
Dear Dr. Cruz, 

Thank you for considering our paper “The Large, Oxygen-Rich Halos of Star-forming 
Galaxies: A New Reservoir of Galactic Metals”. We have carefully  responded to the 
reports of all three reviewers. All three were helpfully  constructive in their criticisms and 
suggestions. The common element of the three reviews concerns the overall emphasis 
we place on our major findings. Accordingly we have revised the paper along the 
following lines: 

1) We have chosen to place more emphasis on our finding that the halo metal and gas 
masses compare to or exceed the interstellar budgets, and less emphasis on the 
contributions of these halos to the cosmic metal budgets (though this is still 
mentioned). Among other changes, we now refer to “galactic metals” rather than 
“cosmic metals” in the title. 

2) As discussed below in the response to Reviewer 2, we have mentioned but not 
prominently emphasized the contributions of these ionized halos to the cosmic 
budget of baryons. The contribution to b is potentially  significant, but it depends on 
a highly uncertain metallicity correction that is unconstrained by our data. We have 
mentioned this in the paper but believe that overemphasis on this point would 
weaken the paper. 

3) In response to extremely helpful comments from Reviewers 2 and 3, we have 
emphasized the implications of our results for chemical evolution models. This 
important dimension was missing from our original submission, but it turns out that 
the ionized halos we have detected can possibly account for a significant fraction of 
all metals ejected from galaxies. We have also drawn new implications for chemical 
evolution based on the finding that low-mass galaxies may have higher halo-to-ISM 
metal mass ratios. 

We thank the reviewers for their constructive comments and hope they agree with us 
that the paper is stronger and more focused than the original submission. 

We are also submitting a copy of the LRIS/MagE data paper from Werk et al. (2011), 
which has been submitted to ApJ Supplements and posted to astrop-ph as arXiv:
1108.3852. 

We have included a 15-page PDF as the Supplementary Online Material, including 5 
figures and 22 additional references. 

Jason Tumlinson, for the Authors.
 

Jason Tumlinson




Comments from Reviewer 1: 

RESPONSE: Our results do relate to the long-studied phenomenon of "galactic 
fountains" but in fact our most significant result has much broader implications than just 
"the difference between a fountain being driven or not."

First, galactic fountains as typically  discussed in the literature are much smaller-scale 
phenomena than the large galactic regions that our data cover. These fountains have 
been theoretically expounded by Shapiro & Field (1976), Bregman (1980), Houck & 
Bregman (1990), etc., in recent numerical simulations (e.g. Tasker & Bryan 2006, Melioli 
et al 2008, 2009) and observations of them were reviewed by Veilleux, Cecil, & Bland-
Hawthorn (2005). The common finding of all these studies is that galactic fountains as 
classically understood propagate only a few, perhaps ~10 kpc, away from the disk of 
star-forming galaxies.  These fountains have not been observed to propagate to the 
distances that we probe in our sample.  So our results on the O VI dichotomy and metal 
mass budgets cannot be understood solely these terms of classical galactic fountains.

Second, even if we grant for argument's sake that star-formation driven winds 
("fountains writ large") are directly responsible for the detected O VI absorption, our 
data indicate three novel and surprising conclusions that are not supported by previous 
observations of fountains: first, that they are capable of propagating metals to > 100 
kpc, not just < 10 kpc, second, that effectively all star forming galaxies have had such 
outflows, and third, that the total metal mass borne by these outflows over their entire 
history is significant compared with the budget of metals retained in the ISM. These are 
key conclusions of our work that extend well beyond the properties of galactic fountains 
as traditionally understood.

Finally, we regret leaving the impression that "galaxy feeding mechanisms" were the 
major motivation and context for our results.  We note that we do in fact emphasize 
feedback in the introduction and in most of the discussion at the end of the paper.  Our 
results do not speak directly to accretion and we have not made specific claims about 
accretion in these galaxies. We have adjusted the discussion of accretion and feedback 
in the introductory  paragraph of the paper and in the discussion at the end to favor 
outflows and feedback over accretion. We hope these changes of emphasis will 
alleviate the concern raised by Reviewer 1 that the dichotomy and feedback results 
were not placed in the proper context.



RESPONSE: We agree that the details of the galaxy sample are important for 
assessing our results. Because the galaxy details (redshifts, colors, stellar masses, 
SFRs) involve a large team effort and deserve a thorough discussion in their own right, 
we have opted to publish them in a separate paper. This manuscript has been 
submitted to ApJ Supplements with Jessica Werk as lead author and is now available 
on astro-h as arXiv:1108.3852. Thus readers of this paper will have all these 
measurements and their supporting discussion available to them. We understand that 
this plan is compliant with Science rules on citation of related work, since posting to 
astro-ph constitutes publication. This Werk et al. paper is now cited directly in the main 
text.

RESPONSE: We have accounted for the calibration uncertainties in the metallicity 
indicators in assigning errors to the derived metallicities.  We have also accounted for 
the observed mass metallicity relation, and its uncertainties, in calculating the oxygen 
budgets of the galaxies, which is now explicitly called out in the new panel of Figure 4 
and in S4. The mass-metallicity  relation also implies that the halo-to-ISM oxygen ratios 
are larger for low-mass galaxies, an important new implication of our work. 

RESPONSE: For Balmer emission-line measurements, we account for contamination 
from underlying stellar absorption by fitting the continuum in the trough of detectable 
absorption. The overall effect on the line flux of the Balmer absorption ranges from 10% 
to 60% for the Hb  emission line (when absorption is apparent).  This information has 
been added to the galaxy spectroscopy section of the SOM.

RESPONSE: Yes, the median column density of blind surveys depends on the lower 
sensitivity limit. Since we are not making a strict numerical comparison, we have 
changed "median" to "typical" in the main text, and note that the contrast between "halo" 
and "diffuse IGM" gets only stronger as the surveys of the latter get more sensitive.  
That is, the contrast between the typical halo N_OVI = 14.5 and the median IGM cloud 
gets stronger as weaker IGM clouds are uncovered.



RESPONSES: 
-We clarified the statement about impact parameters in paragraph 3
-We have added the QSO redshift and GALEX FUV magnitude to Figure 1, and 
mentioned in the caption that the galaxies G1 and G2 are both star-forming.
-We did not undertake a Monte Carlo simulation to assess contamination, because 
nearly  every O VI absorber was confirmed in the doublet. We have expanded this 
discussion in the section "O VI Line Identification and Classification" of the Supplement 
to give a few additional details.



Comments from Reviewer 2: 

RESPONSE: We agree that the original submission did not deal adequately  with the 
possibly confounding effects of star formation and stellar mass, which are correlated. 
However, we must disagree with the reviewer's quick estimates of hit rates as evidence 
that the passive and star-forming subsamples may be consistent "regardless of specific 
SFR".  The hit rates are relevant, but they do not tell the whole story.  In fact, the column 
densities of O VI around the passive galaxies are constrained to be a good deal lower 
than the detections there, and up  to a dex lower than for the star-forming detections. To 
control for stellar mass, we have considered only those galaxies with logM_* > 10.5 and 
compared the column density distributions of the star-forming and passive subsamples. 
We find that in this common mass range we can reject at >99% confidence (KS 
probability  = 0.008) the null hypothesis that they are drawn from the same parent 
distribution of column densities. 

This new analysis has entered the text in two places: we have added a few sentences 
to the relevant discussion of the main text describing this KS test. We have also added 
a more extensive discussion to Section 5 of the supplement giving details and repeating 
Figure 3 using the logM_*  > 10.5 galaxies only. We find this figure compelling and hope 
these revisions make clear to the reader and reviewers that star formation has an 
influence even when we control for stellar mass. Better statistics are needed to fully 
tease out their relative strength in determining the behavior of halo gas, but clearly star 
formation has some effect of its own. 

We have also considered the reviewer's suggestion that the photometric redshifts 
introduce a bias at the high-mass end of the sample. Based on the relatively small 
differences between the photometric and spectroscopic redshifts, we do not believe that 
such a bias is significant in our sample.



RESPONSE: This point from the reviewer addresses the possible causes of the relative 
absence of O VI from the halos of passively evolving galaxies. The reviewer mentions 
hot halos (at X-ray temperatures) that ionize the gas above O VI, and tidal stripping in 
groups, as possible causes. We agree that these are possible causes, as are gas 
ejection in mergers and possibly even cooling to lower temperatures where O VI is rare.  
Our main finding is that O VI is relatively  absent from passive halos, and this new 
finding stands regardless of its interpretation. We do not have any direct information on 
the cause of the relative absence of O VI from passive galaxy halos, so we did not 
emphasize this in our original submission. Nevertheless the original manuscript ended 
with the following statement (last sentence but one):
"The relative paucity  of O~VI around these galaxies implies that this material was 
transformed by processes that plausibly  accompany the quenching of star formation 
(Gabor et al. 2011), such as tidal stripping, re-accretion onto the galaxy in ionized form, 
or heating or cooling to a temperature at which O~VI is too rare to detect."
We believe that this statement is adequate to cover the bases. While we can easily list 
several speculative reasons for the absence of O VI from passive galaxies, our finding 
that it is absent is still new and significant.

RESPONSE: It is true that the highly ionized halo gas we have detected may  represent 
baryons that were previously  “missing”. We have chosen not to emphasize this 
implication of our results, for the chief reason that the total gas budgets in these halos 
are highly  uncertain. While we can place firm lower limits on the total oxygen mass, the 
total gas mass depends on the gas metallicity, which we have not directly constrained. 
Thus we feel that making this the main emphasis of the paper would rest it on a weaker 
claim than our finding that the metal mass budgets are necessarily significant. 

However, we have added some short statements about the possible contribution of 
these halos to the cosmic baryon budgets to the discussion of cosmic oxygen mass 
budgets in the main text and the supplement. We have also added appropriate caveats. 



RESPONSE: We greatly appreciate this constructive comment, as it provoked us to 
examine the mass dependence of the halo-to-interstellar metal mass ratio. The result of 
our investigation is shown in Figures S4 and S5 and described in the main text. We find 
that the covering fraction of OVI is high and relatively insensitive to stellar mass. 
Therefore the halo metal mass is relatively  flat with stellar mass. However, the 
interstellar oxygen mass budgets decline at low mass according to the mass-metallicity 
relation. We therefore find that the halo-to-ISM oxygen mass ratio is higher for lower 
mass galaxies. Exactly as the reviewer suggests, this finding supports the common 
prediction that metals more easily escape low-mass galaxies because of their shallower 
potential well. This constructive suggestion has, we think, substantially strengthened the 
implications of the paper. Thanks!



Comments from Reviewer 3: 

RESPONSE: We agree and have adjusted these references accordingly.

RESPONSE: Good point. The range of mass removal rates observed in galactic winds 
indicates that they often carry significant mass. So we have rewritten this sentence to 
emphasize the uncertain issues of propagation and recycling, and cited the Veilleux 
review article appropriately.

RESPONSE: We have clarified the figure as much as possible in the panels and the 
caption without changing the basic design.

RESPONSE: This is a well-taken point. We prepared an alternate kinematics figure that 
did not make the final cut, which we have restored to the supplementary material as 
Figure S1. This new figure shows the same velocity components as shown in Figure 2 
of the main text, but with the relative galaxy/absorber velocity divided by the local 
escape velocity  for the particular host halo of each absorber.  We also correct this ratio 
down by  sqrt(3) to account for random space motions, and still find no compelling 
evidence for escape of most of the detected material. We believe this additional test 
supports the statement in the main text that "relative velocities are usually  below halo 
escape speeds".  We have not explored specific kinematic profiles for the halo gas, 
such as a velocity  profile as a function of impact parameter, because we regard this as 
unnecessary complication that will not change this basic point.



RESPONSE: We have clarified this statement with extra words.

RESPONSE: We have expanded this discussion somewhat to cite the Steidel results. In 
fact, our total gas mass finding of M_gas = 2e9 Msun (0.2/fOVI) is effectively a lower 
limit, since M_gas increases if the halo gas physical conditions are not uniformly optimal 
for O VI (that is, if f_OVI << 0.2). In the (unlikely, we believe) even that the gas has 
unformly super-solar metallicity  then the total gas mass can drop below 2e9 but the 
ionization fraction still cuts in the other direction. We regard this firm lower limit as much 
less uncertain than the Chen et al. estimate for Mg II traced gas, since that calculation 
relies on a crude model for counting clouds and the ionization fraction of Mg II can take 
on nearly  any value. Our claim of the "new reservoir" of metals stands in this context, 
since our data probe a highly ionized phase of the gas that does not overlap with the 
MgII-traced Chen results or the HI-derived HVC masses from Putman.

RESPONSE: Indeed the total mass budgets AND timescales involved are impressive. 
We have broken the timescale point out in its own paragraph, and added results of a 
calculation bearing on the related issue of expelled metal masses and the mass-
metallicity  relation (which was prompted by other comments as well). Thanks for this 
constructive comment. 

RESPONSE: It is true that 1.5% is not a big number. We have decided to place more 
emphasis on the comparison between the halo and ISM metal budgets rather than the 
cosmic metal budget. To this end, we have added substantial new statements about the 
halo-to-ISM metal mass ratio, including the new implication that it increases in low mass 
galaxies. This analysis is backed up with new figures in the supplement that adress the 
mass-dependent ratio between halo and ISM oxygen, and which assess the oxygen that 
must be lost from the ISM to maintain the mass metallicity relation. Finally, we have 
changed to title to refer to “A Reservoir of Galactic Metals” rather than “Cosmic Metals”. 



RESPONSE: It's true that both MW HVC studies and theoretical models suggest that 
accreting gas should have low metallicity. However, since we have not constrained 
directly the metallicity of the detected O VI-bearing gas, we cannot use low metallicity 
as an argument for why our data cut against infall. We have added a short phrase to 
this sentence "It is unlikely that much of the detected gas is fresh material . . . " without 
changing the logic of the argument.

RESPONSE: This point has been added as an endnote with a citation to Bregman et al. 
(2005). O VI in emission seen toward some elliptical galaxies in emission is likely ISM in 
these galaxies, since these sightlines pass through the stellar spheroids of the targeted 
galaxies and densities much higher than the CGM are required to give the observed 
emission measure.

Comments on Supplement: 

RESPONSE: In fact the correction to SDSS photometry described here *is* the slit 
correction. We also take into account appropriate errors for the blue and red sides 
separately. As the reviewer suggests, all the detected Balmer lines AND the SDSS 
photometry were used in a global fit to derive the slit-loss and reddening corrections 
self-consistently. We have expanded this discussion in Section 1 with some additional 
details, and full descriptions of the procedures are given in Werk et al. (2011, arXiv:
1108.3852).  

RESPONSE: This error is dominated by the systematic errors of the adopted mass 
conversions (Bell et al. 2003, McIntosh et al. 2007). These papers are now cited at this 
point in the text. 

RESPONSE: Our database contains separate entries for Halpha and Hbeta SFRs since 
it not always the case that both are measured - sometimes Ha lies of the red end, and 
Hbeta is sometimes lost to the dichroic. Because of the global fitting described above, 
when we have entries for both SFR(Ha) and SFR(Hb), they are identical. The SFRs we 



show in the paper are SFR(Balmer), using the best available line (or both, as the case 
may be). 

RESPONSE: Fixed. Now reads "We begin by shifting the reduced, co-added
COS spectra to the rest-frame of the target galaxy (setting v = 0 to its measured 
systemic redshift)"

RESPONSE: We find good agreement in the correct 2:1 ratio and have made additions 
to this effect in Section 3. 

RESPONSE: We always check that the candidate O VI is not another species in 
another cataloged absorber along the sightline. This statement has been clarified in the 
text. 

RESPONSE: This is in fact what we do. This poor wording was modified with a better 
description in the first paragraph of Section 4. 

RESPONSE: Most of the systems exhibit only one broad component at COS resolution, 
but in some cases 3 or 4 are visible. We have added to this paragraph to state these 
ranges. 

RESPONSE: It is true that errors from covariance matrices can be underestimates in 
some cases, such as narrow unresolved or saturated absorption. However, our typical 
O VI absorbers are neither. We also find that the fitted and directly  integrated column 
densities agree well, to within the formally  derived errors, in most cases. We believe our 
column density errors are not underestimated and so we have adopted the much 
simpler procedure of getting errors from the covariance of parameters. 



RESPONSE: It is true that we have deliberately  probed gas near galaxies by choosing 
sightlines with close separations, but that does not necessarily  imply that the detected 
highly-ionized gas would be so closely  associated in velocity space. We could have 
found that O VI favored v  > 200 km s^-1 rather than < 200 km s^-1. So we have let this 
comment stand, but with an addition to capture this point. 

RESPONSE: This poor choice of words has been fixed. 

RESPONSE: This text has been revised to give the actual correlation coefficients and to 
point out that if there is a correlation, it is a relatively weak one. 

RESPONSE: We have added this citation to this paragraph. 

RESPONSE: While the pathlength does depend on f_OVI, it also has an extra factor of 
density (clouds can have different pathlength at the same f_OVI depending on their 
density), so we cannot place a single f_OVI axis on this plot. In fact, since this figure 
does not directly  address a point discussed in the main text, we have followed journal 
guidelines and omitted it from the Supplementary Online Material. 


