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ABSTRACT

We presert results from multi-ep och spectral analysis of XMM-Newton and Chandra obsenations of
the mini broad absorption line (BAL) quasar PG 1115+080. This is one of the few X-ray detected
mini-BAL quasarsto date that is bright enoughin the X-ray band, mostly due to large gravitational-
lensing magni cations, to allow in-depth spectral analysis. The presert XMM-Newton obsenations of
PG 1115+080have provided the highest signal-to-noiseX-ray spectra of a mini-BAL quasarobtained to
date. By modeling the spectra of PG 1115+080we have obtained constraints on the column density and
ionization state of its out o wing absorbing gas. A comparison between these constraints over se\eral
epochs indicates signi cant variability in the properties of the out o wing absorbersin PG 1115+080.
The depths of the high-energy broad absorption featuresin PG 1115+080 show a signi cant decrease
betweenthe rst two obsenation epochs separatedby a rest-frametimescaleof 1 year. This variabilit y
supports the intrinsic nature of these absorbers. Assuming the interpretation that the high-energy
absorption features arise from highly ionized Fe XXV we constrain the fraction of the total bolometric
energy releasedby quasarsPG 1115+080 and APM 08279+5255into the IGM in the form of kinetic
energy to be y = 0:64'%:33 (68% condence), and x = 0:09'%:3f, respectively. According to recert
theoretical studiesthis range of e ciencies is large enoughto in uence signi cantly the formation of the

host galaxy and to regulate the growth of the certral black hole.

Subject headings: galaxies: active |

1. intr oduction

In recert yearsthere has beenmounting evidencefrom
both theoretical and obsenational studies for the impor-
tance of quasar out o ws in regulating the growth of su-
permassiwe black holes, cortrolling the formation of host
galaxies, and enriching the Intergalactic Medium (IGM).
Models of structure formation in a -CDM cosmologyare
not consistert with obsenations unless feedbad, either
from star formation or active galactic nuclei, is included
in the simulations. Recerly, the potential importance of
quasarout o ws has beenexplicitly demonstratedin theo-
retical models of structure formation and galaxy mergers
that incorporate the e ects of quasarout o ws [e.g., Scan-
napieco & Oh 2004 (SO04); Granato et al. 2004 (G04);
Springel, Di Matteo, & Hernquist 2005 (SDHO05); Hop-
kins et al. 2005, 2006]. A basic assumption in the mod-
els of SO04 is that all quasarshost outows. SO04 nd
that by choosing the fraction of the total bolometric en-
ergy releasedover a quasar's lifetime into the Interstellar
Medium (ISM) and IGM in the form of kinetic energy
to be ¢=0.05, they can successfullymodel the obsened
ewolution of the B-band quasar luminosity function be-
tweenredshifts of 0.25and 6.25. In a recert study SDHO5
simulated the growth of black holesin gas-rich galaxies
with and without the presenceof accretion feedbad. The
feedbadk in their model is thought to occur through en-
ergetic quasar out o ws that interact with the gas of the
host galaxy. It is assumedthat about 5% of the radiated
luminosity is thermally coupled via these out o ws to the
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surrounding gas. They nd that the growth of the black-
hole massis self-regulated and eventually saturates at a
nal valuethat dependson the initial amount of gasavail-
able for accretion. Theseauthors alsofound that feedbak
from stars and quasarsin their simulations of galaxy merg-
ers can heat and expel gasfrom the certers of the merged
galaxies. This loss of gas during the nal stagesof the
merger can halt nuclear starburst activity and causethe
merger galaxy to becomea gas-poor elliptical.

With the advent of XMM-Newton and Chandra it has
become possible to infer the kinematic and ionization
properties of highly ionized X-ray absorbersin Seyfert 1
galaxies(e.g., Kaspi et al. 2002;Kaastra et al. 2002; Net-
zer et al. 2003). Approximately 60% of Seyfert 1 galaxies
show out o wing X-ray and UV absorption by ionized gas
with velocities up to  2,500km s ! (e.g., Crenshaw et
al. 1999; Kriss 2002). The absorbing out o w properties
of more luminous quasarsappear to di er in seweral ways
from those of Seyfert 1s. The fraction of occurrence of
X-ray and UV absorption has beenreported to be lower
in quasars(e.g., Ganguly et al. 2001;Georgeet al. 2002);
however, the claimsfor alower occurrenceof X-ray absorp-
tion have been challenged by Porquet et al. (2004) who
nd that about half of their sampleof 21 low-redshift PG
quasars harbor ionized absorbers. UV spectroscopic ob-
senations indicate that about 20% of quasarsshow broad
absorption lines blueward of their resonart UV emission
lines (e.g., Hewett & Foltz 2003). Out o w velocities of the
UV absorbers in BAL quasarshave beenfound to be as
high as  60,000km s 1.
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Recent X-ray obsenations of the mini-BAL quasar
PG 1115+080 and BAL quasar APM 08279+5255 have
suggestedthe presenceof relativistic out o ws of highly
ionized (ionization parameter of the order of log = 3:5)
absorbing material detected in the iron region (> 6 keV)
with velocities of up to  0.4c (Chartas et al. 2002,2003).
The inferred hydrogen column densities ranging between
10?2 2 cm 2 and relativistic velocities of theseout o wing
X-ray absorbersimply mass-out ow rates that are compa-
rable to the estimated accretion rates. The presenceof
massiwe, highly ionized, and high-velocity out o ws from
quasarsindicatesthat thesewinds may be providing signif-
icant feedbak to the surrounding gas. Additional obser-
vational evidenceto support the presenceof quasar feed-
badk camewith the detection of high-velocity blueshifted
absorption-line features in the X-ray spectra of seweral
quasarsand Narrow-Line Seyfert 1 galaxies(Reeweset al.
2003; Pounds et al. 2003a, 2003b). We note, however,
that someof theseclaims have beendisputed in recert re-
analysesof the data (e.g., Kaspi & Behar 2006;McKernan
et al. 2004,2005).

The relatively small velocity spreadobsened for the UV
absorptionin PG 1115+080,comparedto the typical range
of 5,000{ 25,000km s ! obsened in BAL quasars,sug-
geststhat PG 1115+080be classi ed as a mini-BALQSO
(Turnshek 1988; Barlow, Hamann, & Sargert 1997). We
will considerPG 1115+080asa mini-BAL throughout this
paper with the following model in mind. According to the
"uni cation" model for BAL quasars most quasars have
out o wing winds, howewver, BAL and mini-BAL quasars
correspond to quasarswith relatively large inclination an-
gles. In particular, in BAL quasarsit is commonly thought
that our line of sight intersectsa large portion of the out-
o wing absorber whereasin mini-BAL quasarsour line of
sight intersectsa shorter portion. According to this model
mini-BAL quasarswould be expectedto have smaller ab-
sorbing columns, and smaller velocity gradients than tra-
ditional BAL quasars.

In this work we presert recert results from monitoring
X-ray obsenations of the mini-BAL quasarPG 1115+080
(z = 1.72). The goal of theseobsenations wasto monitor
the time variabilit y of the absorption featuresand thereby
constrain the kinematic, ionization, and absorption prop-
erties of the quasarout o wsin this X-ray-bright mini-BAL
quasar. Suc constraints will allow usto estimate the con-
tribution of quasar winds to the enrichment of the ISM
and IGM and obtain a better understanding of the con-
nection between black-hole and bulge growth in the host
galaxy.

Throughout this paper we adopt a -dominated cosmol-
ogy with Hp = 70km s ' Mpc 1%, = 07,and y =
0.3.

2. observations and data anal ysis

PG 1115+080wasobsenedwith XMM-Newton (Jansen
et al. 2001) on 2001 Nov 25, 2004 June 10, and 2004
June 26, for 62.9 ks, 81.2 ks and 86.3 ks, respectively.
It was also obsened with the Advanced CCD imaging
Spectrometer (ACIS; Garmire et al. 2003) on board the
Chandra X-ray Observatory (hereafter Chandra) on 2000
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June 2 and 2000 Nov 3 for 26.8 ks and 10.0 ks, respec-
tively. The spectral analysis of the Chandra obsenations
of PG 1115+080 has been preseried in Gallagher et al.
(2002) and Chartas et al. (2003). Becauseof recert signif-
icant improvemens in the calibration of the instruments
on board Chandra and XMM-Newton since the publica-
tion of thePG 1115+080 results, we have re-analyzed all
obsenations. Updates on the calibration of Chandra and
XMM-Newton are reported on the Chandra X-ray Cen-
ter (CXC) and XMM-Newton ScienceOperations Cerntre
(SOC) World Wide Web (WWW) sites, respectively.* We
analyzed the XMM-Newton data for PG 1115+080 with
the standard analysis software SAS version 6.1 provided
by the XMM-Newton SOC. The Chandra obsenations of
PG 1115+080were analyzed using the standard software
CIAO 3.2 provided by the CXC. A log of the obsenations
that includes obsenation dates, obsened count rates, to-
tal exposuretimes, and obsenational identi cation num-
bers is preserted in Table 1. We note that the count
rate and total number of counts ( 31,430 counts from
the three XMM-Newton obsenations) for PG 1115+080
are the highest of any mini-BAL quasar X-ray spectrum
obsenedto date.

For the reduction of the XMM-Newton obsenations
we Itered the PN (Struder et al. 2001) and MOS
(Turner et al. 2001) data by selecting everts correspond-
ing to instrument PATTERNf@ the 0{4 (single and dou-
ble pixel events) and 0{12 ranges, respectively. Sev-
eral moderate-amplitude badkground ares were presen
during the XMM-Newton obsenations of UM 425 and
PG 1115+080. The PN and MOS data were Itered to
exclude times when the full-eld count rates exceeded
20 cnts s ! and 4 cnts s 1, respectively. The extracted
spectra from the PN and MOS were grouped to obtain a
minimum of 100and 40 courts, respectively, in ead energy
bin, allowing useof 2 statistics. Background spectra for
the PN and MOS detectors were extracted from source-
free regions near UM 425 and PG 1115+080. The PN
and MOS spectra were then tted simultaneously with a
variety of models employing XSPE@ersion 11.3 (Arnaud
1996). The energyrangesusedfor tting the PN and MOS
data were 0.2{10 keV and 0.4{9 keV, respectively.

For the reduction of the Chandra obsenations we used
standard CXC threadsto screenthe data for status, grade,
and time intervals of acceptableaspect solution and back-
ground levels. The pointings of the obsenatory placed
PG 1115+080 on the back-illuminated S3 chip of ACIS.
To improve the spatial resolution we removed a  0°25
randomization applied to the event positions in the CXC
processingand employed a sub-pixel resolution technique
developed by Tsunemi et al. (2001).

In both the XMM-Newton and Chandra analyseswe
tested the sensitivity of our results to the selectedbacdk-
ground and source-extractionregionsby varying the loca-
tions of the background regions and varying the sizesof
the source-extractionregions. We did not nd any signi -
cant changein the badkground-subtracted spectra. For all
models of PG 1115+080 we included Galactic absorption
due to neutral gaswith a column density of Ny=3.5
1070 cm ?(Stark et al. 1992). All quoted errors are at the

at  http://asc.harv ard.edu/ciao/releasenotes/history .html and
_sw_cal/calib/rel _notes/index.sh tml, respectively.
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90% con dence level unlessmerntioned otherwise with all
parameters consenatively taken to be of interest except
absolute normalization.

2.1. Spectral Analysis of the XMM-Newton Observations
of PG 1115+080.

We rst simultaneously tted the PN, MOS1and MOS2
spectra of PG 1115+080at ead of the three epochs with
a model consisting of a power law with neutral intrinsic
absorption at z = 1:72 (model 1 of Table 2). These ts
support the presenceof an intrinsic absorber with col-
umn densities of Ny= 2.2°%2 1% cm 2, 4.6'%2
10°* cm 2, and 2.9°%7 107 cm 2, for the three XMM-
Newton obsenations of PG 1115+080. The ts are not
acceptablein a statistical sense(seethe reduced 2 val-
uesin Table 2). The t residualsshow signi cant absorp-
tion at obsened-frameenergiesof 2.5{5 keV. To illustrate
the presenceof thesefeatures and absorption features be-
low 0.6 keV, we t the spectra from obsened-frame 2{
2.5 keV and 5{10 keV with a power-law model (modi ed
by Galactic absorption) and extrapolated this model to
the energy rangesnot t (seeFigure 1). For clarity we
only show the higher S/N ratio PN data in Figure 1; how-
ever, all ts were performed simultaneously using the PN
and MOS1+2 data unlessmertioned otherwise. The lower
panelsin Figure 1 show the residualsbetweenthe best-
t power-law model and the PN data. We note that the
apparernt variability in the amplitude of the absorption
featuresis not due to variations in the best-t value of
for the spectral ts performed within the obsened-frame
rangesof 2{2.5 keV and 5{10 keV. The best-t values of
the photon indices for epochs 1, 2 and 3 were 1:91°%:19,
1:88"%:10, and 1:84"%11. For the purposeof comparing the
absorption residualsbetweenepochs the photon indicesfor
epochs 1, 2, and 3weresetto = 1.9. We proceedin t-
ting a variety of models to the data guided by the shape
and location of these identi ed absorption residuals. As
our rst re nement we consideredan absorbed power-law
model with Gaussianabsorption lines near the absorption
features appearing between obsened-frame energiesof 2
and 5 keV (seemodel 2 of Table 2). Hereafter, we refer to
theseabsorption featuresasabsl and abs?2. The ts to the
spectra of PG 1115+080for epochs 1 and 2 contained two
absorption lines, and the ts for epoch 3 contained one
absorption line. The inclusion of these absorption lines
in model 2 resulted in signi cant improvemerts of the ts
comparedto the previous onesin model 1 at the > 99.9%,
99.2% and 93.6% con dence levels (according to the F-
test) for epochs 1, 2 and 3, respectively.

The remaining most signi cant cortributions to the
large values of 2 for model 2 arise from the residuals
below 0.6 keV. To model these residuals we replaced the
neutral absorber in our spectral model with an ionized
intrinsic absorber (see model 3 of Table 2). These low-
energy residualsare commonly detected in moderate S/N
spectra of BAL quasarsand are thought to arise from ab-
sorption by multiple ions of O, Ne, Na, Mg, and Fe and/or
partial covering. In particular, we usedthe absori model
contained in XSPEGDone et al. 1992). We note that the
absori modelisjust a rst approximation to what is likely
a more complex situation. The temperature of the ionized
absorber is not calculated self-consistetly by proper ther-

mal balance in the absori model but consideredas an
input parameter. We found a signi cant improvemert in
t quality at the > 99.9%con dence level accordingto the
F -test (seemodel 3 of Table 2). The best-t rest-frame
energiesand widths of the absorption featuresfor model 3
for epochs 1, 2 and 3 are listed in Table 2. We note that
the best-t energiesof thesefeaturesare quite stable when
trying dierent models for the low-energy spectral com-
plexity. As an independen ched of the accuracy of the
ts that usedthe absori model we also repeated several
of these ts using the warm absorber model XSTARXSTAR
calculatesthe physical conditions and emissionspectra of
photoionized gases. In the current analysis we use a re-
cert implementation of the XSTARnodel that can be used
within XSPEC

We found that the best-t parametersof the low-energy
ionized absorber derived using the XSTARnodel were con-
sistert with the valuesfound usingthe absori model. We
performed ts to the spectra of PG 1115+080at the three
epochs using both absori and XSTARo compare results
and performed the estimates of the con dence contours
of the best-t parameters using the more time-e cien t
absori model.

We investigated whether the obsened ux variabilit y of
the high-energy absorption features was consistert with a
decreasein the strength of two absorption lines used to
model the absorption features. The energiesand widths
of the absorption lines were held xed between epochs.
Speci cally, we performed a simultaneous t to all epochs
incorporating model 2 of Table 2 with the di erence that
the energiesand widths of the absorption lines were con-
strained to be the sameand only the normalizations of the
absorption lines were allowed to vary. These ts were per-
formed in the 1{10 keV band of the higher S/N PN data.
Weobtaineda 2 of 137.1for 137dof, and the best- t rest-
frame energiesof the lineswere7.5 0.3keV and 10.0
0.4 keV. Allowing the energiesand widths of the lines to
vary resulted in a similar 2 of 132.0 for 129 dof. We
note that for the ts where the energiesand widths were
constrainedto be the samebetweenepochs we found that
the best-t valuesof the optical depths for the absorption
lines at 7.5 keV were consistert with zerofor epochs 2 and
3. This was expected sincean inspection of Figure 1 indi-
catesthat there are no residuals for epochs 2 and 3 near
the rest-frame energyof 7.5 keV (left vertical dashedline)
. We concludethat the strengths of the absorption lines
for epochs 2 and 3 are too weak to infer any variabilit y of
their energiesor widths.

We next replaced the ionized absorber with a partial-
covering model and repeated the ts for ead epoch. We
nd that ts that include partial-covering (seemodel 4 of
Table 2) provide 2 valuesand quality-of-t parameters
comparable to those that included an ionized absorber.
Modelsthat included absorption edgesfor the high-energy
absorption featuresof PG 1115+080for epoch 1 were con-
sideredand rejected in the current analysis,that includes
the new calibration, as previously found in Chartas et al.
(2003). The basic problem with such edgemodelsis that,
for plausible iron abundances,they predict too much ab-
sorption at low energies. The inclusion of a broad (width
allowed to vary in ts) Fe K emissionline in all models
in Table 2 for epoch 1 resulted in larger reduced ? values
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comparedto those with no line included; therefore, there
is no evidencefor statistically signi cant Fe emission. We
alsotested the sensitivity of the best-t parametersto the
energyrangesusedfor tting the PN data by varying the
low-energy boundary of the ts from 0.2 keV to 0.4 keV.
We did not nd any signi cant changein the parameters
of the high-energy absorption lines. The exclusion of the
0.2{0.4 keV PN data, however, did result in slightly poorer
constraints on the ionization parameter of the gas caus-
ing the low-energy absorption. A detailed description of
the current calibration status of the XMM-Newton instru-
ments can be found on the XMM-Newton SOC WWW
site. A recen energy-dependert re-working of the PN re-
sponse has resulted in a signi cant improvemert in the
calibration down to 0.2 keV and brings the PN and MOS
detectorsinto better agreemei.

In Figure 2a we show the 68% and 90% con dence con-
tours (basedon model 3 of Table 2) for the photon indices
versus column densities for the three epochs. The col-
umn densities for the low-energy absorbers in models 3
and 4 are consistert with no variation. A possible weak
variation of the photon index betweenepochs 1 and 3 is
detected. 68% and 90% con dence contours for the ion-
ization parameter of the low-energy absorber versus col-
umn density are preseried in Figure 2b. The absorber
in PG 1115+080 appearsto have beenmore ionized dur-
ing epoch 1. In particular, during epoch 1 the ionized
absorber is characterized by an ionization parameter of

= L=nr? = 145, ergcm s ! and a hydrogen column
density of Ny = 1:33"%3¢ 10?2 cm 2, and during epoch
2by =56 ergcms ! and a hydrogen column density
of Ny = 1:41%93¢ 1072 cm 2, wherelL is the integrated
5 eV{300 keV incident luminosity, n is the electron num-
ber density of the absorber, and r is the distance between
the absorber and ionizing source.

Figure 2 suggeststhat the ionization parameter de-
creasedin the order of epochs 1, 3, and 2. This trend
in ionization parameter is evidert in the PN data shown
in Figure 1. For epoch 1, asshown in Figure 1a, the spec-
trum at low energies 0.2{0.4 keV appearslessabsorbed
relative to epochs 2 and 3, as expected for a more highly
ionized absorber where the opacity from low-z metals is
smaller. Additional con rmation for the trend in ioniza-
tion parameteris provided in x3.1.

Our spectral analysis of PG 1115+080implies the exis-
tence of two distinct absorberswith very di erent ioniza-
tion parameters. In particular, if we interpret the appar-
ent detection of absorption lines at rest-frame energiesof
7.27% 30 keV and 9.79%:%% keV as being due to Fe, the
most consenative assignmen (giving the lowest out o w-
ing velocity) is to highly ionized Fe XXV which requires
log 3:5. In contrast, the signi cant absorption features
below rest-frame energiesof 1.6 keV are best t with an
ionization parameter of the order of log = 2 (seeTable
2). A justi cation of the interpretation of the absorption
lines is given in x3 and preserted in more detail in Char-
tas et al. (2002,2003). To illustrate better the absorption
lines that can arise at thesetwo distinct ionization levels
we show in Figure 3 the expected absorption spectrum of
PG 1115+080in the 1 10 A rest-frame range as derived
with the photoionization code XSTAR assuminga slab-like
stationary absorber with Ny = 9 102 cm 2, log = 2,

and log = 3:5. The assumedcolumn density of 9
10?2 cm ? lies betweenthe estimated valuesof the column
densities of the high ionzation absorbers of PG 1115+080
listed in Table 4. At ionization levels of log 3:5 and
rest-frame wavelengthsin the range 1.5{2 A (seepanel a
of Figure 3) the Fe lines are quite isolated and are there-
fore apparert even with low-resolution spectroscopy. At
rest-frame wavelengths in the range of 6.2{10 A and at
ionization parameters of log 2 the spectra cortain a
larger density of strong absorption lines that are di cult
to resolve and identify (seepanel b of Figure 3).

The derived column densitiesfor the low-ionization ab-
sorber of PG 1115+080 (seeTable 2) for the three epochs
described in this paper are lower than those found in X-
ray obsenations of typical BAL quasars. For example,
the column densities of BAL quasarsas inferred from X-
ray obsenations lie in the range of 0.4{250 10?3 cm 2
(e.g., Gallagher et al. 2002 and Punsly 2006 presen
BAL-quasar column densities derived from X-ray obser-
vations). We emphasizethat most current column-density
estimatesderived from X-ray obsenations are poorly con-
strained due to the limited S/N of most existing X-ray
spectra of BAL and mini-BAL quasars. The presenceof
ionized or partially covering absorption cannot be accu-
rately inferred from the analysis of individual X-ray spec-
tra of most BAL quasars and if presert would in gen-
eral lead to an underestimate of the column densities.
On the other hand, the large lensing magni cations of
APM 08279+5255and PG 1115+080have provided mod-
erate SIN X-ray spectra for theseobjects resulting in im-
proved constraints comparedto unlensedquasars. We note
that the column density of PG 1115+080appearsto have
varied signi cantly since an earlier obsenation. Speci -
cally, during a ROSAT PSPC obsenation of PG 1115+080
on 21 November 1991the 0.2{2 keV X-ray ux of this ob-
ject was found to be at a minimum level (low-state) of
about 0.4 10 2 ergs ! cm 2 (seeFigure 6 of Char-
tas 2000) and the intrinsic column was constrainedto be
1.2 1.1 10* cm 2. This column density is consis-
tent with the typical valuesobsenedin BAL quasars.We
estimated the optical-to-X-ray spectral slope, quanti ed

as ox = log(f2 keV=f2500A)=|09( 2 kev = 2500A) (Tanan-

baum, et al. 1979), wheref; wev and f are the ux
2500A

densities at 2 keV and 2500 A in the quasar rest-frame,
respectively. For the casesof unabsorbed(absorbed) ux

densitiesat 2 keV for the epoch 1 XMM-Newton obsena-
tion of PG 1115+080we nd o = -1.63(-1.67). We note
that from the absorbed ux density at 2 keV for the 1991
ROSAT PSPC obsenation (low-state) of PG 1115+080
we nd o = -1.97. Due to the limited quality of the
ROSAT PSPC spectrum useful constraints on the unab-
sorbed value of o4 could not be obtained for the 1991
obsenation. For comparisonthe value of o« expectedfor
a typical AGN with a 2500 A luminosity density similar
to that of the epoch 1 obsenation of PG 1115+080based
on the recert empirical relation of Ste en et al. 2006 (see
equation2 of Steen etal.) is o« = -1.58. The rms of
at Iog(LZSOOA) = 30.8is about 0.2 (seeTable 5 of Ste en

et al.). We concludethat PG 1115+080is slightly X-ray
weakduring the three obsenation epochs preserted in this
paper but still within the scatter of o« detectedin typical



Re ned Out o w Constraints of PG 1115+080 5

AGN.

3. discussion

Our analysesof the Chandra and XMM-Newton spectra
of PG 1115+080and APM 08279+5255preserted hereand
in the discovery papers of Chartas et al. (2002, 2003) in-
dicate that the high-energy broad absorption features de-
tected in theseobjects are signi cant at the > 99.9%con -
dencelevel. Our claimed detectionsof relativistic winds in
the X-ray spectra of PG 1115+080and APM 08279+5255
were basedon the following steps:

a) We chose a standard approach to tting the X-ray
spectra of PG 1115+080and APM 08279+5255. In par-
ticular, we rst started with a simple model and added
componerts of increasing complexity motivated both by
the residuals of the spectral ts and our understanding of
the physics and structure of mini-BAL and BAL quasars.
The rst model consistedof a simple power-law modi ed
by intrinsic absorption. This choice was inspired by nu-
merousempirical and theoretical studiesthat indicate that
the main X-ray continuum emissioncomponert of quasars
(e.g., rest-frame 2{30 keV) is produced by inverse Comp-
ton scattering of soft photons from the accretion disk by
hot electronsin a corona (e.g., Haardt & Maraschi 1991,
Reewes & Turner 2000). An inspection of the residuals
to ts with simple absorbed power-law models indicated
the presenceof signi cant complex absorption residualsat
rest-frame energiesabove 6.4 keV and rest-frame ener-
giesbelowv 1.5keV.

b) To account for these t residuals we considereda
variety of spectral models. Sewral of these models were
rejected in the discovery papers and this work. The list
of rejected models includes the following: Broken power-
law modelswith and without a soft blackbody componert,
modelsthat included one and two absorption edgesto ac-
court for the high-energyabsorption, modelsthat included
neutral absorption at the sourceto accourt for the low-
energy absorption, and absorption by possibleintervening
material to accourt for the high-energyabsorption. Single
and double partial-covering modelsthat try to t the high-
energy features of PG 1115+080with iron edgesrequire a
curvature of the low-energycortin uum that is inconsisternt
with our data. Additional data would be required to rule
out even more complex partial-covering models.

c) Motivated by the structure of the low and high-
energy residuals, the fact that PG 1115+080 and
APM 08279+5255exhibit broad absorption lines in the
UV (e.g., the properties of the UV broad absorption lines
in PG 1115+080 and APM 08279+5255 have been pre-
serted in Michalitsianos et al. (1996) and Irwin et al.
(1998), respectively), and previous claims of detections
of low-energy ionized absorption in the X-ray spectra of
BAL quasars, we tted the spectra with a model that
consisted of a power-law modi ed by ionized absorption
at the source and two iron lines at the source to ac-
court for the high-energy absorption. This model pro-
ducedacceptable ts to the X-ray spectra of PG 1115+080
and APM 08279+5255and resulted in a signi cant im-
provemert over all other models considered. We note
that modelsthat included high-energy absorption lines in
PG 1115+080and APM 08279+5255resulted in improve-
merts in the ts comparedto modelsthat did not include

absorption lines at the greaterthan 99.9%con dence level.
In the presert work we alsocon rm this signi cant detec-
tion by re-analyzing the samedata with updated instru-
merntal calibration les.

d) We made a plausibility argumernt basedon the en-
ergies of the identied lines, and the known energiesof
absorption lines from all the abundart elemers, that the
detected absorption lines are assaiated with highly ion-
ized Fe K absorption. Based on this identi cation we
estimated the velocities of the out o wing X-ray absorbing
material.

Se\eral of the key derivations that follow in this section
assumeour interpretation that the high-energyabsorption
is due to lines arising from highly ionized Fe XXV and/or
Fe XXVI andthat the out o w velocities of theseabsorbers
range between 0.1c and 0.4c. Here we provide a sum-
mary of our justi cation of this interpretation that was
preseried in more detail in Chartas et al. (2002, 2003).

Our analyses of the Chandra spectrum of
APM 08279+5255 and the XMM-Newton spectrum of
PG 1115+080showed strong evidencefor the presenceof
absorption lines at rest-frame energiesof 8.05'%:39 keV and
9.799:2% keV for APM 08279+5255and rest-frame ener-
giesof 7:27°% 3 keV and 9:79'%:5¢ keV for PG 1115+080.
For APM 08279+5255 we assumedthat the two lines
are produced by resonart absorption due to Fe xxv
1s{2p (Fe XXVI Ly ), and inferred that the X-ray ab-
sorbers are out o wing with velocities of ~ 0:20c(0.15¢)
and  0:4c¢(0.36c), respectively. For PG 1115+080 we
assumedthat the high energy absorption is due to two
lines produced by resonarnt absorption due to Fe xxv
1s{2p (Fe XXVI Ly ), and inferred that the X-ray ab-
sorbersare out o wing with velocities of  0:1¢(0.05c) and

0:4¢(0.36¢), respectively. The wind geometry that we
assumeis based on the unied BAL model (e.g., Wey-
mann et al. 1991; Murray et al. 1995; Proga 2000; Elvis
2000). In this model the AGN out o w originates in the
accretion disk from a narrow range of radii. This wind
rises initially almost perpendicular to the accretion disk
and becomesmore radial and equatorial at larger radii
to form a bi-cone. The unied BAL model proposesthat
most of the obsened range of absorption line-widths can
be explained with orientation and with a velocity gradient
in the out o wing stream. The hydrodynamical models of
Proga et al. (2000) indicate that the density of the wind
peaks near an inclination angle of about 70 degreesand
most of the out o w is con ned within 10 degreesof this
angle. We note that Proga & Kallman (2004) showed that
the wind inclination angle can be smaller and the wind
doesnot needto be equatorial if it is mostly driven by UV
radiation from the accretion disk.

For the velocity calculations we consideredthe special-
relativistic velocity correction and assumedthat the angle

betweenthe wind velocity and our line of sight is 20 .
This angleis not constrained with the presert data; how-
ever, hydrodynamical simulations indicate that the BAL
wind divergenceanglemay rangebetweenl10 {30 depend-
ing on the location of the inner radius of the disk. The
velocity estimates are not sensitive to this range of an-
gles. For example, the inferred out o w velocity (assum-
ing 20 ) for the 9.79 keV absorption line detected in
PG 1115+080would vary from 6%to +13% for ranging
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between10 {30 .

Of all the abundarnt elemerns, iron absorption lines
would be the closestin energy to the obsened features.
As shown in Figure 3 the strongest lines with rest-frame
energiesindicated in parenthesis near the obsened ones
are: Fe XXV 1s{2p (6.7 keV), Fe XXV 1s{3p (7.88 keV),
Fe XXVI Ly (6.97 keV), Fe XXVI 1s{3p (8.25 keV), S
XV 1s{2p (2.46 keV), SXVI Ly (2.62keV) SiXIV Ly
(2.005keV), Ar XVIIl Ly (3.321keV), and Ca XX Ly
(4.104keV) (basedon the energiesof permitted resonance
lines of Verner et al. 1996). In this sense,our interpreta-
tion that the absorption lines are assaiated with highly
ionized Fe K absorption is the most consenative one pos-
sible (e.g., absorption lines from relativistic sulfur or oxy-
genwould require much larger blueshifts). We alsoinves-
tigated whether intervening absorbers in the lens galax-
iesor in possibledamped Lyman alpha systemsalong the
line of sight could explain the high-energy absorption fea-
tures. We concluded that the obsened high-energy ab-
sorption features cannot be produced by absorption in
intervening systemsand the most likely origin is intrin-
sic absorption by highly ionized iron. The intrinsic origin
of the absorption has been con rmed with the detection
of signi cant ux variabilit y of the absorption featuresin
APM 08279+5255(see Figure 7 in Chartas et al. 2003)
and now with the detection of signi cant variability in
PG 1115+080(seeFigure 4) asdiscussedn more detail in
x3.1. From the presert data we can infer signi cant vari-
ability of the normalization of the absorption lines, how-
ever, higher quality spectra will be required to distinguish
if there is any energy variabilit y of the absorption lines.

Assuming this interpretation for the relativistic X-ray
absorbing material, we presen in the following sections
estimates of the mass-out ow rate and e ciency of the
outow in PG 1115+080 and APM 08279+5255. These
estimates are important for addressingthe fundamertal
issue of whether quasar out o ws are capable of in uenc-
ing their host galaxiesand black-hole growth. Since the
presert obsenations of PG 1115+080 do not resolve the
lensedimageswe also estimate the in uence of this e ect
on our main conclusions.

3.1. Variability of the outow in PG 1115+080

Our spectral analysis of the XMM-Newton obsenations
of PG 1115+080 preseried in x2.1 indicates possiblevari-
ability of the X-ray broad absorption features between
dierent epochs. To quantify the signi cance of these
variations we determined the sum of the residuals of
betweenthe best-t 2{2.5 keV and 5{10 keV continuum
model and data in the energyrange 2.5{5.0 keV basedon
the spectral ts presered in Figure 1. As describedin x2.2
we t the spectra within the energy rangesof 2{2.5 keV
and 5{10 keV with Galactic absorption and a power-law
model and extrapolated this model to the energy ranges
not t (seex2.1l). For this summed- method to be
statistically valid, the best-t 2{2.5 keV and 5{10 keV
models and the S/N of the spectra needto be similar for
all epochs. The best-t 2{2.5 keV and 5{10 keV spectral
slopesfor all three epochs have essetially the samevalue

5 We nd the bolometric luminosit y of PG 1115+080 to be Lgy = 3.3

= fgc (3000A) L (3000A)
Marconi et al. (2004) and
The value of L (3000A) = 1.57

is the ux magnication assumedto be

of = 1.9 for epochs 1, 2, and 3 respectively, and the S/N
of the three obsenations are similar with e ectiv e expo-
sure times and source court rates listed in Table 1. We
therefore do not expect variations of the best-t modelsor
S/N of the spectra to contribute strongly to the variations
in the high-energy residuals. We nd total residuals
of g1 = 40 3, g2 = 26 4, and gz = 20

3 for epochs 1, 2, and 3, respectively.

A secondapproad to quantifying variabilit y of the high-
energy absorption features relies on taking ratios of the
spectra. This approad is independert of model assump-
tions and takesinto accourt the uncertainties in ead bin.
For the purposeof this analysisthe grouping of the spectra
was made identical for the three epochs. In Figure 4 we
shaw the ratios of the spectra of epoch 1 to epoch 2 (R12),
epoch 1 to epoch 3 (Ry3), and epoch 2 to epoch 3 (Rzs).
We nd the mean of the ratios within the high-energyab-
sorbed range 2.5{5.0 keV to be < R > = 0.83 0.05,
< Riz>=0.73 0.05,and< Ry3 > = 0.88 0.05.

As athird method of estimating the variabilit y of the X-
ray broad absorption features we comparedthe strengths
of the best-t Gaussianlines for the three epochs. Specif-
ically, we found the total absorbed photon uxes in the
Gaussian absorption lines for epochs 1, 2, and 3 were
(24 1.1) 10 5 photonscm 2 s 1, (0.49 0.20)
10 8 photonscm 2 s !, and (0.34 0.16) 10 © pho-
tonscm 2 s 1, respectively. The decreasen the total ab-
sorbed photon uxes in the absorption lines is consisten
with the results of the other two methods.

All approachesimply signi cant variabilit y of the X-ray
broad absorption featuresin PG 1115+080betweenepochs
1 and 2 separatedby 0.92 yr (rest-frame) and marginal
variabilit y of the X-ray broad absorption featuresbetween
epochs 2 and 3 separatedby 5.9d (rest-frame). The 5.9d
variability, if real, is consistert with a relatively small
launching radius of the X-ray absorber. Specically, as-
suming a radiativ ely driven wind ® and using equation 1
of Chartas et al. (2003) we estimate that a launching ra-
dius of about 7 Ry is neededfor the absorber to reach a
terminal velocity of about 0.4 c. At a launching radius
of 7 R the time to reach 90% of the terminal velocity is
about 9 d. This time-scaleis consistert with the marginal
detection of variabilit y of the Fe absorption lines between
epochs 2 and 3.

A model-independert con rmation of the trend of the
ionization parameter preseried in x2.1 can also be seenin
Figure 4. In particular, Figure 4 shows signi cant positive
residuals of the ratios R1, and R13 and negative residuals
of the ratio R,3 within the 0.2{0.4 keV band. This indi-
catesthat the 0.2{0.4 keV ux decreasedin the order of
epochs 1, 3, and 2. This trend in soft X-ray ux is consis-
tent with the obsened trends of the 0.2{0.4 keV residuals
shown in Figure 1 and the obsened trend in ionization
parameter derived from our spectral analysis and shown
in Figure 2. We note that the ratio of the EPIC PN spec-
tra is not sensitive to the precise value of the calibrated
e ectiv e area (the e ectiv e area cancelsout in the ratio)
as long as the responseof the PN detector remained the

10% ergs 1. To estimate Lgy we used the empirical relation L g

1, where fpc (3000A) = 5:3 is the luminosit y-dependent bolometric correction obtained from equation (21) of
25 based on lensing models of this system (e.g., Impey et al. 1998).
10%2 ergs 1 Hz ! for PG 1115+080 was taken from Neugebauer et al. (1987).
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samebetween obsenations. The PN detector responseis
known to be stable with time accordingto the calibration
status of the XMM-Newton instruments (seefootnote 4).

Signi cant variabilit y of PG 1115+080hasalsobeenre-
ported in the optical, UV and X-ray bands. Weymann
et al. (1980) report seweral absorption lines as being vis-
ible in the May 1980 obsenations of this quasar. Young
et al. (1982) detect only weak absorption features blue-
wards of the CIV line in their Decenber 1980spectrum of
PG 1115+080and do not detect the lines seenin the May
1980 obsenations. Strong and rapid variability of broad
absorption lines blueward of OVI in PG 1115+080 were
reported by Michalitsianos et al. (1996). Chartas et al.
(2000) reported a decreaseby a factor of about 13 of the
0.2{2 keV ux between1979Decenber 5 and 1991Novem-
ber 21 and an increaseby a factor of about 5 betweenthe
1991 November 21 and 1994 May 27 obsenations of PG
1115+080.

Seweral recert theoretical studies of high-velocity out-
o ws from quasars(e.g., Everett & Ballantyne 2004; Sim
et al. 2005) assumethat the high-ionization absorption
lines of S XIV, S XVI and Fe XXV obsened in sewral
quasars(i.e., PG 1211+143 and PG 0844+349 reported
by Pounds at al. 2003a,b) originate from gas that has
reached its terminal velocity. This terminal velocity is
then approximated with the escap velocity from the re-
gion from which the wind is launched, resulting in the
approximation Rjaunch Rs(C=Vobs)?, Where vyps is the
obsened out o w velocity and Rg is the Scwarzsdild ra-
dius. For vgps in the range0.1{0.4c the expectedlaunching
radii for PG 1115+080will lie in the range100{ 6Rs. For
an estimate of the black-hole masswe usedthe empirical
relation (equation 7) of Vestergaard & Peterson (2006).
Speci cally, we nd the massof the black hole and the
Schwarzsaild radius to be Mp, = 1.1 10° M and Rg
= 2GMypn/c® = 3.1 10" cm, respectively, basedon the
FWHM of CIV of 4700km s ! taken from the Hale spec-
trum of PG 1115+080(Younget al. 1982),and the 1350A
luminosity density of L = 9.48 10°% lergs 'Hz !
taken from Neugebaueret al. (1987), where is the ux
magni cation assumedto be 25basedon lensingmodels
of this system (e.g., Impey et al. 1998).

One of the assumptionsin theserecert theoretical stud-
ies is that the absorbers are obsened near their termi-
nal velocities. As we proposedin our previous study of
APM 08279+5255another possibility is that we are ob-
serving the absorber as it is being accelerated near the
launching radius. We speculate that initially the absorb-
ing material supplied by the accretion disk hasa relatively
low ionization parameter becauseof the large gas density
at the baseof the wind. A low ionization parameter re-
sults in alarge value of the force multiplier that canleadto
signi cant accelerationthrough scattering in atomic reso-
nancelines (line-driving; the forcemultiplier represerts the
ratio by which the line opacity of the absorbing material
increasesthe radiation force relative to that produced by
Thomson scattering alone). Becauseof the intense radia-
tion eld of the certral sourcethe absorbing gasbecomes
increasingly ionized within a time that is much shorter
than the time it takesfor the absorber to readc its termi-
nal velocity. When the ionization parameterreachesvalues
of about > 1000ergcm s ! absorption from highly ion-

izedlines such asSi X1V, SXVI and Fe XXV are expected
to be produced. As the ionization parameterincreaseshe
absorber becomescompletely ionized and line-driving be-
comesno longer important. This interpretation predicts
rapid changes(compared to those obsened in UV broad
absorption lines) in the obsened energiesand equivalert
widths of the X-ray BALs. We note that magnetically
drivenout o wsis alsoa possibility, asthis might be needed
to reach suc high velocities if the material becomeshighly
ionized quickly.

The average continuum ux of PG 1115+080 has not
varied by more than  20% between epochs as indicated
by the obsened PN count rates listed in Table 1. The
fractional change of the continuum ux can also be seen
in the ratio plots shown in Figure 4. There is thus no
correlation between the depth of the high-energy broad
absorption featuresand continuum ux level.

3.2. Eciency of the quasarout ow in PG 1115+080.

One of the key and highly uncertain parametersusedin
recen theoretical models that describe black-hole growth
and structure formation is the e ciency of the quasarout-
ow. The e ciency is de ned asthe fraction of the total
bolometric energyreleasedover a quasar'slifetime into the
ISM and IGM in the form of kinetic energyinjection and
can be expressedas:

2 3
— }M—Nwmd i- 9 feiRi(Ri= Ri)NH;impvwmd i 1)

2 L Bol L Bol
where M; is the mass-out ow rate of componert i, Vind :i
is the out o w velocity of the X-ray absorber of compo-
nent i, fc; is the global covering fraction of the absorber
of componert i, R; is the thicknessof the absorber at
radius R; of componert i, Ny.; is the hydrogen column
density of componert i, and Lgy is the bolometric pho-
ton luminosity of the quasar. We focus on estimating
for the out o w in PG 1115+080obsered during epoch 1.
The velocities of the di erent out o wing X-ray absorbers
are listed in Table 3. We assumea consenatively wide
range for the covering factor of f.=0.1{0.3 basedon the
obsened fraction of BAL quasars (e.g., Hewett & Foltz
2003) and a fraction R= R ranging from 1{10 basedon
current theoretical models of quasarout o ws (e.g., Proga
& Kallman 2000). As we argued in x 3.1 we are likely
observingthe absorbers asthey are acceleratednear their
launching radii. We have assumedabsorber radii ranging
from 3{15 Rs basedon the maximum obsened X-ray ve-
locity components. We used a Monte Carlo approadc to
estimate the errors of Mj and . The valuesoff., R= R,
and R; wereassumedto have uniform distributions within
their error limits. By multiplying these three distribu-
tions and with the appropriate constarts from equation 1
we obtained the distributions of M; and . We nally de-
termined the meansof the distributions of M; and  and
estimated the 68% con dence ranges.

We note that the last stable orbit can be even smaller
in a Kerr black hole and the disk can extend down to
the event horizon. This may also be possible even for
a Sdwarzsdild black hole, as argued recertly by Agol
& Krolik (2000). Howewer, at radii smaller than 3 R
the gravitational redsh'gt would begin to becomeimpor-
tant with Eops/E emis (1 2Mpp=remis) and onewould

K;i
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haveto invoke even larger out o w velocities to explain the
detected blue-shifted Fe lines.

The total hydrogen column densitiesof the Fe XXV K
componerts absl and abs? are consistert with the onesde-
termined in Chartas et al. (2003). The mass-out ow rates
and e ciencies of the out o wing componerts are listed in
Table 4.

There are seweral systematic errors in estimating the
radii and column densities of the absorbersthat are di -
cult to constrain and have not beenincluded in the presert
calculations of the outow e ciencies. However, both
these systematic uncertainties are one sided in the sense
that they leadto underestimatesof the out o w e ciencies.
Speci cally, we have allowed the radii of the absorbersto
range betweenthe last stable orbit of the black hole to 15
Rs basedon the maximum inferred out o w velocities. We
therefore expect any errors in the estimatesof the radii of
the absorbersto lead to larger values of out o w e cien-
cies. Possiblesaturation of the absorption lines will lead
to an underestimate of the column densitiesand therefore
to an underestimate of the out o w e ciencies aswell.

3.3. Contamination from unresolve lensal images

The lensedimagesof PG 1115+080 cannot be resolved
with XMM-Newton, and therefore the spectra usedin our
analysescontain cortributions from all images. We esti-
mate how this e ect in uences our previousresults by rst
determining X-ray ux ratios basedon recert Chandra ob-
senations of PG 1115+080that do resolwe the lensedim-
ages. To estimate the X-ray ux ratios of PG 1115+080
we modeledthe Chandra imagesof Al, A2, B and C, with
point-spread functions (PSFs) generatedby the simulation
tool MARXWise et al 1997). The X-ray evert locations
were binned with a bin-size of 0%9246to samplethe PSF
sucien tly (an ACIS pixel subtends 0%%91). The simu-
lated PSFswere tted to the Chandra data by minimizing
the C-statistic formed betweenthe obsenedand simulated
images of PG 1115+080. The relative positions of the
imageswere xed to the obsened NICMOS valuestaken
from the CfA-Arizona SpaceTelesco Lens Survey (CAS-
TLES). In Figure 5 we shaw the Lucy-Richardson decon-
volvedimage of the Chandra obsenation of PG 1115+080.
We nd that the relative X-ray ux ratios in the 0.2{8 keV
band are[A1/C] s = 3.86 0.42,[A2/C] s = 1.85 0.22,
and [B/C] s,y = 0.93 0.14. For comparison,the HST H-
band ux ratios are [A1/C]y = 4.06 0.17,[A2/C]ly =
256 0.12, and, [B/C]y = 0.65 0.04. The H-band
magnitudes were taken from the CASTLES WWW site.®
The X-ray ux ratios of PG 1115+080indicate that about
75% of the X-ray ux originates from the close-separation
imagesAl and A2. Sincethe obsenedtime delay between
imagesAl and A2 is taiaz = 0.149 0.006d there may
be variability of the X-ray BALs within this time-scale
only if the absorbers are launched near the last stable or-
bit of the black hole. The \long" time delays between
imageswere preserted in Schedter et al. (1997) and have
image C leadingimagesA1+A2 by 9.4 3.4d and image
C leading image B by 23.7 3.4d. SinceimagesB and
C are considerably wealker than A1+A2 they are unlikely
to be able to producea signi cant changein the combined
spectrum of PG 1115+080.

3.4. Comparison with APM 08279+5255

BAL quasarsare relatively weak in X-rays making the
detection of broad absorption featuresdi cult with XMM-
Newton and Chandra. We have previously preseried evi-
dencefor arelativistic out o w in the gravitationally lensed
z=3.91 BAL quasar APM 08279+5255. Following an ap-
proach similar to the one described in x3.1 and using
the derived out o w properties preserted in Chartas et
al. (2003), we nd that the mass-out ow rates and ef-
ciencies of the out o ws assaiated with the two Fe ab-
sorbers in APM 08279+5255are Mapsy = 17740 M
yr 11 k;absl = 10+86 10 3! Maps2 = 333+22§? M yr 11
and aps2 = 8% 10 2. The total eciency of the
outow will be the sum of all componerts of all species
over time. Becauseof the low S/N of the available spec-
tra of APM 08279+5255additional componerts cannot be
constrained, and we should consider the estimated total
mass-out ow rates and e ciencies aslower limits. The es-
timated out o w rate is an order of magnitude smaller than
the accretionrate in APM 08279+5255which we estimate
to be1.8 10 3(Lg/ )M yr ' 40M yr 1 where
we assumeda typical accretion e ciency of = 0.1.

4. conclusions

High-energy X-ray absorption is detected in three
epochs of monitoring obsenations of the mini-BAL quasar
PG 1115+080. We interpret this absorption as due to
lines arising from highly blueshifted Fe XXV 1s{2p and/or
Fe XXVI Ly . We nd that the depths of the X-ray
broad absorption features decreasedsigni cantly between
epochs 1 and 2 separated by 0.92 yr (proper-time) and
detect a marginal decreasebetweenepochs 2 and 3 sepa-
rated by 5.9 days (proper-time). The casefor a relativis-
tic ow on the basis of either the epoch 2 or 3 obsena-
tions of PG 1115+080 alone is less compelling. We note
that models that included high-energy absorption lines
in PG 1115+080 and APM 08279+5255resulted in im-
provemerts in the ts comparedto models that did not
include absorption lines at the greater than 99.9% con -
dencelevel. We had previously reported rapid variabilit y
over timescalesof 1.8 weeks(proper-time) of X-ray BALs
in the quasar APM 08279+5255. Variability of similar
magnitude and over similar time-scaleshas never beenob-
senedin UV BALs.

Assuming the interpretation that the high-energy ab-
sorption features are due to lines arising from highly ion-
ized Fe XXV we used the measuredout o w velocities,
column densities, and estimated launching radii to con-
strain the mass-out ow rates and out o w e ciencies for
PG 1115+080 and APM 08279+5255. We nd the out-

ow e ciencies to be = 0:64"%35(68% con dence), and

k = 0:09"%5(68% con dence), respectively. These esti-
mates include only contributions from obsened compo-
nents and therefore should be considered as lower lim-
its. Our derived estimates of the e ciency of the out-
owsin mini-BAL quasarPG 1115+080and BAL quasar
APM 08279+5255,when comparedto valuespredicted by
recent modelsof structure formation (SO04;G04; SDHO05),
imply that these winds will have a signi cant impact on

6 The CASTLES WWW site is located at http://cfa-www.harv  ard.edu/glensdata/.
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shaping the ewolution of their host galaxiesand in regu-
lating the growth of the certral black hole.

We note that our reported values of the mass-out ow
rates and outow e ciencies represent instantaneous
quartities. Becauseof the detected variabilit y of the out-
owsin PG 1115+080and APM 08279+5255it is appro-
priate to compare the out o w e ciency incorporated in
theoretical modelswith the averageof this obsened quan-
tity over a period that coversthe range of variabilit y. Ad-
ditional monitoring obsenations are neededto constrain
better the variabilit y of the out o w properties.

The fraction of BAL quasars with highly blueshifted
Fe absorption lines is not well constrained from avail-
able X-ray obsenations becauseof the relatively poor-
to-moderate S/N X-ray spectra of BAL quasars ob-
serned to date. We have shown that the two X-ray
brightest mini-BAL and BAL quasars,APM 08279+5255
and PG 1115+080, showv signi cant highly ionized and
blueshifted Fe lines. The third brightest BAL quasar
known to date CSO 755 shows a hint of an Fe absorption
feature in the rest-frame energyrange 7.1{9.3 keV (Shem-
mer et al. 2005). Higher quality obsenations are required
to con rm this result. The X-ray spectra of the remaining
obsened BAL quasarsare of lower S/N and do not pro-
vide interesting constraints on the presenceof high-energy
Fe absorption features.

To date, the most interesting constraints on quasarout-
o ws are derived from X-ray and UV spectroscopicanal-
yses. Current obsenations of BAL quasarsimply that
the X-ray and UV bands may be sampling di erent parts
of the absorbing out o ws. A large fraction of the high
velocity BAL out o w is apparenrtly visible only in the X-
ray band. Unfortunately, the limited number and qual-
ity of available X-ray spectra leave large uncertainties in
the mass-out ow rate. Absorption studies of quasarssuc
as PG 1115+080and APM 08279+5255with future high
resolution, high throughput X-ray spectroscopic missions
such as Constelation-X hold great promise for pinning
down this crucial quartit y.
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Table 1
Log of Observations of BAL Quasar PG 1115+080

EXxp osure Eectiv e

Observ ation Observ atory Observ ation Time Exp osure Time 2 Rsc b
Date ID (ks) (ks)

2004 June 26 XMM-Newton 0145750101 86.52 54.92 0.181  0.002
2004 June 10 XMM-Newton 0203560201 86.65 51.46 0.212  0.002
2001 November 25~ XMM-Newton 0082340101 63.36 52.37 0.202  0.002
2000 November 3 Chandr a 1630 9.95 9.83 0.084  0.003
2000 June 2 Chandr a 362 26.83 26.5 0.075 0.002

aE ectiv e exposure time is the time remaining after the application of good time-in terval (GTI) tables to remove portions of the observation
that were sewerely contaminated by background.

bBackground-subtracted source count rate including events with energies within the 0.2{10 keV band. The source count rates and e ectiv e
exposure times for the XMM-Newton observations refer to those obtained with the EPIC PN instrument. Please seex2 for details on source
and background extraction regions used for measuring Rsc.
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13

FITS TO THE XMM-Newton EPIC SPECTRA OF PG 1115+080

Model®  Parameter P Values For Epoch 1°¢ Values For Epoch 2°¢ Values For Epoch 3°
2001 November 25 2004 June 10 2004 June 26
0 :03 0 :03 0 :03
1 1.85"%:3 1.85"%:3 1.80%%:3
Ny (0.22%0%) 102 ecm 2 (046'% %) 102 cm 2 (0.37%% %) 102 cm 2
2= 361.2/240 361.1/272 344.8/255
P( 2=)d 66 10 7 23 10 * 15 10 4
+0 :04 0 :03 0 :03
2 1.68"%:0; 18303 172003
Ny (0.12%%%3) 102 cm 2 (044" %) 102 cm 2 (0.32*% %) 10%2 cm 2
Eabst 7.277°,:30 kev 6.407°:1% kev
abs1 < 0.50 keV < 0.44 keV
+0 :089 +0 :072
EW abst 0.117*%:6 keV 0.057"% 07 keV _
E abs2 1051%)55 keV 8.53"0:%% kev 9:6"!7 keV
abs2 3.49"1 82 kev < 0.53 2:7'21 kev
EW aps> 2.27°%5 kev 0:18"°: 1% keV 1:3'0) 7 kev
= 284.8/228 320.8/260 363.6/250
P( 2=)¢ 6.27 10 3 6.04 10 3 347 10 ©
+0 :05 0 :04 . 0 :04
3 _1'84 0:03 _1'92+ 0:04 ‘1'88+ 0:04
Ny (1.33%%%) 102 em 2 (1417%%) 102 cm 2 (152*% %) 102 cm 2
144.9%%3% ergem s ! 559", % ergcm s ! 90.2"3 % ergcm s !
Eabst 7.277°:%% kev 6.40"° 22 kev
abs1 < 0.44 kev < 0.33 kev
EW apst 0:113%0 9% kev 0:069"° 0% keV
E abs2 9.79"%0¢ keV 8.61"°):2 kev 8:9"%'15 keV (68% level)
abs2 30775 keV < 051 keV 0:575, keV (68% level)
EW aps> 2:05"°'57 keV 0:17*°: 1% keV 0:28"°:3 keV (68% level)
2= 241.5/227 265.1/259 278.8/249
P( 2=)d 0.20 0.38 0.10
+0 :05 0 :02 . 0 :04
4 _1'84 0:03 _1'94+ 0:04 _1'90+ 0:04
Ny (197010 010222 em 2 (1.61%0)30) 010222 em 2 (173703 010(‘)122 cm 2
+0 : +0 : +0 :
f 0-40‘ 0:05 0-65. 0:04 0.57 . 0
Eabst 7.27%°:%% kev 6.417°113 kev
abst < 0.44 kev < 0.33 kev
EW apst 0:103%0 %52 kev 0:075'0: 9% keV
Eabs? 9.62",:%° kev 8.53"0:2% keV 8:9'%3 keV (68% level)
abs2 3.18"%:% kev < 0.44 keV 0:5"3 keV (68% level)
EW aps 2:01"°:% keV 0:19"%:1 kev 0:28"°:3% keV (68% level)
2= 247.6/227 263.9/259 279.6/249
P( 2=)¢ 0.17 0.40 0.09

2 Mo del 1 consists of a power law and neutral absorption at the source. Mo del 2 consists of a power law, neutral absorption at the source, and Gaussian

absorption

lines at the source. Model 3 consists of a power law, ionized absorption at the source, and Gaussian absorption

lines at the source. Mo del

4 consists of a power law, partial covering of the source, and Gaussian absorption lines at the source. All model ts include the Galactic absorption
toward the source (Stark et al. 1992). All ts have been performed on the combined spectrum of images Al, A2, B and C of PG 1115+080.

Al absorption-line parameters are calculated for the rest frame.
CAll errors are for 90% con dence unless mentioned otherwise with all parameters tak en to be of interest except absolute normalization.

dP( 2= ) is the probabilit y of exceeding 2 for degrees of freedom if the model is correct.
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Table 3

Ener gies and Inferred Outflo w Velocities of Absorption Lines Detected in the XMM-Newton EPIC
Obser vations of PG 1115+080 During Epoch 1

Line Comp onent E obs E rest E jab E Wiest rest Vabs
(kev) (keVv) (kev) (kev) (kev) (c)
. 0 :14 . 0 :37 0 :09 . 0 :05
Fe XXV 1s{2p absl 267" 0 7:27% % 6.7 011700 <044 0:09°%:%
Fe XXV 1s{2p abs2 3:60"%%  9:79"0 % 6.7 205":% 307" 82 04072

Note. | The present spectra cannot distinguish whether the absorption in components absl and abs2 is caused by Fe XXV 1s{2p or
Fe XXVl Ly .



Note. |

Re ned Out o w Constraints of PG 1115+080

Table 4

Hydr ogen Column Densities, Mass-Outflo w Rates and Efficiencies
APM 08279+0552

of Outflo ws in PG 1115+080 and

Comp onent Line Nn M K
cm 2 ™M yr Y
PG 1115+080 Outo w

absl FeXXV 1s{2p 4 102  0:10"°:%  7:2'52 10 ¢

23 .g+4 10 .q+5 !5 1
abs2 FeXXV 1s2p 4 10 4:6"9 6:3,5 10

APM 08279+5255 Outo w

absl FeXXV 1s{2p 1 10% 178 1:0"%2 10 2
abs2 FeXXV 1s{2p 1 10% 3:32%9 0:8"%f 10 !

The bolometric luminosites of PG 1115+080 and APM 08279+0552 are 3.3

10%6 ergs 1 and 2

10*7 erg s 1, respectively.

15
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Fig. 1.| (a) The top panel shows the XMM-Newton PN spectrum of the combined images of PG 1115+080 for Epoch 1 t with Galactic
absorption and a power-law model to events with energies lying within the observed-frame ranges of 2{2.5 keV and 5{10 keV. The best-t
values of the power-law photon indices in these energy ranges for the three epochs were almost identical with 1.9. The lower panel shows
the residuals of the t in units of 1 deviations. Seweral absorption features within the observed-frame range of 1.5{5.2 keV are noticeable in
the residuals plot. (b) Sameas (a) for Epoch 2. (c) Sameas (a) for Epoch 3. For clarity we only show the higher S/N ratio PN data; however,
all ts were performed simultaneously using the PN and MOS1+2 data unless mentioned otherwise. The vertical dashed lines indicate the
best-t energiesof the high-energy absorption lines for epoch 1. The top panels (d), (e) , and (f) show the same data shown in panels (a), (b),
and (c) overplotted with the best-t models taken from model 3 of Table 2. The lower panels of (d), (e), and (f) show the reduced residuals
of these ts.
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Epoch 3

Epoch 2
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17

68% and 90% con dence contours between (a) the photon index and the intrinsic-absorption column density, and (b) the
ionization parameter and the intrinsic-absorption column density for the XMM-Newton observations of PG 1115+080 during epoch 1 (blue
dotted contours), epoch 2 (green dashed contours) and epoch 3 (black solid contours) assuming Model 3 of Table 2. The ionization parameter
and column density are for the low-energy absorber.
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Fig. 3.| Simulations of absorbed spectra with the contin uum level normalized to that of PG 1115+080. In panels a and b we show the
absorbed spectra for ionization parameters of log = 3.5 and log =2.0, respectively.
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Fig. 4.| The ratio of the PG 1115+080 spectra of (a) epoch 1 to epoch 2, (b) epoch 1 to epoch 3 and, (c) epoch 2 to epoch 3. The spectra
are binned with the same grouping used for epoch 1. The spectrum of epoch 1 was binned such that the minim um counts per bin was 100
counts. Panels (d), (e), and (f) on the right show the same ratios asthe panels on the left with the only di erence being that the spectrum
of epoch 1 was binned such that the minim um counts per bin was 200 counts. We note that the PN background for these observations
becomesincreasingly signi can t compared to the source signal for observed-frame energies above 6.5 keV. This explains the larger error bars
and dispersion of the data points for the ratios above 6.5 keV.
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Fig. 5.

CHARTAS ET AL.

Lucy-Ric hardson decornvolved image (0.2 { 8 keV band) of the Chandra observation of PG 1115+080.



