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ABSTRACT

Using the statistics of pixel optical depths, we compate®ilvV and Clll absorption in a set of six high qual-
ity z~ 3—4 quasar absorption spectra to that in spectra drawn frondifferent state-of-the-art cosmological
simulations that include galactic outflows. We find that theudations predict far too little Qv absorption
unless the UVB is extremely soft, and always predict far tmals C 111 /C IV ratios. We note, however, that
much of the enriched gas is in a phasey 10°-10'K, p/(p) ~ 0.1-10,Z > 0.1Z.,) that should cool by metal
line emission —which was not included in our simulations.aWthe effect of cooling is modeled, the predicted
C IV absorption increases substantially, but thel (C IV ratios are still far too small because the density of
the enriched gas is too low. Finally, we find that the predictestal distribution is much too inhomogeneous
to reproduce the observed probability distribution af/Gabsorption. These findings suggest that stroggp
winds cannot fully explain the observed enrichment, antldhnaadditional (perhaps highgr-contribution is
required.

Subject headings: intergalactic medium — quasars: absorption lines — gatax@mmation

1. INTRODUCTION

Analysis of quasar absorption spectra has revealed that th
intergalactic medium (IGM) has been polluted with heavy ele

ments such as carbon, silicon and oxygen (for recent work see?
Schaye et al. 2003, hereafter S03; Aguirre et al. 2004, here-

after AO4; Simcoe et al 2004; Aracil et al. 2004; Boksenberg
et al. 2003) At the same time, observations of starburskgala
ies (e.g., Shapley et al. 2003) have revealed powerful jalac
outflows resulting from feedback processes in galaxies with
rapid star formation.

This has led to a picture in which the observed enrichment
results from a phase of strong galactic outflowsgt2 during
the epoch of galaxy formation, and various numerical (e.g.,
Gnedin 1998; Aguirre et al. 2001; Scannapieco, Ferrara, &
Madau 2002; Cen, Nagamine & Ostriker 2004) and semi-
analytic (e.g., Furlanetto & Loeb 2003) models have beea abl
to very roughly account for the observed level of metal en-
richment. But these comparisons have left many unanswere

questions: can, for example, simulations reproduce the de-

tailed density- and redshift-dependent metal distrim®i€an
they reproduce the abundance ratios of different elemeits a
ions? How is enrichment tied to feedback in galaxies, which
is required to suppress runaway star formation?

Recently, both the numerical simulations and observationa
analyses have improved to the degree that some of these que
tions can be meaningfully addressed. On the observationa
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side, statistical analyses of pixel optical depths (S034)A0

bave inferred the distribution of carbon and silicon usibg a

sorption by H, C1v, Clil, Silv, and Sill (see also Simcoe et

I. 2004, who finds consistent results from line fitting of\C
and OVI.) These studies have shown quantitatively that the
observed intergalactic carbon enrichment is highly inhemo
geneous, density-dependent, nearly redshift-indepenaien
derabundant (relative to silicon), relatively codl & 10°K),

and persistent at some level even in gas near the cosmic mean
density. Meanwhile, hydrodynamic simulations (e.g., Tiseu
et al. 2002, hereafter T02; Springel & Hernquist 2003a,-here
after SHO3) have been produced that probably include all of
the galaxies relevant far < 6 enrichment, use prescriptions
for feedback that generate galactic winds, and track metals
SHO03 and Hernquist & Springel (2003) have shown in detail
that the star formation rate of their simulations has cogedr

i.e. that the included feedback is sufficient to solve the-ove

§ooling problem; TO2 have shown that their simulation does

not significantly disrupt the Ly forest, but can roughly ac-
count for earlier observations of I€ absorption if the UVB
is extremely soft and the yield is3solar.

Clearly, it is of interest to carry out detailed comparisons
between state-of-the art observations and simulatiorisrtha
clude galactic winds. One way to do this is to simply compare

the observationally inferred distribution of metals as acfu

flon of density and redshift to that predicted by the simula-
tions. This could, however, be misleading. For example, hot
collisionally ionized carbon would be undetectable by ebse
vational studies focusing onl&€. A far more direct and robust
method is to directly compare simulated and observed absorp
tion spectra. This Letter describes such a comparison. We wi
draw several qualitatively new conclusions from a comaris

of absorption by H, C1v, and Clll inin a set of &z~ 3 QSO
spectra to that in simulated spectra drawn from the SHO3 and
TO2 simulations.

2. OBSERVATIONS, SIMULATIONS, AND METHOD

We compare our simulations to the observed pixel statistics
published in SO3 for the redshift rangelZ29< z< 4.033 (the
full sample covers 554 < z < 4.451; we employ a smaller
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range so that all of the data can be combined without binningdepthy; and the median is taken in each bin. Next, the
in redshift). The data come from six quasar spectra: Q0420-noise/contamination level, i.e. the mediagy, optical depth
388, Q1425+604, Q2126-158, Q1422+230, Q0055-269, andat very low 7y, is subtracted from each bin and the ratio
Q1055+461, that were taken with either the Keck/HIRES or (medianrc)y)/m is computed. Finallyry bins for different
the VLT/UVES instrument. See Table 1 of S03 for informa- QSOs are combined. The result is a plot of median corrected
tion on the sample. Tov/Thi VS. Thi, @s shown in Figdl (upper left). The same
The simulated spectra are drawn from cosmological SPHprocedure is applied to obtain plots@fy /7civ VS. Tciv.-
simulations, using the method described in A02: noise, de-
tector resolution, wavelength coverage, and pixelizatios 3. RESULTS
chosen to match the corresponding observed spectra. The ion :
ization balance is computed using CLOU®With the same Figure[1 shows median optical depths (med)/mu vs.
three models for the spectral shape of the UV backgroundm (I€ft) and (medcii)/mciv vs. v (right) for observations
(UVB) as we used in S03 and A04: ‘QG’ is a Haardt & Madau (data points) and three simulations. The dotted line shbess t
(2001) model with contributions from quasars and galaxies; non-feedback (NF) simulation upon which the carbon distri-
‘Q’ includes quasars only, and ‘QGS’ is a softened ‘QG’: the bution of SO3 has been impos&iThe other lines show the
flux is reduced by 90% above 4 Ryd. All models are nor- SHO3 (S) and T02 (T) simulations with the three choices of
malized to the H ionization rate measured by S03, and the UVB (QG, Q, and QGS). Except for the extremely soft UVB
simulation metallicities are converted to carbon numberde QGS, the simulations woefully under-predict the mediaw C
sities using the solar abundance/ ., = -3.45of Anders &  absorption at alty. In Table 1 (column 4) we quantify this by
Grevesse (1989). providing the best-fit offset to each set of simulatet/¢H |
Results are shown for three simulations. The first, ‘NF’, optical depths (e.g., simulation S-QGrsl.2dex too low). A
was used and described in A02, S03 and A04: it use226 super-solar yield could somewhat ameliorate this but seems
particles in a 187 Mpc box with (0m, QA , Qh?, h,og,n,Y) = unlikely for carbon, which is underabundant relativede
(0.3,0.7,0.019,0.65,0.9,1.0,0.24). This simulation has no elements in the IGM (e.g., A04). Although the QGS models
galactic outflows, but for each UVB model we add to the parti- are only 0.26-0.64 dex too low overall, they cannot repreduc
cles the carbon distribution inferred in SO3 for that UVBgse the observed shape afiv /7w vs. 72 there is too much ab-
Tables 2 and 3 of S03). The second simulation, ‘T’, is de- sorption at low density (lowy) and too little at high-density.
scribed in T02: it uses 2 128° particles in a 5 Mpc box The prime reason for this failure can be seen in Eg. 2,
with the same cosmological parameters as NF. Here, howevenvhich shows the metallicity, temperature, and density of a
all supernova thermal energy is deposited as feedback,and g random subsample of the S simulation particles (the T sim-
is prevented from cooling for ¥@r (see Kay et. al. 2002) ulation is similar). The metal rich intergalactic (overdénp
so that strong winds are generated which enrich the IGM.10gd < 2) gas is almost entirely &t = 10°-10’K. Because
The third simulation, ‘S’, is described in SHO3 as their ‘Q4’ the CIV/C fraction rapidly falls off aff > 10°K, this gas is
model: it uses X 216 particles in a 187*Mpc box with essentially invisible in Qv, except at very low density if the
(2, Qp, Q% 0, 08,n,Y) = (0.3,0.7,0.02,0.7,0.9,1.0,0.24). UVB is extremely soft.
It employs both a sub-grid feedback prescription and a wind Even for such an extreme UVB, however, the feedback sim-
mechanism in which a velocity of 484 km/s is imparted to ulations predict far too little absorption by I€ relative to
certain gas particles in star-forming regions (see Sptigge CIV, as can be seen from the upper-right panel offig. 1 which
Hernquist 2003b for details). The simulations have approxi shows (medcy)/7civ vs. e for the same models The
mately the same mass resolution (the baryon particle mass i< 11l /C IV ratio drops rapidly foiT > 10°K and falls roughly
~ 1.1x 1PM, in both), which is adequate to resolve theoly  linearly with decreasing density far ~ 10°K (See Fig. 7 of
forest and to include relatively small galaxies. The usevoft ~ SO03). Thus, the fact that thel€ visible in the feedback sim-
simulations allows us to compare the effects of two différen ulations is accompanied by insufficientllC means that the
feedback prescriptions. enriched gas is too hot and/or of too low density. Note, on the
To compare the carbon absorption in simulated and ob-other hand, that the NF simulation reproduces thé /C IV
served spectra, we have employed the pixel optical depith tec values quite well once the carbon distribution is chosen to
nique described in A02, SO03 and A04. This technique (seematch the Qv/H | values.
Cowie & Songaila 1998; Ellison et al. 2000; A02; S03) The problem that the metals in the feedback simulations
has several advantages over traditional line-fitting. &esh are too hot may, however, have a solution. In both simula-
most important here is the ability to measuréi@bsorption,  tions the enriched gas is relatively metal-rich by IGM stan-
which is very difficult to do using line fitting becausellC dards Z ~ 0.1-1Z) and should, in fact, be able to cool via
is not a multiplet and falls in the g forest. Optical depths metal line emission, which wasot included in the simula-
for H1(Lya), CIV (1548A), and QI (977A) absorptionare  tions. The contours in Fi@ 2 show Idg(ty), wheret. is the
extracted from each spectrum for thel ldbsorption region  radiative cooling time for gas that is in collisional ioniizan
between the QSO’s Ly and Ly3 emission wavelengths, ex- equilibrium computed for overdensifiy= p/(p) =1 (tc o< 6°™%)
cluding also a small region near the QSO to avoid proximity using Sutherland & Dopita (1993), anglis thez= 3 Hubble
effects (see S03). The optical depths are corrected fongtro time. Nearly all of thes ~ 10 gas and much of thé ~ 1
contaminating lines, @/ self-contamination by its doublet, gas hag. <ty and should, in the absence of heating, cool to
and Lyw contamination of Qi , as described in A02 and S03. T ~ 10°K which would increase its visibility in @v. To test
The pixel optical depths are binned for each QSO and the _ _ _
QSOs are combined as described in A04. In brief, for each. '° At high-n the predictedreyy /7 (coming mostly from Q1422+230)

QSO the QV optical depthsrcy are binned in H optical :f]daepb;tm'j%"}’“ti’ﬁg;‘fe S03 forced a power-law fitA()) with a redshift-

o 11 For the Q and QG UVBs, there is insufficient CIV absorption ¢b @
Seeht t p: // wwww. pa. uky. edu/ ~gary/ cl oudy. signal; we have thus run models for higher yields (see Table 1
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FIG. 1.— Binned optical depth ratios (megiy)/m vs. v (Ieft) and (medc)/mciv vs. Tev (right) for observations (data points with 1- ands2errors)
and various modelsTop: Models NF-QG (the Q and QGS backgrounds yield similar resuB-QG S-Q, S-QGS, and T-QG, as per the legend. The effect of
changing the UVB in the T simulations is simil&ottom: as in the top panels, but particles with cooling titoe: ty are set tr = 2 x 10*K. The same models
are shown, except that the dotted line (‘C1’) correspond®-@G if only particles withc < 0.1ty cool (the effect of this change is similar for the other mejiel

the importance of cooling, we have generated simulated spec
tra for which all particles with, < ty are set tol' = 2 x 10°K;

see bottom panels of Fifll 1. In this case, the QG simulations
can roughly match the observegly /m values, although the
trend withry, is still not reproduced. The QGS models with
cooling now predict too much & absorption.

The employed cooling prescription is rathest hoc. The
particle metallicities may be unreliable because the satiar
assumes perfect mixing at the particle level and zero mixing
between particles once they leave the star forming gas. Fur-
thermore, heating is ignored in the calculation of the cool-
ing times, the gas may not be in collisional ionization equi-
librium, and the density may not remain constant as the gas
cools. To further illustrate the sensitivity of the resutighe log T(K)
cooling prescription, the dotted curves in the lower panéls
Fig [ show the resuilts for the S-QG S"T”“"'?‘“O” if the gasgool FiG. 2.— Metallicities (in solar units) and temperatures oftjcles in the
only whent; < 0.1ty. The CIV absorption is lower by about s simulation (only a random 0.5% of metal enriched partieles shown,
0.5 dex, nearly independent qf;. Varying the final temper-  and 0.05% of the metal-free particles are shown in the sealttbar near
ature between 13 x 10K has a relatively small effect. Z=10"%). The particle colors reflect the log of the gas overdensitgheown:

AIthough metal line cooling may heIp resolve the discrep- by the; colored bar: |nterga|actﬁ:§ 100 gas s blue_-green; galactlc gas (with

. effective temperatures given by the sub-grid multiphasdet)as yellow-red.
ancy for CIV/H 1, it actually makes the prOblem worse for The contours indicate log(/ty) at§ = 1 andz= 3. Sincetc o §°1, particles
CI/C v as can be seen from the bottom right panel of inside the ‘0’ contour as = 1 can cool, as can particles &t 10 inside the
Fig.d. This indicates that in the simulations the\Cab- ‘1’ contour.
sorption arises in gas with too low a density. The level of
log7cm /7civ ~ —0.5 predicted by the simulations indicates
that the Clv absorption withrcy 2 0.1 arises ind ~ 1-5 using future simulations that include metal-line cooling.
gas, whereas the corresponding observed absorption appear Information on the homogeneity of the observed metal dis-
to occur in gas od ~ 10-30 (see Fig. 7 of S03). The increase tribution can be inferred by using additional percentilethe
in density that would very likely accompany the gas cooling 7,y () distribution (S03). In columns 3-5 of Table 1 we
may alleviate this problem, but this will have to be deteratin  give the best-fit offset to the simulations in the 31st, 50t a
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TABLE 1
COMPARISONS MADE

Springel & Hernquist (2003a), which predicts a numerically
resolved star formation history that is consistent withdbe
servations and the simulation of Theuns et al. (2002) which
matches observations of thel Hy « forest. We have come to

Sim- Offsef for percentil@ in CIV/HI in Clll/ICIV X .

UVB  Coof 31 50 84 50 the following conclusions:
NF-QG - 026+0.13 0154 0.06 0124+ 0.05 0164 0.05 . . . . .
S_Qg i N 1221009 0734007  100.L012° e The simulations predict far too little &/ absorption
S-Q - NAd 1414010 0734007 1054012 unless the UVB is extremely soft.
S-QGS - 6024 0642006 0414005 073+0.08
QG - NA! 0944007  069+006  041+007 e In all cases, the simulations predict far too small
T-Q - NAY 1.43+0.10 0944 0.07 058+ 0.07° C Ml /C v ratios
T-QGS 140+ 0.22 0264 0.06 0024+ 0.05 0564 0.07t )
SQG C 0824017 005+£005 -0594+007 076007 . . )
S-Q c 1144024 0284006 -0164+007 0874007 e The simulations predict that many of the heavy ele-
?—8(655 g —ffglfooilgS _8f35f006056 —égiig‘gg gggiggg ments reside in gas that is metal-richX Z) and hot

E X ) X -0. . ) X Y4 :
T-Q C 129+40.21 0424 0.06 0044 0.06 068+ 0.08 (105 5 T < 10 K) MUCh Of thIS gas ShOUId be.able
T-QGS C 010+0.14 -028+006 -1274+006  107-+0.12 to cool via metal lines, which was not included in the
2-86 gi giig-gg gggig-gg géﬁg»gg gggig-gg simulations. It will be important to accurately model
S-QGS C1 601022 0204006 -046+006 075+ 0.06 cooling in future numerical simulations.
T-QG C1 1864023 044006 01840.05 057 0.06 . o )
T-Q c1 4654032  081+007 0474005  044+007 e If a crude cooling prescription is applied, thel\Z
T-QGS C1 0684018 009+0.06 -042+006 084007

8The log of the best-fit offset to the simulations. A positiaue indicates that the
prediction for the percentile is too low. Errors are givenzts»)(2 =1.

PThese correspond to -0.5, 0.0, and +&.th a lognormal distribution of- about the
median; see S03. There are 22, 41, and 35 degrees of freedgrartentiles 31, 50,
and 84, in CIV/HI, and 24 d.o.f. for CHI/CIV.

CFor ‘'C’ models particles with < ty are set tol = 2 x 10" K. For ‘C1’ models this
is done ift; < 0.1ty.

dFor these models the simulation values were too low to olatagtiable fit.

€In the CIII/CIV results for these models, a yield given by @i//HI offset was used;
these are marked by an ‘F’ in FIig. 1.

84th percentiles of the &/ distribution. We find that mod-
els that can roughly reproduce the medians cannot simultane
ously reproduce the other percentiles. In all cases, thalmet
aretoo inhomogeneoudly distributed as compared to the ob-
servations (e.g., in S-QG with cooling, the 31st percerile

too low by~ 0.8dex while the 84th is too high by 0.6 dex,
indicating a wider distribution). This appears to be trugein

pendent of the UVB and the cooling prescription and is hence

a rather robust inconsistency.

4. CONCLUSIONS

absorption increases significantly, but the predicted
CI/CIV ratio is still far too low because the metals
reside in gas that is too low density. Cooling should
increase the enriched gas density, and this can be esti-
mated in future simulations with metal-line cooling.

e Independent of the cooling prescription, the metal dis-
tribution in the simulations is too inhomogeneous to
match the observed distribution efyy (7).

Numerical simulations with strong outflows frdharyon 2

10°M, galaxies deposit most intergalactic metals in hot,
metal-rich bubbles that preferentially inhabit voids ande
prise a relatively small filling factor, which allows them to
avoid overly disrupting the Ly forest (Theuns et al. 2002).
However, these very attributes appear to preventthem feemr
producing the observations of absorption by heavy elements
If metal cooling is efficient or if the gas has an unresolved
multiphase structure then these winds may account for some
of the observed enrichment; otherwise they would be largely
hidden from current observations. In either case it appears
that an additional ingredient — either in the form of another
enrichment mechanism, or higheenrichment that is unre-

A major goal for cosmological simulations is to develop
a prescription for feedback with which observations of the
IGM and galaxies can be simultaneously reproduced. We
have compared in detail the statistics of\Cand Cill ab- This work was supported by the W.M. Keck foundation,
sorption in a set of six high-qualiy~ 3—4 quasar spectrato NSF grants PHY-0070928, AST 02-06299, and AST 03-
that in simulated spectra drawn from two tate-of-the-astco 07690, NASA ATP grants NAG5-12140, NAG5-13292, and
mological SPH simulations with a wide range of UVB models NAG5-13381, a PPARC Advanced Fellowship, and Silicon
and two different prescriptions for feedback: the simolatf Graphics/Cray Research.

solved by the simulations — is needed.
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