rates for, giected impact distances of 100-500 kpc along the selecte
Q|fferenthV|| inputs, which are a]so presenteq in Figure 7. It sight lines (e.g., Figurig 1), the “associated’aLgnd Ovi ab-
is interesting to note that, for a givédyyi and with the same  gorhers have also been detected at similar distances around
detection possibility, a line in the shift-coadded spettis  gajaxies (e.g!/, Stocke et 2], 2006; Wakker & Savage 12009).
expected to be detected at a higher significance level than i he gas traced by @ absorbers'l('rv 1053-1087 K_ if col-
a single spectrum with a similar S/N ratio. This slightly en- jisiqna|ly ionized) can account for up to 10% of the baryon
hanced significance is caused by the higher spectral resolu, 5™ associated with individual dark matter halos in the
tion (\/A)) of the LETG at longer wavelengths and channel o qon Universe (Tripp & Savage 2000; Danforth & Shull
rebinning when spectra are blueshifted. This comparisén va 5508 \Wakker & Savage 2009). But recent work indicates
idates our stacking procedures used in this work. that a large fraction of the ® absorbers could be due to
Finally, we examine the effect of the possible velocity off- ,yoinization of cool gas clouds (e.g., Tripp et al. 2008)
iseests\l/)vz%eners]i milea?gmuﬁ‘gﬁg;gtggfﬂﬂg g‘fcg';zrgﬁghnggaE;Therefore, for a remaining component to account for the-miss
. , X : : 3
cept that in each set of ten spectra, the absorption lines hav :2)9 at;]ad%?r:tss, :ﬁtnsettzn;)&ggjnrgg g“tjg‘g k?g\;og &gf; ggzg'\?; d
random velocity offsets from the redshifts of the interveni the detection in X-rav absorption lines e
galaxies. The offset velocities follow a normal distrilouti While the metal gbundar?ce of the CGM is hardlv con-
with a standard deviation of 200 kritsfrom each redshift strained, the commonly accepted value is about A));Z

(Stocke et aI._ 2006). Simulations indicate that in the high _ ¢ indicated by a few measurements of cool high-velocity
column density end (e.g., loghvi (cm2)] 215.4), the detec- 1 s & 10* K) around the Galaxy (e.gl, Lu ethl. 1994;
tion significance, though could be discounted, is still high Tripp et all [ 2003] Shull et al_2009) aﬁd ,by the modelin’g
the low column density end (e.g., 1ddhvi (cm™)] $15.2),t0 o quasar absorption lines (e.9., Keeney etal. 2005). How-
which our stacked spectra is approaching, the detectioifsig  eyer, some studies have found circumgalactic material with
icance is not of much differences (Figlie 7). In short, viJoc  gypstantially higher metallicities (e.d., Jenkins et/a0%,
offsets of several hundred km'sbetween intervening galax-  [Aracil et al. 2006). One may expect that the hot component
ies and the surrounding CGM would not significantly blur the would also have higher metal abundances, as indicated by

putative absorption signals in our stacked spectra. measurements for the medium in numerous galaxy clusters
— . and a few well-observed groups (elg., De Grandi & Molendi
4.2. Implicationsfor the missing baryon state 20011 Pratt et all_2007).

As discussed in Sectidn 1, galaxy feedback could be in var- A high temperature and low density CGM component is
ious forms for galaxies on different mass/luminosity ssale predicted in numerical simulations, particularly for thee
and at different evolutionary stages. The CGM is expectedlution of Milky Way type galaxies and group environments
to contain important information about the galaxy feedback (Tang et alll 2009a; Kim et al. 2009). The high temperature
and could also be a significant baryonic reservoir of indi- is also consistent with observations of the large-scaldrfrot
vidual dark matter halos. Takin§ovy <1015 cm? and as-  tragroup medium, which seems to be concentrated around
suming that the CGM is uniformly distributed around galax- galaxies and is always at temperatures higher tha®8 K
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(Sun et alll 2009). A significant portion of the CGM may be AGN spectra as long as the spectra have sufficiently high
in the hot phase hiding from our detection; the gas is toodott S/N ratios (e.g., Fang et al. 2006; Bregman & Lloyd-Davies
produce detectable neon, oxygen, nitrogen, or carbon pbsor 2007). The plausible locations of these absorbers incluele t
tion lines. The observed @ absorptions can arise from ei- hot interstellar medium (ISM) around the Galactic disk (e.g
ther photo-ionization of embedded cool clouds or colligion [Yao & Wang| 2005, 2007; Yao et al. 2008, 2009a), the large-
ionization at their interfaces with the hot components.(e.g scale Galactic halo (e.g., Rasmussen et al. 12003; Fang et al.
Wakker & Savage 2009). How well the hot CGM is mixed [2006; Bregman & Lloyd-Davies 2007), and intra-group gas
with the cool clouds and the relative fractions of the CGM in in the Local Group (e.g., Nicastro et al. 2002; Williams et al
the two phases likely depend on both the masses of individua005%). There are no clear boundaries between the Galac-
galaxies and the richness of the environment. tic disk and the Galactic halo and between the Galactic halo
Although our present investigation cannot constrain the and the intra-group gas, but the scale sizes of them are ex-
CGM on scales of< 100 kpc around galaxies, our recent pected to be several kpe;10-100 kpc, and-100-1000 kpc,
studies of the Galactic halo/CGM suggest that the observedrespectively. This work probes the CGM located between the
O v absorption arises primarily in regions around the Galac- Galactic halo and intra-group gas. Since the selected-inter
tic disk/bulge on scales of 10 kpc (Yao et al! 2008, 2009a). vening galaxies have impact distances of 100-500 kpc, our
Additional constraints have been discussed in a more recensight lines do not sample much of galactic disks and halos.
work bylAnderson & Bregman (2010), who conclude that the If the absorption lines at ~ 0 are mainly produced in the
hot gas cannot explain the missing baryon matter on galacticintra-group gas, similar lines are also expected for irgefv
halo scales. This conclusion complements the constraints o ing galaxy groups (e.g., FigurEs 1a). However, we only ob-
tained in this paper primarily on larger scales. tain tightly constrained upper limits to the ionic colummdi
Properties of the CGM could vary from one galaxy to an- ties, in particulaNoy; < 10 cm™ (the first row of Tabl€b),
other. This variation may have been revealed by the difteren \which, compared to the ~ 0 absorptiorNoy; ~ 10 cm2
column densities and the non-unit covering factor of the O (e.g.[Williams et al/ 2005, 2007), indicate that the cdmntri
absorbers (e.d.. Stocke et al. 2006; Wakker & Savage | 2009)tion of the intra-group gas, if it exists at all, must &.0%.
In this work, we group galaxies with respect to different lu- This conclusion is consistent with the constraint obtained

minosities. The upper limits to the column densities of the by comparing the X-ray absorption with emission measure-
X-ray absorbers and to the total mass of the CGM thus shouldments [(Fang et dil_2006; Yao & Warlg_2007) and with the

be regarded as average values for these galaxies.

non-detection of the expected spatial preferences of tee ga

In short, we find little evidence for the warm-hot gas in the ajong the Local Group geometty (Bregman & Lloyd-Davies

temperature range of a few times®100° K to account for a
significant fraction of the missing baryons in the vicinitly o

2007), as well as with the differential absorption line spec
troscopy based on different depths of sight lines (Yao et al.

galaxies. The bulk of the CGM likely exists in cool clouds [2008/2009a).

(e.g.]Wakker & Savage 2009) or in a hot g&is;(10°° K).

4.3. Implication for absorptionlinesat z~ 0

This work was partly supported by NASA grant
NNX08AC14G, provided to the University of Colorado to
support data analysis and scientific discoveries relatedeto

The results presented here also have strong implication forCosmic Origins Spectrograph on the Hubble Space Tele-

the origin of absorption lines a ~ 0 as demonstrated in
Figure[2. Highly ionized absorption lines at- 0, in par-

scope. YY, QDW, and TMT appreciate financial backing for
this work provided by NASA ADP grants NNX10AE86G,

ticular the Ovi Ko at 21.602 A, have been observed in all NNX10AE85G, and NNX08AJ44G respectively.
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