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The proximity effect

The "inverse dfect”

Multiple absorption lines are observed blueward of the LyrmagLya) continuum in
quasar (QSO) spectra, caused by several neutral hydrogeclduds that lie in the
quasar line of sight. According to the observations, the bemof clouds per unit
redshift can be empirically parametrized with a power law
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Inspecting individual QSO spectra, Carswell et al. (198&jaed an "inverse

effect” in this distribution: despite far > 0 the number density increases as the redshift
increases, as far as one approaches the QSO, the obsemvddielusity is lower than
what expected according to equation (1). A physical exglandor this inverse fect
has been firstly proposed by Bajtlik et al. (1988) who argined bright QSOs may
photoionize the nearby clouds, reducing the observed nuoftabsorbers; due to the
geometrical nature of thidiect, they suggested proximitffect as a more appropriate
name. The hypothesis by Bajtlik et al. naturally arises ftbenfact that QSOs have an
abundant UV emission; integrating over their energy distion, typically described
by a power lawf(v) « v"1% atd < 1216 A, it turns out that the total UV emissivity
is the dominant contribution to the UV radiation backgrowpdto redshiftz = 3.5
and provides up to an half of the ionizing radiation in thestgft range 46 < z < 6
(Meiksin (2005)).

The photoionization model

In their paper, Bajtlik et al. propose a simple model for th@fpionization due the
QSO UV photon flux. The neutral gas column dengityobserved in clouds near a
guasar diers from the expected column dendiy by a factor

N = No(1 + w), (2
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HereJ, is the Lyman-limit background radiation intensity at theskift z of the ab-
sorber, whileFQ is the local Lyman-limit flux due to the QSO emission. The niegn
of equations (2) and (3) is straightforward: the ionizafii@ttion observed in the hy-
drogen clouds increases when a quasar is close enough s that is at least of the
same order of the background field.

Assuming the following distribution of the observed cloughtber in the column
density space
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sinceB > 1, the number of clouds with a column density greater thanes fisalueN.
is f(N > N) « Ncl‘ﬁ; therefore, taking into account the proximitffect, the redshift
distribution of the clouds becomes

dr _ A(l+27(1+w) 7, (5)

dz
wherew = w(F?, Jv. Z 7o) is a function of the quasar flux, of the UV background flux,
of the cloud redshifz and of the quasar redshig; moreoverw has a cosmological
dependence o2, but not on the Hubble constant.

To test the validity of the proximityféect hypothesis, this model can be compared
to the observed absorption distribution, after that a fexe frarameters in the equation
(5) are constrained through independent observationssnaltively, it is possible to
keep them as free parameters and fit their value to the datdneloriginal work by
Bajtlik et al., itis assumed = 1.7, A = 3.0 andy = 2.4, but the most recent fits to high
resolution spectra show thait= 1.5 for 1.5 < z < 4 (Kim et al. (2001))A = 2.21 and
v = 2.04 (Dall’'Aglio et al. (2008)). To compute, the quasar flux is measured on the
spectra and a value for the UV background can be inferred fh@woretical models.

Following the argument in the Bajtlik et al. paper, the UV kground can be
obtained from the UV emission from the QSO, integrated okerguasar luminosity
function. Assuming that the quasar luminosity evolves as

L(2) = Lg(2) (6)

with L the present luminosity arg{z) the function which accounts for the cosmological
evolution, the QSO luminosity function becomes

_po o L\
pe1) =gz 1(E,.) @)

with pg, L., anda free parameters; the supply rate of photons of frequerfoym the
quasars is therefore

L. (vY L
s@-5(2] [ awen(g) ®)
V \Vr Lmin L.
with ¢ a known spectral index ang a reference frequency. Assuming that quasars light
up atz., the integrated background radiation becomes (Ikeuchi &ikas (1986))
hve Zon S, (2

J,(2) = E(“ 2>+ dz
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Once the ionizing background is fully described, the ptar@ation model is finally

complete and it can be compared with the observations; #rergeveral ways in which

this comparison can be done, but the most robust test to phewealidity of the prox-

imity effect hypothesis is through the distribution of the absorhsrs function otv.
Defining the coevolving redshift integral as

X, = f(1+ 2)"dz, (20)
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Figure 1: The density of the observeygw absorbers in coevolving redshift as a func-
tion of w. The dashed line is the prediction of the ionization mod#8ajtlik et al.
(1988))

equation (5) becomes
df
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in this way the explicit redshift dependence has been reth@l®wing a distance in-
dependent way to study thdéfect due to theu parameter. In order to compare this
parameter with the absorbers distributian,is determined assuming the UV back-
ground flux as described in the previous section and meagthia QSO flux, while
d‘% is derived stacking the observed distributibfor individual quasars in each bin.

Figure 1 shows a comparison between the expected and obseaees of% as a

function ofw. The good agreementq = 2.99) between the data and the model clearly
proves that the decline of the numbengtr systems seen in the vicinity of the quasars
is due to an excess in the ionizing radiation from the QSO Wwhidluces the neutral
hydrogen content in nearby clouds.

Probing the high-redshift universe via the proximity ef-
fect
Demonstrated the validity of the photoionization hypotbasthe origin of the proxim-

ity effect, the analytical model (11) can be used to probe the phgs$ibe high redshift
universe, mainly the ionization background, the propsuifthe QSOs themselves and



of their host galaxies.

The UV background and its evolution

The UV background (UVB) that pervades the IGM is the overall Emission by
different sources. Among theffiirent ways in which the UVB can be predicted or
measured the proximity éfect dfers the most direct approach. The idea is to estimate
the UV intensity through a fit of the equation (11) to the oledr distribution, where
J, is left as a free parameter; to illustrate with some dethisprocedure, a review of
the recent UVB determination by Dall’Aglio et al. (2008) iregented in this section.

Nowadays, high resolution spectrographs (UVES at VLT or HERat Keck) pro-
vide large enough sample of QSO spectra to allow a statistiody of the proximity
effect. Fitting a power lawf, o< v*, the quasar flux at the Lyman limit is measured and
the continuum is constrained; the quasar redshift is obtkirom the position of metal
lines, typically low ionization transitions (S#/OI) that, being far from the broad line
region, avoid a possible redshift uncertainty which rigesnfthe fast relative motion
of gas near the AGN. Although high resolution spectra allayhlprecision line count-
ing in theLya forest and thus a determination #j the method based on the number
density of clouds as used by Baijtlik et al. is replaced by tinetilansmission statistic;
this avoid the line blending and any bias due to the fittingcpdure.

The overall technique is equivalent to the one exposed ipteeious sections by
replacing the density functiof with the dfective optical depthrs;, related to the
mean transmission according to

Teff = —IN¢e™™"), (12)

where the averagé is computed over the redshift intervals. According to thésvn
definition, equation (1) is replaced by

Tert = To(1+ 27" (13)

they index is measured computing the mea# in the forest of all QSOs in a par-
ticular slice of redshift, after the decontamination froemgpedLya (DLA) or Lyman
limit systems (LLS) and the proximityféect region itself. The proximityféecté is then
parametrized following the previous derivation, after definition of r¢¢ to account
for the ionising &ect due to the quasar:
Teff 1-8
=— — - (1 . 14
i ) (14)
A first determination of the UVB can be done by fitting the obser¢,w) relation
for all the QSOs with a model function

F(w) = (1 + %)l_ﬁ ; (15)

1For example, similar to what outlined in the previous sextihe UVB can be computed numerically
given the luminosity function of the UV emitters, their spat energy distributions and the distribution
function of the absorbers in the IGM.
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Figure 2: Comparison between the observed (black) and atedi(red) distribution of
afrom the proximity d€fect. (Dall’Aglio et al. (2008))

in this equation, a fiducial valug = 102! erg cnt? st Hz™! sr! is assumed so that
a is the single free parameter that provides the best fit valu¢he real background
intensityJ, = ax J*, logJ, = —21.10"323 (Dall'Aglio et al. (2008)).

Alternatively, instead of stackingin a single plot for all the quasars in the sample,
the proximity @fect can be detected individually in each line of sight, padow) a dis-
tribution ofa. Figure 2 shows the histogram of these values (thick linédiobd from
the sample in Dall’Aglio et al. (2008). Looking at the disution, it is evident a sig-
nificant skewness; in addition, these measurements coeega tange of values with
a well-defined peak. The observed shape in the distributieepa serious problem in
the determination of the trieewhile adding all the data together; in particular the tail
biases the final UVB towards an higher value, up to a factor. of 2

However, generating simulated spectra with a Monte Canhaikition, it is possible
to quantify and characterise this bias, studying the sitedlaistribution fora (red
line in Fig. 2); in particular, comparing the two sets it tarout that the observed
distribution is well describe by a Poisson function thaesito account a pure random
variation for diferent lines of sight. In addition, since it is evident that tihodal
value for the simulated distribution is the closest humbethe expected value, the
mode of the observed distribution leads to an unbiased astimfor the UVB:J, =
—-2151+0.15.

A possible additional bias may rise when the observed quadacated in over-
densities since in that case the proximitjeet will be naturally weakened due to a
compensationféect, leading to an overestimate &§f To quantify this bias, an over-



density parameteE can be defined for each line of sight as the ratio between the
observed fective optical depth, once correct for the proximiffeet, and the expected
value, according to equation (13) that does not take intowatcclustering near the
gquasar; a glob&k is computed merging values for individual quasars. Stuglyiis
new parameter, Dall’Aglio et al. find that typically quasegside in denser regions, a
result which is confirmed in other works (e.g. Hennawi & Praska (2007)); to quan-
tify this effect, they simulated a set of spectra to be compared with edtsens. Their
results show that if all the QSOs observed lied in denseoregithen the observed
value forawould be rigidly shifted towards higher values, keepingstant the shape.
However, this condition is highly unlikely since it is exped that QSOs reside within
environment with dferent degree of overdensity, a fact that adds a weak braagleni
in the observed distribution fax.

Due to these biases, the best estimate for the UVB is obtadlesdifying the out-
liers in the = distribution, starting from an initial guess al) derived without any
correction; after that these QSOs are excluded from the leathe stacked parame-
ter can be fitted to obtain the besvalue. Finally there is the correction for the shift
produced by the Poission fluctuation. Following this pragedthe best value for the
UVB becomes log, = —2149°21% (Dall'Aglio et al. (2008)).

Ideally, by performing this entire analysis in bins of reiftsithe dependence of the
UVB as a function oz can be described; according to Dall’Aglio et al.:

l0gJ,(2) = (~0.20+ 0.14)z+ (-21.0 + 0.4) ; (16)

however, since the slope is very shallow and the uncerésiiithe procedure are large,
this law should be considered with some cautions.

Quasar probing quasar

The observed reduction in the absorption features in a Q®Otrgpn occurs along
the line of sight as one approaches the quasar; howeverpthanQSO lies close

to this line of sight, it can locally enhance the photoiotimarate above that due to
the average cosmic ionizing background, leading to theadleettransverse proximity
effect. The study of thisféect is worthwhile to understand properties of the quasars
themselves and of their host galaxies, as it is describdukifdilowing sections.

Quasar environment, variability and anisotropy

From a comparison between the transmitted flux distributibgerved in system of
quasar pairs and the expected value from artificial absorpectra generated from
cosmological simulation of theya forest, information on the clustering, on the vari-
ability and on the anisotropy of quasars can be obtained.

One of the first attempt in this direction has been made byrBehet al. (2004)
who studied the transverse proximitffect in three QSO systems, selected to be the
closest pairs in the SDSS Early data release with the larggstof the ionizing rate
from the foreground quasé¥ to that of the background ionizing ralg.g. After the
continuum emission from the QSO spectra is fitted, the foactif transmitted flux



1 080 L1240 1160

I e

0.1
Al 0.01

0,001

]

Av (1000km /<)

Figure 3: Top: Observed transmitted flux. Bottom: Fractibeimulated spectra with
transmitted flux below the measured value with (solid lineyvithout (dashed line)
accounting from the foreground quasar emission. (Schébat. (2004))

is measured dividing the observed emission by the continfluxn this quantity is a
direct estimator of theféective opacity due to the absorbets; = — In(F). Similarly

to what happens in the proximityfect, along the line of sight the flux emitted by the
foreground quasar varies the optical depth by a facterdl wherew = % with g
known from independent derivation of the UVB as describeth@previous sections;
't is instead directly obtained from the observed fiuxy, 2) according to

r = f” dyw 17)

14

with o, the hydrogen photoionization cross section.

Oncew is known, a synthetic population of absorbers can be siredlaiithin a
CDM cosmology for a given bias and primordial spectral indexm this population,
a set of simulated spectra with or without the foregroundsguaan be generated. Fig-
ure 3 shows in the top panel the observed transmittedlamd in the bottom panel the
fraction P < of the simulated spectra in which the transmitted flux is \etloe mea-
sured value in the observed spectrum for the pair J11085828J110813-005944.
The solid line includes the emission from the foregroundsguavhile the dashed line
refers only to the background emission. The fact that at#hecity corresponding with
the foreground quas# < is close to zero proves that the transverse proxinfityod
is not detected in this case. A similar behaviour is seenearother two pairs studied



by Schirber et al. (2004), where there is no evidence for arease in the transmitted
flux.

A possible explanation for the absence of the transversemity effect is that
the adopted cosmological simulation underestimates bgtarfaf 3-10 the number of
absorbers with high column density; in fact, the presenca sifynificant number of
clouds with density 1¥¥(1 + w) cm™2 can provide enough source of opacity to com-
pensate for the quasar ionization. However, even corgfina reasonable number of
high column density clouds, the simulated fraction of traited flux remains lower
than the observed one. Furthermore, inspecting the sp#otra is no evidence of big
absorption features along the line of sight. Therefore, absence of the transverse
proximity effect can be attributed to the physical properties of the fonagd QSO
itself and to its environment.

First of all there are both observations (Ellingson et aB9()) and models (K4t
mann & Haehnelt (2002)) according to which clustering cay@in important role; in
fact, the halo of the QSO has a density enhancement of alssdhag increases the op-
tical depth up to a factor of 2 and therefore it can comperfsatifie foreground QSO
ionization. Nevertheless, this is not enough to accounafieduction of (& w) ~ 90
as observed in the pair J110819-005823 J110813-005944hseo dfects should be
added to explain the amount of the observed transmittedifilother words, it is pos-
sible that the reduction in the absorption expected frontrénesverse proximityféect
has been mitigated by the enhance density around the fanegouasar, but clustering
itself seems unable to account for the lack of thied.

Another possible explanation to account for this non deirobf the transverse
proximity effect is related to the QSO anisotropy; clearly in a flux—ligigurvey
quasars which have very bright emission in the same direcifothe line of sight
are more likely to be observed, but their flux may be fainteotimer directions, i.e.
towards the regions probed by the background quasars. iStuie geometry of these
systems, the beam size of the collimated foreground QSGs@misan be constrained;
in particular one can study the angle between the line oftsigh the direction con-
necting the QSO and a point associated with a vAl the spectra. It turns out that
to justify for the observed low probability < along a wide range of velocities, very
narrow beams are required. Even if these angles are toomatseems a reasonable
hypothesis that QSOs do not emit isotropically, a fact ttaatiglly contribute to the
lack of the transverse proximityfect.

Finally, a further contribution to the observed transnditieix may come from the
QSO variability. Due to relativistic féects, there is a time delay between the QSO
emission and the formation of the ionized sphere due by the tequired by the light
to travel far from the QSO )

-

At =

(18)

whereR; = ,/R? + R% is the proper distance from the quasar to the observed region

with R the impact parameter ari®}, = Av/H(z;s) the separation along line of sight.
Studying the proximity ffect, it appears the QSO must sustain its luminosity for atlea
the photoionization timescale 0831L0% yr as set by the ionizing background radiation,
but there are evidences that QSOs normally shine for pedbésst of 13 years in



order to justify the observed size for the ionized region@welver, QSOs may not
maintain their luminosity constant in time as they may ugdeshort repeated period
of high luminosity separated by intervals of lower lumingsas found for instance by
Kirkman & Tytler (2008) who prove QSO episodic lifetimes=afl Myr. Once again
this is not the only ffect that accounts for the undetected transverse proxirfiggte
but it may add a further contribution.

From what described in this section, it appears clearly thastudy of the trans-
verse proximity &ect is a powerful tool to characterized the physical prapgrof
the QSOs; even from a non detection of thiteet, one can study the clustering, the
variability and the anisotropy of quasars.

QSO host galaxies

Searching for QSO pairs is a useful technique that allowsutieeof the background
quasar to study not only the properties of the quasars tHeesséut also the physics
of the foreground quasar’s halo. From this kind of study, mplete description of the
QSO host galaxies and their surroundings gives informaioout quenching, feed-
back and the evolution of massive galaxies. Few examplethareecent works by
Hennawi & Prochaska (2007) who study the anisotropic ctiusgeof optically thick
absorbers around quasars or by Kim & Croft (2008) who coimstiee quasar host
halo masses through observations of QSO pairs. In thisosettie analysis for the
pair SDSSJ12040221 by Prochaska & Hennawi (2008) is presented; since this k
of study takes advantage of the proximitfezt technique to constrain cosmological
models of the halo assembly, the details related with thesiphyof the medium near
the foreground quasar are emphasis, being more relevare subject of this review.

Currently, diferent models of the galaxy assembly and evolutifferan explana-
tion for the observed bimodality in the galaxy populatiosesn in the color-magnitude
diagram. During its life, a super massive black helelQ°M,) liberates an enormous
amount of energy which contributes to the UV and X backgroradiation, causes
the proximity défect and originates the observed broad line region; morefaaback
on even larger scales can explain the observed quenchihg istar-formation activ-
ity seen in massive galaxies. An alternate scenario imgiasgas which accretes in
massive halos is shock—heated to the virial temperaturgstatiat may suppress the
star formation; however, it seems that a cold gas accretorstill feed the halo, but
a model in which the gravitational energy released durirgdbismological contrac-
tion heats the gas may provide a suitable mechanism to relksttr formation. To
disentangle between thesdfdrent models is complex, due to the fact that a detailed
knowledge of the local gas physics in the halo is requiredrefore, QSO pairs be-
come extremely important cosmological laboratories tottesse diterent models for
the galaxy evolution.

The system SDSSJ1288221 is composed by a background quasar (BG) and a
foreground quasar (FG) afy = 2.4360+ 0.0005, as accurately measured from [OIII]
lines. The angular separationds= 133", corresponding to an impact parameter
R, = 108 kpc atz = zs4

Studying the high resolution spectrum of the backgroundggyan HI absorber
atz = zzg can be identify from bothLye and Lyg features. The best fit to the ab-



sorption profiles establishes that this system is compogeatiree clouds; clouds A
and C have a column densily, < 10" cm? (N, = 1088 cm2 from the best fit)
and a Doppler parametber< 25 km s, while the cloud B has an higher HI column
densityNy, < 1069 cm=2 which does not allow a determination for Studying the
metal-line transitions by fitting Voigt-profiles, furtheomstrains can be added to the
kinematic of the system; the three clouds span a velocigriatAv = 650 km s* and

all of them have positive values with respectig. This high velocity, unusually large
if compared with what observed in the DLA or LLS, probes theg bbserved gas is
subject to extreme kinematic conditions and perhaps toreolenotion.

Additional physical parameters may be derived by studyiegatio of the dierent
ionization states of a same element. The high ratio of theitms like Nf/N° together
with the absence of highly ionized states (SilV,CIV) regglat the gas is only par-
tially ionized; this poses a constrain on the gas tempegat@t < T < 10° K. By
interpreting the observed b-values il b O° as pure thermal motion, it is reasonable
to assumé, = 20000 K; in addition, it seems unlikely that a source of epean keep
the gas hot to justify a pure collisional excitation, sudopesthat the photoionization
is the dominant process. By assuming a photoionization moderder to reproduce
the observed ratio in the low-ions, upper and lower limit banmposed on the ion-
ization parametetd = ¢/(nyc), with ¢ the photon flux. Using the most likely value
logU = -3.0 dex, the ionization fractiom = H*/H and the total hydrogen column
densityNy =~ 107%¢ cn?? can be computed. Due to the fact that atlbg —2.5 dex
the measured ratio YHC is a good estimator for the metallicity, it appears that the
observed gas is metal rich (at leagt@ solar abundance); in addition, after the ion-
ization correction for @Fe and NO, the observed ratio suggests that the gas is metal
enriched. Oxygen is synthesized in massive stars in a very simescale, while nitro-
gen and iron are associated with Type la SN, a fact that caudeky in the emission
of these elements up to 1 Gyr. Therefore, the relative digtion of these elements
constrains the star formation history, oncéefiential depletion has been taken into
account: the observed metal distribution suggests a staration history typical of
bright spheroidal, compatible with a short period of ineestar formation within 100
Myr and 1 Gyr.

All together, the observed extreme kinematic, the high tieitg and a solar NO
ratio suggest that this system is connected with the foregt@uasar within the im-
pact parameter, as confirmed also by the probability digidb function from the
observed strong clustering of optically thick absorbecsiadz ~ 2 quasars (Hennawi
& Prochaska (2007)).

Additional information of the physics near the foregroungsar comes from the
absence of high ions transitions, a fact that constrainadihgre of the dfuse hot gas
in the halo. In fact, from the low column density of N*4 or O*® it's clear that the
line of sight does not intersect a large column density ofw&r=~ 10° — 10° material;
moreover, the temperature dependenceffor the collisional excitation equilibrium
establishes that a filise shock heated medium in the halo must Have 10° K,
consistent with the virial temperature in the gas of a madsalo M > 10'3M,,).

The absence of high-ion transitions is also a first hint thatforeground QSO
emits anisotropically as typically observed in quasaréif®er et al. (2004)) and there
are other evidences that the foreground QSO is not shiningrtis the observed gas
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region. Assumindle = 20000 K, the observed population of the fine-structure lev-
els of Si* and C gives an estimation for the electron dengitywhich, combined
with the ionization fractiorx, allows a determination of the hydrogen volume density
NH = Ne/X. Assumingny < 1 cnt3 and logU < —4 dex, an upper limit on the ionizing
photon flux is set t@qps = 3 x 10° photons st cm?; since the foreground quasar pho-
ton flux is¢rg = 9 x 10’ photons s' cm2 as computed from the observed luminosity
assuming isotropic emission, one should require that tlseiggbocated at a distance
r > 500 kpc in order to maintain the isotropic emission hypa)dowever, the clus-
tering of absorbers around quasars implies a distarc&00 kpc, close to the impact
parameter. In addition, if the gas was illuminated by thesguzone would expetiya
emission which is not observed with a sensitivity greatanth factor of ten than the
expected.ya flux.

Once the properties of the gas have been determined, posasilolels that describe
the physics of the halos can be compared with the obsergtiGlearly information
from one line of sight is not enough to generalize the probleat some hypothesis
on the nature of the observed gas can be done. The main quéstite answer is
why a cold cloud Te < 20000 K), highly metal enriched and with extreme kinematic
conditions is observed at a distance of 100 kpc away from ttesay. A possible
explanation is to associate the observed gas with a lar¢ee@atilow or a galaxy wind;
however, the energy rate required to transfer material etdiktance of the impact
parameter i€,, ~ 10" erg s?, too high to be attributed to wind originated by the
star formation or to the radiation pressure feedback fragrgiasar. Nevertheless, the
ratio between the power of the outflow and the energy provimethe accretion is
a few percents; this value is close enough to the value usegbtoduce theM — o
correlation to corroborate the feedback hypothesis, éuvbie lack of a warm medium
atT =~ 10° — 10° K remains unexplained. An alternate hypothesis is to retite
gas with material which is either infalling or virialized thin the potential well of
the massive dark matter halo. In fact, the predicted valyzessure for these clouds
matches the expected value for the pressure equilibriuditon in the shock-heated
gas in the halo; moreover the observed kinematic reasomabtghes the expected
one. This hypothesis, even if is able to justify the lack ofarmv medium, seems not
to be able to predict the observed high value of metallidiyen if a larger sample is
required, it appears that this technique is promising testram the physics of the halo
assembling and evolution.
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