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ABSTRACT

We observed the quasar PG1211+4-143 using the Cosmic Origins Spectrograph on the Hubble Space
Telescope in April 2015 as part of a joint campaign with the Chandra X-ray Observatory and the
Jansky Very Large Array. Our ultraviolet spectra cover the wavelength range 912-2100 A. We find
a broad absorption feature (~ 1080 km s~!) at an observed wavelength of 1240 A. Interpreting this
as HI Lyq, in the rest frame of PG1211+4143 (z = 0.0809), this corresponds to an outflow velocity of
—16 980 km s~! (outflow redshift 2o, ~ —0.0551), matching the moderate ionization X-ray absorption
system detected in our Chandra observation and reported previously by Pounds et al. (2016). With
a minimum H1 column density of log Ny; > 14.5, and no absorption in other UV resonance lines,
this Lya absorber is consistent with arising in the same ultra-fast outflow as the X-ray absorbing gas.
The Lya feature is weak or absent in archival ultraviolet spectra of PG1211+143, strongly suggesting
that this absorption is transient, and intrinsic to PG12114143. Such a simultaneous detection in
two independent wavebands for the first time gives strong confirmation of the reality of an ultra-fast

outflow in an active galactic nucleus.

Keywords: galaxies: active — galaxies: individual (PG12114143) — galaxies: nuclei — galaxies:

Seyfert

1. INTRODUCTION

Fast, massive outflows from active galactic nuclei
(AGN) may play a prominent role in the evolution
of their host galaxies.  These outflows may both
heat and remove the interstellar medium (ISM) of
the host galaxy, effectively stopping further star for-
mation, and removing the fuel for further black hole

growth (Silk & Reed [1998; Klng um Ostriker et al!
2010; ISoker 12010; [Faucher- rtl 2012;

Zubovas & ayakshlﬂ 2014; Th mpson 1l 12015).

If the kinetic luminosity is high enough, 0.5%
i is 2010) to 5% (DiMatteo et all 2005)

of the bolometric luminosity, then the impact on the
host galaxy may be sufficient to regulate galaxy growth
and produce the observed Mpp — 0Opylee correlation
Ferrarese & Merrittl 2000; [Gebhardt et all [2000). Re-
cent observations of high-luminosity AGN at moderate
redshifts demonstrate that outflows of this power span-

ning galactic scales do exist (Borguet et all[2013), and

that such outflows may be ubiquitous, even when not
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seen in absorptlon along the line of sight (Liu et all
201344, 2014).

Outflows implied by the X-ray warm absorbers
and blue-shifted UV absorption lines commonly seen
in nearby AGN (Crenshaw et all 12003) are often
too weak to potentially influence their host galaxies

[2012). On the other hand, ultra-
fast outflows (UFOs), typified by high column densi-
ties of highly ionized gas and primarily identified via
Fe XXVI Ka absorption outflowing at velocities of >
10000 km s~! would have the mass and kinetic en-
ergy to make a substantial impact on the evolution
of their hosts (Pounds et all 2003; [Tombesi et all 2010;

[2014). However, given the low statis-
tical significance of these features and the fact that they
are often based on the identification of only a single spec-
tral feature, [Vaughan & Uttley (2008) have questioned
their reality. The large, comprehensive Warm Absorbers
in X-rays (WAX) survey [2014) found no sig-
nificant statistical evidence for UFOs in the six sources
they had in common with [Tombesi et al! (2010). While
not discussing the data per se, [Gallo & Fabian (2013)
argue for an alternative explanation based on blurred re-
flection rather than an outflowing wind.

The Quasi-Stellar Object (QSO) PG1211+143 (2 =
0.0809) plays a central role in the controversy over rel-
ativistic outflows because it presents tantalizing evi-
dence for the presence of UFOs and both intermedi-
ate and lower velocity flows typical of warm absorbers.
Pounds et all (2003, 2016) identified two UFOs: one at
high velocity voys ~ —0.14¢, but also a lower veloc1ty
UFO at vgus ~ —0.06d7 However studying the same orig-

9 We use the convention that the velocities given in prior work
on PG1211+143 are relativistic velocities in its rest frame, with
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Figure 1. Merged HST/COS G130M and G140L spectra of PG12114+143 (black) compared to the 2002 STIS/E140M spectrum (red).
Wavelengths on the lower horizontal axis and fluxes are observed units. The upper horizontal axis shows wavelengths in the rest frame
of PG12114143 at z = 0.0809. For clarity, the STIS spectrum has been offset vertically by 2.2 x 10713 erg ecm~2 s=! A=, Prominent
emission lines are marked. An earth symbol denotes the strong geocoronal Lya emission line. All narrow absorption features are either
foreground ISM or IGM absorption lines. The broad Ly« absorption feature in the COS spectrum

is marked above the spectrum in the blue wing of the Ly« emission line.

inal XMM observation of PG1211+143 as [Pounds et all
(2003), [Kaspi & Behail (2006) find no evidence for UFOs,

but rather lower-velocity systems more typical of those
seen in warm absorbers. [Pounds & Reeves (2009) and
Tombesi et all (2011) find UFOs persistently present, but
varying in strength over the course of several XMM ob-
servations spanning months to years, while a long, 300
ks NuSTAR observation of PG1211+143 also finds no
evidence for UFOs (Zoghbi et all[2015).

Prior UV spectra of PG1211+143 revealed the usual
blue continuum and broad emission lines typical of a
Type 1 AGN, but no absorption lines typical of the out-
flows seen in other AGN. All absorption lines in the spec-
trum (including ones at velocities near that of the voyg ~
—0.06 ¢ X-ray absorber) were identified as intervening
gas in the intergalactic medium (IGM)
[2004; |Tumlinson et al! [2005; Danforth & Shull [2008;
Tilton et alll2012). Given the variety of results obtained
on PG1211+143 and its prominence in the controversy
over the reality of high-velocity outflows in AGN, we un-
dertook a large joint campaign using the Chandra X-ray
Observatory, the Hubble Space Telescope (HST), and the
Karl G. Jansky Very Large Array (VLA) to search for
both X-ray and ultraviolet outflowing absorption sys-

vout represented as zc simply by dividing vout by ¢ = 2.9979 X
10° km st

tems. We report on the HST UV results here. See
Danehkar et all (2017) for the Chandra HETGS X-ray
results complementing this paper. As in [Danehkar et all
(2017), in this paper we will use the following conventions
for velocities and redshift:

Zrest = 0.0809 defines the rest frame of PG1211+143.

Zobs 1s the observed redshift of a spectral feature in our
reference frame.

Zout gives the redshift of an outflow in the rest frame
of PG1211+143.

Vout gives the velocity of an outflow in the rest frame
of PG1211+143.

Aobs is the observed wavelength of a spectral feature.

Ao is the rest wavelength (vacuum) of a spectral fea-
ture.

The usual special relativistic relations are used for con-
versions among the various quantities:

Zobs — (/\obs/)\()) - 17

Zout = (1 + Zobs)/(l + Zrest) - 11

Vout = €[(1 4+ zout)? — 1]/[(1 + Zout)? + 1], and

Zout = \/[(1 + Vout/¢)/(1 — vout/c)] — 1, where ¢ is the
speed of light.

2. HST OBSERVATIONS

In April 2015 we observed PG1211+143 using Chandra
and HST in a coordinated set of visits. The HST/COS
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observations used grating G140L with a central wave-
length setting of 1280 to cover the entire 912-2000 A
wavelength range (Green et all[2012). To fill in the gap
in wavelength coverage between segments A and B of the
COS detector, in our second visit we also used grating
G130M with a central wavelength setting of 1327 A. The
observations are summarized in Table [l All observa-
tions were split into four exposures at different FP-POS
positions to enable us to remove detector artifacts and
flat-field features.

Rest—Frame Wavelength (&)
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Figure 2. HST/COS G130M spectrum covering wavelengths in
the blue wing of the Ly« emission line of PG1211+143. The

lower horizontal axis is the observed wavelength in Angstroms.
The upper horizontal axis gives wavelengths in the rest frame of
PG1211+143 at z = 0.0809. The broad feature labeled “Lya ab-
sorption” at an observed wavelength of 1240 A is weak or absent
in archival spectra. Emission lines of C IIT* A1176 and Ly« in
PG1211+143 are labeled. All other narrow absorption lines arise
in foreground interstellar or intergalactic gas.

The individual exposures in our program were com-
bined by grating with updated wavelength calibrations,
flat-fields, and flux calibrations using the methods of
Kriss et all (2011)) and [De Rosa et all (2015). To adjust
the wavelength zero points of our spectra, for G130M,
we cross-correlated our spectra with the archival STIS
spectrum of PG1211+143 (Tumlinson et all 2005). For
G140L, we measured the wavelengths of low-ionization
interstellar lines and molecular hydrogen features and
compared them to the H I velocity of vpgr = —17 km s~ !

Wakker et alll2011)). No adjustment to the G140L wave-
lengths was required.

Our HST observations showed PG1211+143 to be
similar in appearance to archival HST and IUE ob-
servations as shown in Figure [l The continuum flux
at 1350 A rest (1465 A observed) was fy, = 2.2 x
107 erg em™2 s A-1, slightly below the historical
median flux of 2.9x 10~ erg em=2 s~ A~1. Despite the
lower flux and our shorter observation time, the signal-
to-noise ratio (S/N) of our observation (~ 29 per reso-
lution element for G130M at 1240 A) significantly im-
proved upon the prior 25-orbit STIS echelle spectrum.
Since the goal of our observations was to look for ev-
idence of outflowing gas in PG12114+143 as evidenced
by blue-shifted absorption lines, we scrutinized our spec-

tra carefully. This revealed a previously unknown weak,
broad feature in the blue wing of the Ly« emission line
as shown in Figure 2] and the upper panel of [3
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Figure 3. Upper panel: HST/COS G130M spectrum of

PG1211+143 in the wavelength region surrounding the broad Lya
absorption feature. The horizontal axis gives the outflow velocity
relative to Lya in the rest frame of PG1211+4-143 at z = 0.0809.
The blue line is our best-fit model for the broad Ly « absorp-
tion intrinsic to PG12114143. Intergalactic Ly« lines identified by
(2004) are indicated by tick marks labeled “IGM”.
Interstellar lines of N V and S II are also labeled. The red line shows
our best-fit model for these foreground absorption lines. The green
line shows the emission model (continuum plus broad Ly a emis-
sion) with all absorption removed. Lower Panel: COS and FUSE
spectra of PG1211+143 in the wavelength region corresponding to
broad Ly absorption. The horizontal axis gives the outflow veloc-
ity relative to Lyp in the rest frame of PG1211+143 at z = 0.0809.
The black histogram with 1-o error bars shows the COS G140L
data, binned by 8 pixels. The blue line is the FUSE spectrum from
2000 (Tumlinson et all 2005). All the absorption features in the
FUSE spectrum are foreground interstellar absorption. The red
line is the FUSE data convolved with the COS G140L line spread
function. Both the original FUSE data and the convolved spec-
trum are scaled to the intensity of the COS spectrum at 1040 A.
The expected minimum of Ly absorption that would correspond
to the Lya absorption trough is marked. The expected locations
of O VI AA1032, 1038 are also marked.

Although weak, narrow interstellar and intergalac-
tic absorption lines have been previously cataloged in
this region (Penton et al! 2004; [Tumlinson et al! [2005;
\Danforth & Shull 2008; [Tilton et all 2012), this broad

dip centered at ~ 1240 A was not readily visible in prior
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Table 1
HST/COS Observations of PG1211+143

Proposal Data Set  Grating/Tilt Date Start Time Exposure
1D Name (GMT) (s)
13947 1cs501010  G140L/1280  2015-04-12 15:50:03 1900
13947 1cs504010  G140L/1280  2015-04-14 13:52:21 1900
13947 1cs502010  G140L/1280  2015-04-14 15:36:39 1900
13947 1cs502020  G130M /1327  2015-04-14 17:16:34 2320

HST spectra. To convince ourselves that this feature was
intrinsic to PG1211+4143, and not an artifact in COS, we
examined the individual exposures in each FP-POS set-
ting. The broad absorption feature appears in all four
exposures. Furthermore, no similar feature is present in
any of the white dwarf standard star spectra obtained
monthly as part of the COS calibration monitoring pro-
gram.

To conclusively associate this single spectral feature
with Lya absorption intrinsic to PG1211+143, we note:
(1) If it were N V, one would expect to see Ly« at shorter
wavelengths, and also C IV at longer wavelengths. No
features are present at those expected wavelengths in our
observations. (2) The velocity of this feature in the rest
frame of PG1211+143 matches the velocity of the de-
tected soft X-ray absorption (Danehkar et alll2017). (3)
We also detect Lyf as described later in this section.

To measure the strength of the Lya absorption fea-
ture, we used specfit (Krisd [1994) in IRAF to model
the surrounding continuum and line emission and the
embedded ISM and IGM absorption lines. For the
continuum we used a reddened power law of the form
fy = 3.78 x 107*(\/1000A)=%7™ erg cm~2 s~1 A-!
with foreground Galactic extinction of E(B—V) = 0.030

Schlafly & Finkbeiner [2011). We also included fore-
ground damped Lya absorption due to the ISM with a
column density of Ny = 2.588 x 1020 cm 2
2011)). The Lya emission line of PG1211+143 was mod-
eled using three Gaussian emission components. Their
parameters are summarized in Table 2l For the narrow
foreground ISM and IGM lines, we used individual Voigt
profiles. Finally, for the broad intrinsic Ly« absorption,
we modeled its profile using two blended Gaussians in
negative flux in order to account for its asymmetric, un-
even profile. Since the broad Lya line is well resolved, we
obtain a lower limit on the column density using the ap-
parent optical depth method (Savage & Sembach [1991))
by integrating over the normalized absorption profile.
The measured properties of the broad Ly« absorber are
summarized in Table Here we give the properties of
the individual components in our fit as well as the prop-
erties of the full blended trough.

Since the short wavelength segment of our G140L grat-
ing observations covers the Ly/3 region of PG1211+4143,
we are also able to measure Ly absorption over the same
velocity range as we see in Lya. The spectrum in this
observed wavelength range is more complex due to fore-
ground Galactic ISM features and the lower resolution of
the G140L grating. To aid in this analysis, we retrieved
the archival FUSE observation of PG1211+143 reported
by [Tumlinson et all (2005). We convolved this with the
COS G140L line-spread function -

2013) and scaled the flux level to match our COS spec-

trum at 1060 A. The comparison shown in the lower panel
of Figure Bl reveals a deficiency in flux in our COS spec-
trum relative to FUSE precisely at the wavelengths ex-
pected for a Ly counterpart to the G130M Ly« absorp-
tion feature. We are not able to resolve the Ly3 absorp-
tion in the same detail as we can for Lya, so we simply
measure its integrated properties. If we use the scaled
and convolved FUSE spectrum to normalize the COS
spectrum and integrate this normalized spectrum over
the velocity range —1500 to +1500 km s~ ', again using
the apparent optical depth method of

(1991)), we obtain an equivalent width (EW) of 0.914-0.27

A. This flux deficiency is significant at a confidence level
of > 0.998 compared to the null hypothesis of no ab-
sorption. As shown in Table Bl the strength of the
Ly absorption is comparable to that of Ly«, suggesting
that both spectral features might be heavily saturated.
This sets a lower limit on the H I column density of
Ny > 2.9 x 10'* cm—2. Given that the features are not
black at the bottoms of the troughs, the H I absorption
would then only partially cover the continuum source. To
measure the the covering fractions cited in Table Bl we
use the depth at the center of the absorption trough. We
note that since the LyfS feature appears to be narrower
than Lya, this may indicate that the absorber is strati-
fied in its column density, being more optically thick at
line center than at higher velocities.

We do not see absorption associated with other high-
ionization lines in the COS spectrum. No troughs asso-
ciated with O VI, N V, or C IV are visible in our spectra.
Although there appear to be deficiencies in flux in the
COS spectrum at the expected locations of the O VI
doublet in the lower panel of Figure[3 these are not sta-
tistically significant at more than 20 confidence. Table
[ gives upper limits at 20 confidence to the equivalent
widths and column densities of these features assuming
they have profiles similar to the detected Ly« absorption.
The high saturation present in H I and this lack of asso-
ciated high-ionization lines suggests that this absorbing
gas is both very highly ionized and of high total column
density.

[Tumlinson et all (2005) observed PG1211+143 using
a very deep (45 ks) STIS echelle E140M observation in
2002. We examined this archival spectrum to see if there
was any indication of Lya absorption at the velocity of
our COS detection. Figureldcompares the prior STIS ob-
servation of PG1211+4143 to our new COS observation.
One can see a slight depression in the same region as the
much more prominent absorption we have detected with
COS. Although this depression is marginally significant
(P > 0.96 for the null hypothesis of no absorption), it
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Table 2
Parameters of the Broad Emission Components in PG1211+143

Line Ao Flux Velocity FWHM
(A) (1071% erg cm =2 s71) (km s~ 1) (km s~ 1)
STIS 2013
C 1r* 1176.0 3.5+0.3 — 560 + 44 1400 4+ 130
Ly« 1215.67 9.6 £0.3 1240 4+ 40 460 + 170
Lya 1215.67 33+0.2 —170+5 660 + 10
Lya 1215.67 280 + 0.4 300 +5 2200 £ 10
Lya 1215.67 110 + 0.2 — 1070 £ 5 3800 + 30
Ly« 1215.67 250 + 0.1 980+ 5 13800 + 22
COS 2015
C 1r* 1176.0 0.8+0.3 — 160 + 190 860 + 120
Ly« 1215.67 74409 — 180+ 17 330 + 26
Lya 1215.67 7.6+ 1.2 20 + 160 1000 + 36
Lya 1215.67 143+ 1.8 — 100+ 5 1450 + 14
Ly« 1215.67 142 £ 0.5 —470+6 3600 =+ 26
Ly« 1215.67 196 + 1.5 860 + 30 13100 + 33
Table 3
Properties of the Broad Lya Absorption in PG1211+4143
Line Ao EW Velocity FWHM Ct log Nion Predicted log Njon
(A) (A) (km s~ 1) (km s~ 1) (log cm—2) (log cm—2)
FOS 1991
Ly« 1215.67 < 0.45 —16 980 1080 1.0 < 13.90
STIS 2002
Lya 1215.67 0.45+0.04 —17450+15 880 4+ 10 0.1 < 13.90
COS 2015
Lya 1215.67 0.86 +£0.12 —17420+15 653+36  0.30£0.04 > 14.30
Lya 1215.67 0414+0.17 —-16825+36 320+£74  0.30£0.04 > 13.95 e
Lya total — 1215.67 1.274+0.18 —16980+40 1080 +800 0.30 £ 0.04 > 14.46 13.95
Lyp 1025.72 091 4+0.27 —17464+£90 350+50 0.33+0.14 > 15.20 13.95
Table 4
Upper Limits for Absorption Features in PG1211+4143
Line Ao EW Velocity FWHM log Nion Predicted log Njon
(A) (A) (kms™1)  (kms™1) (log cm—2) (log cm—2)
O VI 1032,1038 < 0.62 -16 980 1080 < 14.51 12.83
NV  1238,1242 < 0.12 -16 980 1080 < 13.58 10.72
C1vV  1548,1550 < 0.22 -16 980 1080 < 13.56 8.91
Ly« 1215.67 <0.17 -3000 1080 < 13.50
Ly« 1215.67 < 0.074  -24000 1080 < 13.13 .
Ly« 1215.67 < 0.53 -38700 1080 < 14.00 14.49

is not an obvious feature one would have selected with-
out knowing where to look in the spectrum. Its weak-
ness (or even absence) in the prior STIS spectrum in-
dicates that this H I absorption feature is variable in
strength. The HST-Faint Object Spectrograph observa-
tion of PG1211+4143 in 1991 also bolsters this case for
variability. Here we can set an upper limit on the pres-
ence of a Lyca absorption feature at vy, = —16 980 km ~*
comparable to the strength of that in the STIS spectrum.

Outflows at velocities of —3000 km s~! and
—24,000 km s~ have also been reported in prior X-
ray observations of PG1211+143 (Pounds et all 2003;
[Kaspi & Behail [2006). We have carefully examined our

COS spectra in these velocity ranges. As shown in Table
[ we find no evidence for H I absorption at any velocity
other than surrounding —16 980 km s~ 1.

3. DISCUSSION

Our joint Chandra and HST observations of
PG12114143 clarify the confusing kinematics of at
least one major outflow component in this important
example of a UFO. The HST-COS detection of a broad
Lya absorption feature at an outflow velocity of —16 980
km s~! (0.0551c) matches the velocity of the high-
ionization absorption component detected in the joint
Chandra-HETGS spectrum at vy = —17300 km s+

(zout = —0.0561¢) (Danehkar et alll2017). This absorber
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may be the same as the —0.066¢ component detected
in the deeper XMM-Newton EPIC-pn observation of
[Pounds et all (2016), but it has lower ionization, log
& = 2.81 compared to log £ = 3.4, and it is much lower
in column density, Ng = 3 x 102! cm™? compared to
2 x 10?2 em~2. Analysis of the RGS data from the 2014
XMM-Newton observations (Reeves et all 2017) reveals

that this absorber has two components at velocities of

—0.062 4 0.001¢ (vour = —18600 4 300 km s~!) and
—0.059 £ 0.002¢ (vous = —17700 £ 600 km s~1), the
latter of which is compatible with our detected H I
absorption.

The kinematics of the Chandra X-ray absorber de-
tected by [Danehkar et all (2017) make it a good match
to the HST-COS Lya absorber reported in this paper.
A crucial question, however, is whether the absorbing
gas detected in our UV spectrum is identically the same
gas seen in the Chandra spectrum with the exact same
physical conditions. [Fukumura et all (2010) constructed
a photoionization model of a magnetohydrodynamically
accelerated UFO in which the high-ionization gas pro-
ducing Fe XXV could also have associated UV absorp-
tion lines (C IV in particular). They find that producing
detectable ionic concentrations of low-ionization species
typical of UV spectra, e.g., C IV, in such high-ionization
gas requires a fairly soft spectrum with a low X-ray to UV
luminosity ratio. In their model, they require a,, = 1.7,
which is characteristic of higher redshift, high-luminosity
QSOs. In the z = 3.912 UFO source APM 0827945255,
which has a,, = 1.7, i (2017) successtully
produce a model that includes both low-ionization UV
absorption consistent with the broad UV absorption lines
viewed in this object as well as lower-ionization X-ray ab-
sorption (compared to Fe XXV). In contrast, our Chan-
dra+HS'T observations show that PG 1211+143 has a
much higher X-ray to UV luminosity ratio, with an ob-
served a,,; = 1.47. Our best-fit photoionization model
for the X-ray absorbing gas in [Danehkar et all (2017)
predicts very low column densities for all commonly ob-
served UV metal ions (C IV, N V, and O VI). These
predicted column densities are given in the last column
of Table [l and they are far below the upper limits for
these ions that we measure in our HST spectra.

Although the ionic concentrations of the UV metal ions
are extremely low, the predicted column density of H I
is much higher due to its high abundance. Our best-fit
photoionization model (Danehkar et all[2017) predicts a
neutral hydrogen column of 8.8 x 103 em~2. This is
lower than the lower limit derived from our Lya mea-
surement, > 2.9 x 10'* ecm™2, but this prediction hinges
crucially on the shape of the ionizing spectrum in the Ly-
man continuum. Our assumed spectral energy distribu-
tion is weighted toward a high ionizing luminosity since it
extrapolates both the UV continuum and the soft X-ray
continuum to a meeting point in the extreme ultravio-
let (Figure 4 in|[Danehkar et all[2017). However, a softer
SED with a break to a steeper power law at the Lyman
limit that then extrapolates to the detected soft X-ray
continuum has half the ionizing flux in the Lyman contin-
uum. Spectra with such a break are common in compos-

ite quasar spectra (Zheng et all [1997; [Telfer et all 2002
and in the spectra of individual objects
2005). With such a softer SED, the predicted neutral

hydrogen column is 3.2 x 10'* cm ™2, which is compati-
ble with our UV observation.

Alternatively, one could reconcile the lower predicted
H I column density of the X-ray spectrum with the higher
column density observed in Ly« if the X-ray absorber
is associated with only a portion of the Lya trough.
As illustrated by our model in Fig. [Bl and the param-
eters in Table [3] the red component of the Lya blend
has a lower column density, compatible with the X-ray
absorber. Its line width (FWHM = 320 + 74 km s~}
Vyurb = 226 £ 52 km s_l) is also a better match to
the turbulent velocity inferred for the X-ray absorber,
Vturb = 91f§85 km s~ L.

Although the column densities of detected (H I) and
undetected UV species are quite compatible with both
the X-ray and UV absorption arising in the same gas,
the complexity of the UV line profile relative to the X-
ray may indicate that there are physically separate zones
commingled in the outflow. [Hagino et all (2017) suggest
that the UV absorbing gas in APM 08279+5255 is due to
higher-density clumps embedded in the X-ray UFO. This
may be true in PG 12114143, but one would need higher
signal-to-noise ratio X-ray observations with better spec-
tral resolution as well as higher signal-to-noise ratio UV
observations of the Ly and O VI region to resolve this
possibility.
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Figure 4. Comparison of the STIS E140M spectrum of

PG1211+143 to the HST/COS G130M spectrum in the region
around the broad Ly« absorption feature shows that the absorp-
tion feature has varied. The red line is the STIS data binned by
6 pixels; the black histogram is the COS spectrum binned by 8
pixels. The lower horizontal axis is the observed wavelength in

Angstroms. The upper horizontal axis gives the outflow velocity of
Ly« in the rest frame of PG1211+143 at z = 0.0809. Interstellar
and intergalactic lines are labeled as in Figure Bl

In contrast to the outflow at voy = —16980 km s—!
(zout = —0.0551), seen with both Chandra and HST-
COS, in neither observation do we detect the ultra-high
velocity gas at —0.129¢ previously noted by
2016). [Pounds et all (2016) cite multiple transitions of
Fe XXV and Fe XXVTI as evidence for this higher velocity
gas. It has a total equivalent hydrogen column density of
Ny = (3.7£2.9) x 10%® cm ™2 at an even higher ionization
parameter of log £ = 4.0. For the PG1211+4-143 spec-
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tral energy distribution in [Danehkar et all (2017), the
fractional abundance of H I scales with £ as log Ny =
—3.47 — 1.4 log £&. Thus this —0.129¢ gas component
should have an associated neutral hydrogen column den-
sity of ~ 3.1 x 10'* ¢cm™2, which should be easily visi-
ble in a UV spectrum. Indeed, this is as strong as the
Lya absorption we detect that is associated with the
lower velocity, lower ionization component of the out-
flow detected in our Chandra spectrum. At the loca-
tion of a putative —0.129¢ component in our COS spec-
trum, we can set an upper limit on any Ly« absorption
of < 1.0x 10" cm™2, well below any expected absorption
associated with such a component. At log £ = 3.4 or 4.0,
the trace columns of other UV-absorbing ions such as
O VI, N V, or C IV would be Njo, < 10'® em~2 and
undetectable in our COS spectra. Although we de-
tect neither X-ray nor UV absorption associated with
the high-velocity —0.129¢ outflow, this could simply be
due to variability, as even the H I counterpart of the
Vout = —17300 km 7! (2ous = —0.0561) X-ray absorber
is not always detectable, as shown in Fig. @

While we do not confirm all of the ultrafast out-
flow components previously seen in PG1211+143, we do
have a robust detection of one at an outflow velocity of
Vout = —16980 km 71 (zou = —0.0551). However, this
outflow component is considerably lower in total column
density than previously suggested features. Is it then
massive enough and energetic enough to have a substan-
tive impact on the evolution of its host galaxy? As usual,
this is still ambiguous since derivation of the mass out-
flow rate and the kinetic luminosity depend on the loca-
tion of the absorbing gas we have detected. The further
from the central source, the more massive the outflow,
and the higher its kinetic luminosity. Assuming the out-
flow is in the form of a partial thin spherical shell moving
with velocity v, its mass flux, M, and kinetic luminosity,

E),, are given by:
M = 47 AQRNy pm,v

) 1.
Ek 2N[V

where AQ is the fraction of the total solid angle occupied
by the outflow, R is the distance of the outflow from the
central source, Ny is the total hydrogen column density
of the outflow, m;, is the mass of the proton, and p =
1.15 is the molecular weight of the plasma per proton.
Since [Tombesi et all (2010) argues that roughly 50% of
AGN have ultrafast, high-ionization outflows, we assume
AQ =0.5.

As many authors have argued, the maximum radius
can be estimated by assuming a plasma of uniform den-
sity distributed along the line of sight to the central
source, so that Ny = nR (e.g., Blustin et al! (2005);
Reeves & Pounds (2012); [Ebrero et all (2013)). Given
that we know the ionization parameter & = Lio,/(nR?),
this gives the constraint R < Lion/(Nu€). For our ob-
servation of PG12114143 and the SED presented by
Danehkar et all (2017), Lion = 1.587 x 10% erg s~
Nug =3x10% ecm™2 and v = 16980 km s~ !, so that R <
265 pc, M < 799 Mg yr~! and Ex < 7.3 x 10%6 erg s~ L.
Our SED for PG12114+143 gives a bolometric luminos-
ity of 5.3 x 10%*° erg s™!, so at this maximum distance

the outflow would be depositing up to 14x the bolo-
metric luminosity as mechanical energy into the host
galaxy. This even exceeds the Eddington luminosity of
1.8 x 10%% erg s~ for its black hole mass of 1.46 x 108 M,
Peterson et alll2004). However, given the unrealistic as-
sumption involved in this approximation (i.e., a single
ionization parameter describes gas uniformly distributed
from 0 to 265 pc), this merely demonstrates the po-
tentially powerful influence of this outflow on the host
galaxy.

At the other extreme, if we assume the gas is a thin
spherical shell at the radius where its velocity equals
the escape velocity of its central black hole, for v =
16980 km s~!, R = 5 lt-days, the impact is minimal,
with a mass outflow rate of > 0.013 Mg yr=!, and a
kinetic luminosity of > 1.2 x 102 erg s~ 1.

If the absorbing cloud is associated with an ejec-
tion event in 2001, we can set a better-motivated con-
straint on the location of the absorber. Variability in
the Lya absorption feature argues for changes related
to motion of the absorber rather than an ionization re-
sponse due to the magnitude of the variability. The
observed changes in strength (from absence, or near-
absence) from the prior FOS and STIS observations to
our COS observation are much stronger than expected
based on changes in the luminosity of PG1211+143. In
the archival record, PG1211+143 spans a range in UV
brightness at 1464 A from 2.0 x 10714 erg cm=2 571 A~!
to 4.6 x 10~ erg em™2 s~' A~! (Dunn_et all 2006).
The FOS and STIS observations bracket this range
with flux levels of 2.1 x 1071 erg em™2 s71 A~1 and
4.6 x 107 erg em™2 s7! A~ respectively.  Our
COS observation lies near the lower end at 2.4 X
107 erg em™2 s=! A1, For our adopted SED (Fig-
ure 4 in [Danehkar et all[2017)), a factor of 2 change in
flux translates to a factor of 2.5 change in the neutral
hydrogen column density. Given the saturation present
in Lya in our COS spectrum, the column density has
increased by more than a factor of 3.5. This bolsters the
case that the X-ray/UV outflow is not continuous. It
could either have originated as an ejection event around
2001, or it could imply that the absorbing cloud is mov-
ing transverse to our line of sight.

For motion at —16 980 km s~!, an ejected cloud would
have moved outward to a distance of 7 x 1017 ¢cm (0.23
pc) over 13 years. A thin spherical shell at this distance
would imply a mass outflow rate of > 0.013 Mg yr—!,
and a kinetic luminosity of 6 x 10%3 erg s~!. It is inter-
esting to observe that this is more similar to the mini-
mum kinetic luminosity of > 3 x 10 erg s~ we derived
for a potential radio jet based on the VLA observations
Danehkar et al![2017), which appears energetically sim-
ilar to the X-ray/UV outflow.

Unfortunately, none of these estimates is definitive
since we have no good measurement of the actual lo-
cation and duration of the outflow. With so few spectral
diagnostics, pinning down the radius of such an outflow
would require intensive monitoring to measure recombi-
nation timescales in the photoionized gas.

4. SUMMARY

We have obtained high S/N UV spectra of the QSO
PG1211+143 covering the 900-1800 A bandpass si-
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multaneously with a deep Chandra X-ray observation

[2017). Our ultraviolet spectra detect
a fast, broad Ly« absorption feature outflowing at a ve-
locity of vouy = —16980 km s7! (2ou = —0.0551) with
a FWHM of 1080 km s~!. A possible feature associ-
ated with Lyg is also detected at 99.8% confidence, but
no other ionic species are detected in absorption at this
velocity. This H1 absorption feature is a likely coun-
terpart of the highly ionized warm absorber detected in
our Chandra HETGS spectrum at an outflow velocity of
Vout = —17300 km s ! (zouy = —0.0561). This ultra-
fast outflow may be the same as the v,z ~ —0.06¢ out-
flow reported in previous XMM-Newton observations by
Pounds et all (2016) and [Reeves et all (2017). Our de-
tection of H1 absorption associated with these outflows
demonstrates that neutral hydrogen is a very sensitive
tracer of high-column density gas even at high ioniza-
tion.

Based on observations made with the NASA/ESA
HST, and obtained from the Hubble Legacy Archive.
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ciation of Universities for Research in Astronomy, Incor-
porated, under NASA contract NAS5-26555, and from
the Chandra X-ray Observatory (CXC) via grant GO5-
16108X. TF was partly supported by grant 11525312
from the National Science Foundation of China.
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