Chapter One

The Lyman-«a Line as a Probe of the Early

Universe

1.1 LYMAN- o EMISSION FROM GALAXIES

We saw in§?? that young star-forming can produce very bright Lymaemis-
sion; indeed searching for bright line Lymanline emitters is one of the most
effective ways to find high-galaxies. Although the radiative transfer of these pho-
tons through their host galaxies is typically very compkexjood starting point is
a simple model in which a fraction of stellar ionizing phasare absorbed within
their source galaxy; the resulting protons and electroas tecombine, producing
Lyman- photons. Assuming ionization equilibrium, the rate of thescombina-
tions must equal the rate at which ionizing photons are preduHowever, direct
recombinations to the ground state (which oceut /3 of the time, from the ratio
of the case-A and case-B recombination coefficientanda ) simply regenerate
the initial ionizing photon, so they do not contribute to tiet balance.

Because only hot, massive stars — which live for only sevesilion years —
produce ionizing photons, it is a good approximation to amsthat the rate at
which any given galaxy generates these photons is propattio its instantaneous
star formation ratél/,. The proportionality constant, which we will caNiya,
depends on the initial mass function (IMF) of stars, becadlaedetermines what
fraction of stellar mass enters these massive, hot stars.example, a Salpeter
IMF with a metallicity Z = 0.05Z, produce$ N, = 3 x 10° ionizing photons
per second pe¥/;, yr~! in stars formed. However, a top-heavy Population Ill IMF
produces more than an order of magnitude more ionizing pisoto

Finally, if we assume as usual that. of the ionizing photons escape their host
galaxy, then the intrinsic line luminosity of a galaxy is

; 2 .
Lin;a = §N’Yhyoc(1 - fCSC)M*- (1.1)

For context, a Salpeter IMF from 1 to 10d with Z = 0.05Z has a prefactor
3.8 x 10%2(1 — fesc)erg s't, if the star formation rate is measuredfify, yr—!.
Unfortunately, inferring physical properties about digtgalaxies from the Lyman-

o line is complicated not only by the uncertain factdgs. and V., but also by the
radiative transfer of these line photons through the itedles and circum-galactic
medium surrounding each galaxy. Because the Lymdine is so optically thick

in both the galaxy’s ISM and the nearby IGM, these photontiescanany times be-
fore they can escape the galaxy, and once they leave it thepecacattered away
from the line of sight and vanish. This scattering can chargeonly the overall
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brightness of the line but also its frequency structure ahation to the galaxy’s
continuum photons. Thabserved line luminaosity is then

Lint 2

£ = TN, (1~ L, a2)

[0}

WhereTS}X‘ is the fraction of Lymanx photons that are transmitted through the
galaxy’s ISM andr M is the fraction that are transmitted through the IGM.

1.1.1 Radiative Transfer of Lyman-« Photons Through the Interstellar Medium

We will first consider radiative transfer within the galaxydaits immediate envi-
rons; we will defer discussion of IGM scattering urifd?. The important differ-
ence from continuum transfer is that line photons can scetémy times (changing
both their direction and frequency) as they traverse the. IBlthe case of Lyman-
« photons, scattering cannot destroy them (because thereather transitions
through which the excited atom can decay), but dust absorgén. Depending
on the geometry of the ISM, the increased path length caeaseror decrease the
brightness of the line relative to the continuum.

Some simple toy models of radiative transfer help to devetape intuition for
this situation. We assume that the absorption cross-sefttilows the usual Voigt
profile, o, () = ooy (x). Herex = (v — v,)/vp is the normalized frequency,
with a Doppler broadeningp /v, = /2ksT/m,c2. The Voigt profile includes
Gaussian thermal broadening in the core and natural Ldesmizoadening in the
wings (usually referred to as the “damping wing”); in thawili o, ~ a/(/72?)
wherea = v /(2vp = 4.72 x 10747, V2, Ty = T/(10* K), andv,, = 4.03 x
108 is the natural width of the line. Figure 1.1 shows the absonptross-section
for absorbing gas witl” = 10* K; note the gaussian core with widt 10km s~*
and the much weaker, but broader, damping wings.

e HomogeneousH | slab, moderately optically thick: First consider a Lyman-
« photon produced inside a homogeneous medium of pure H I, toftt
line-center optical depthy, > 1; note that, becauss is proportional to
distance in the medium, we can use it as a proxy for physication within
the system. So long as the photon remains in the Doppler ddresdine,
it barely diffuses spatially before being scattered by amatWhen a line
photon of frequency:, is absorbed by an atom, it re-emits a line photon of
the same frequency in its own rest frame. However, in an ebssrframe
there will be a net frequency shift determined by the Lordraasformation
between the frames. To linear order, this is

Tout ~ Tin — Ya km + Ya kOUt + g(kin : kout - 1)1 (13)

Uth Uth

wherev, is the velocity vector of the atomy;, = (2kgT/m,,)'/? is the
thermal velocity of the gas, arkd,, andk,,,; are the propagation directions of
the incoming and outgoing photons, respectively. The &shy represents
recoil; it is unimportant here, but we will revisit it i§??. Typically, the
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Figure 1.1 Cross-section for Lymanabsorption, as a function of wavelength offset from
line center (bottom axis) or velocity difference (top axise assume Voigt
profile absorption generated by gas with= 10" K. Figure credit: Santos,
M.R. 2004, MNRAS, 349, 1137.

scattering atom will have the same velocity along the phstdinection of
motion as the atom that emitted it, but it can have a much faogal velocity.
In that case, the scattered photon will be far from line aente

If the medium is not too optically thick, so that the dampinggs are them-
selves optically thin, the resulting photon can escape Bg &s it is pro-
duced at a frequency wherdz) < 1; for o = 103, this corresponds to

x ~ 2.6. We therefore generically expect that the resulting eroissiill

have a double-peaked profile: photons near line-center tesuape; only
when they diffuse to large positive or negative velocity taey able to es-
cape. The Lymanr surface brightness will also be compact, because photons
escape after a single scattering.

e Homogeneous H | dab, very optically thick: In a moderately optically thick
medium, these escaping photons simply result from raréesoags off high-
velocity atoms. If, on the other hand, the damping wings ateally thick,

Toa > 103, so that once a photon is scattered into the wing the next scat
tering is more likely to be from interaction with an atom iretlvings of its
line than with an atom traveling at a matched velocity, thebfgm is more



CHAPTER 1

complicated, though the net result is easy to understarephiotons must
make it even farther into the wings to escape.

To do so, they must undergo a random walk of repeated seagtgnivhich
occasionally take them far enough from line center to escBpeause scat-
terings usually occur in the core, each one induces an rmgsidrecy shift

x ~ 1, with a small bias-1/x toward returning to line center; a photon thus
typically undergoesV, ~ 22 scattering events before returning to line cen-
ter. Between scatterings, the photon traverses a patthléimgbptical depth
units) ofT®(x) ~ 1. Thus over its entire random walk, it diffuses a distance
of 5™ ~ /N1 ~ |z|/¢v. If this distance exceeds the size of the system
(mo in these units), the photon can escape. In the wings of tieewimere
v ~ a/x?, this requires that the photon have a critical normalizeps
frequency

|Tese| ~ (am0)/® ~ 30T, /> N3, (1.4)

whereNs, is the column density of the system in unitsléf! cm—2. Thus,
in this highly-optically thick case, the photons must smafar enough in the
wings of the line to physically escape the system beforeeyiag back to
line center. This, combined with the power law formggf in the wings, also
makes the blue and red emission peaks wider than than in tHenaie opti-
cal depth case. The surface brightness of the line will bereled even if the
source is compact, because photons diffuse spatially dsawséi frequency
before escaping.

Homogeneous H | slab, with velocity gradient: We next consider a medium
with a velocity gradient. Such a gradient can either cowago expansion,
arising from winds (which we believe to be ubiquitous in tharg$orming
galaxies likely to host Lymai emission lines), or contraction, from the
infall of surrounding material around the galaxy.

First consider an expanding medium. Then, according totemué .3), scat-
tered photons typically obtain a redshift; - k;,, is positive for photons prop-
agating outward, whilév, - kout) = 0, SOzZou < zin ON average. Photons
with z < 0 are therefore moved farther into the line wings, facilitgttheir
escape, while photons with> 0 are moved back toward line center. So long
as the expansion velocity is much larger than the thermakités, this will
prevent photons that experience large positive frequamnmop$ from escap-
ing. Thus we expect only a single emission line, on the reed. didcontrast,

in a contracting medium photons typically obtain a bludsiufoducing a
single emission line on the blue side.

In this case the frequency shift of the surviving line deemgbn the velocity
and density structure of the medium. The case of most pedcéifevanceis a
wind, in which a large column of H | occurs #ti,q along the line of sight,
with negligible absorption elsewhere. In this case photbas begin their
escape toward the observer (i.e., through the blueshified)wre absorbed.
After their first scattering, photons that begin their escépwvard the far
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component of the wind lie to the red side of the line. Those ftatter
back toward the observer are then far to the red of the (biftedhwind and
can continue to the observer. The observed velocity offsétdnv.,;,,q and
provides a good diagnostic of the wind.

e HomogeneousH | slab with dust: Now we can add dust to a (static) medium
and see how it can destroy the Lymarphotons. We let théotal dust inter-
action cross-section, per hydrogen nucleusyfiehis includes both absorp-
tion, with a cross-section, = €,04 = 0,.21/(1072! cm?/H), and scatter-
ing. For the well-studied dust in the Milky Way, 21 ~ 1 ande, ~ 0.5.
The average absorption probability per interaction (withex dust or H I) is
therefore

Oq B

‘= zrH19v ()00 + 04 ~ dv(z)’

(1.5)

wheref = o, /(zarédy = 1.69 x 10*8T41/20a721/:cH1 and we have assumed
that dust interactions are rare compared to H | scattering.

Now recall that, in order to escape the H I, the photon mustduatter far
into the wings of the line and then stay in the wings as it sfigtdiffuses
out of the system. During that process, the photon will scatt, times;
the probability that it is absorbed is therefdpg,s ~ N.e ~ 2*3/a in the
damping wing. This is near unity jft| > z,ps, Where

1/4
Taps ~ (a/B)Y* ~12.9 ( THl ) . (1.6)
40q,21

A typical photon will therefore be unable to escapedf. > x..s; if the line
center optical depth exceeds a critical vatue- (a3%)'/*, the emission line
will be strongly suppressed. This corresponds to a colunmsitieof only
Nopo = 0.08T,"*(xm1/0a.21)3/4, well below the typical column densities
of galaxies (which are comparable to DLAS). Thus Lymaabsorption can
be very important inside the ISM. In general, in a uniform medthe line
photons are more affected by dust than continuum photonaise the many
scatterings they suffer forces them to have a much longér Ipagth than
continuum photons, providing a much larger opportunitydfest absorption.

o Multiphase mediumwith dust: Finally, we consider a medium in which both
the H I and dust are confined to optically thick, discrete dibseparated by a
highly-ionized, dust-free “inter-cloud medium.” Here ttesults will clearly
depend on the geometry of the system, but some general esatahs do
apply. First, note that an inhomogeneous medium will alioave transmis-
sion than a homogeneous slab with identical column densitbeotral gas,
because of the same arguments we saw for IGM transmissioniithamo-
geneous IGM (se&??). Moreover, the line photons can bess affected by
dust than continuum photons, because the line photonesacdtithe sur-
face of the clouds, while the continuum photons plow through tteem can
encountemore dust.
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Detailed calculations show that the frequency shift neamgser dust absorp-
tion to dominate over resonant scattering in the line wings,, is similar

in magnitude to the homogeneous case. However, dust waspswtamt in

that example because Lymanphotonsneeded to diffuse in frequency in
order to escape the medium. This is not the case for a mu#tgheedium.
In this case, photons enter each cloud on their surface dfet selatively

few scattering events inside each cloud before spatiaffysing back out.
They can then travel a large distance before hitting anatloeid, and spatial
diffusion through the inter-cloud medium provides mostla# tmpetus to-
ward escape. Thus dust absorption will be relatively weakigied that the
typical frequency shift before escape is less than.

In this case, photons obtain frequency shifts both from leerbal motions
of the scattering atoms and from the velocity dispersiowben the absorb-
ing clouds; if the latter is large (as would be the case if mdsthe dust
were buried in dense molecular clouds), it dominates thguizacy diffu-
sion, because — just as for a wind — each cloud is so opticaitk tthat
in the observer’s frame the photon leaves each cloud witHaci offset
corresponding to that cloud’s velocity. If the clouds havarge velocity dis-
persion, then dust absorption within each cloud will dorter@aver resonant
scattering, because the photons will enter each cloud iwithgs of the line.

Although each of these toy models is obviously much simplanta real galaxy,
together they illustrate the complexity of the radiativensfer problem and the
many parameters that can dramatically affect the Lymdme’s amplitude and
shape, as well as the surface brightness of a line emittegeieral, even dis-
counting uncertainties from IGM transmission discussddviaethe Lymane line
is therefore typically very difficult to interpret and is neigarded as, for example,
a very reliable measure of the star formation rate. Howétgelrightness in many
galaxies makes it such a useful signpost that it is still tigexct of intense study.

1.1.2 Other Emission Lines

Because it can be such a bright line, and because its ulleaviest wavelength
redshifts it into the optical or near-infrared in distantagdes, the Lymanx line
gets the lion’s share of attention. But other emission liceas be as or even more
useful for certain diagnostics, and we briefly mention thereh This is of course
a very large and deep subject, so we refer the interestedraathe literature and
other textbooks for more information (see the Appendix).

1. Other hydrogen lines: The other Lyman-series lines are almost never visible
in high-redshift galaxies; after several scatteringssé¢hghotons are “recy-
cled” via radiative cascades into either Lymarmphotons or a pair of photons
from the forbidder2s — 1s decay (se€??). However, Balmer-series pho-
tons (and those beginning at even higher levels) are vefyludi@agnostics.
They are initially generated through the same process aghym- recom-
binations following ionizations near hot, massive starsut-lecause such
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photons can only interact with atoms already inthe 2 state, they are not
subject to scattering in the interstellar medium and esgafaxies relatively
easily (especially since they have relatively long wavgtha and so are less
subject to dust absorption, e.g., the fine lies at 65635\). They therefore
offer much more robust measures of star formation rategesubnly to the
(admittedly still substantial) uncertainty in the IMF.

Unfortunately, although H and its cousins are extremely important for low-
redshift galaxies, its relatively red rest wavelength hafas limited its use-
fulness for their high-redshift cousins.

2. Helium lines: He 1l has the same electronic structure as H I, but shifted
to four times larger energies. As a result, its ionizationeptal is well
beyond the cutoff of most stars — only rare Wolf-Rayet staes,(massive
stars undergoing rapid mass loss) and the most massived®iopulll stars
are hot enough to significantly ionize it. He Il Balmephotons (with a rest
wavelength of 164@) are therefore the most promising diagnostic of such
massive stars: they are produced through recombinatiaadas following
the ionization of He Il. Like Hv photons, they are unaffected by resonant
transfer, but as UV photons they are more subject to dustusten.

3. Metal lines: In nearby galaxies, many metal lines offer diagnostics ™ IS
characteristics like the density, metallicity, and tenapere of the nebulae
surrounding star-forming regions. As instruments imprabese will no
doubt be just as useful for measurements of higialaxies, although (with
most of the lines having rest wavelengths in the opticaly tire less acces-
sible for the more distant sources.

1.2 THE GUNN-PETERSON TROUGH

We now briefly discuss the fate of photons that begin theddlivlueward of Lyman-

« during the reionization era. These photons will redshifbtigh the IGM; if they
should pass through the Lymanresonance, they will experience substantial ab-
sorption from that gas. The scattering cross-section oHthéyman-« resonance
line is given by equatiorfA?), and we have already computed the total optical depth
for a photon that redshifts through the Lymamesonance as it travels through the
IGM (the so-called Gunn-Peterson optical depth in equd®@h The mostimpor-
tant aspect of this calculation is the enormous overalbaptepth in a fully-neutral
IGM, 74 ~ 6.5 x 10°zy; atz ~ 9. Thus we expect that, before reionization, pho-
tons that redshift across the Lymantransition will be completely extinguished
(and, indeed, the same will be true so far as the ionizedifrag < 10~3).

However, not all photons will redshift through the resoredaring the reioniza-
tion era. Suppose that a photon is emitted by a source at hiftedsbeyond the
“redshift of reionizationz,.;on, Which for the purposes of this calculation is simply
the last redshift along the particular line of sight of imtgtrwherery; = 1. (Note
that this differs from the conventional definition of the esfdreionization as the
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moment of “overlap” between the ionized bubbles; the vamiet along different
lines of sight can themselves contain interesting astrsighl information.) For
simplicity we will further assume thaty; = 1 for all z > z,¢i0n. The correspond-
ing scattering optical depth of a uniform, neutral IGM is adtion of the observed
wavelengthhgps,

Ta(Aobs) = / dz%nH_ro(l +2)304 [Vobs(1 + 2)] . 1.7)

At wavelengths corresponding to the Lymarresonance between the source
redshift and the reionization redshift, + 2zicion)Aa < Aobs < (1 + 25)Aq, the
optical depth is given by equatio?). Sincer,sim10°, the flux from the source
is entirely suppressed in this regime. Similarly, the Lynataresonance produces
another trough at wavelengtfis + z.cion)Ag < A < (1 + 2z5)Ag, Wherelg =
(27/32)A\ = 1026 A, and the same applies to the higher Lyman series lines. If
(14 24) > 1.18(1+ 2yei0n) then the Lymanx and the Lyman3 resonances overlap
and no flux is transmitted between the two troughs. The sairds fiar the higher
Lyman-series resonances down to the Lyman limit waveleafjt = 912A.

At wavelengths shorter thak,., the photons may be absorbed when they pho-
toionize atoms of hydrogen or helium, even if they do not inétisnto the Ly-
man series lines. The bound-free absorption cross-seatibydrogen is given by
equation ??); the appropriate parameters for He Il are giver§®? as well. A
reasonable approximation to the total cross-section foixéune of hydrogen and
helium with cosmic abundances in the rangeséf < hv < 103 eV is Opf R
oo(v/vi,0) 3, whereoy ~ 6 x 1017 cm?. The redshift factor in the cross-section
then cancels exactly the redshift evolution of the gas dgiasid the resulting op-
tical depth depends only on the elapsed cosmic tit(¥8eion) — t(2s). At high
redshifts this yields,

Zs cdt
To s (Aobs) =/ dZEno(l + 2)? bt [Vobs (1 + 2)]

Zreion

3
~1.5 x 10? A . ! - ! . (1.8)
100A ) [(1+ 2zreion)?/2 (14 25)3/2

The bound-free optical depth only becomes of order unithiénetxtreme UV to soft
X-rays, around ~ 0.1 keV, a regime which is unfortunately difficult to observe
due to absorption by the Milky Way galaxy.

Together, these effects imply very strong absorption oflgedl photons that
begin blueward of\, (1 + z,.), except for a recovery at very short wavelengths
and the gaps between the Lyman-series troughs (thoughuhiébe blanketed by
the Lymane: and other forests just below.;.,, SO even they will be extremely
optically thick).

1.3 IGM SCATTERING IN THE BLUE WING OF THE LYMAN- « LINE

We now return to the fate of photons emitted within (or nela€) tymane line of
a galaxy or quasar. In this case, the relative velocity amddening of the line
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from bulk, thermal, or turbulent motions is very significapécause it determines
whether the photons pass through the Lymaresonance — and so experience
the full Gunn-Peterson absorption — or remain redward & danter, experienc-
ing much less absorption. We also must consider the envieohiof the source:
whether it is embedded in completely neutral gas or in arzashbubble, and the
surrounding velocity field. In this section we will focus ohgions emitted blue-
ward of, but still near to, line center.

1.3.1 Resonant Scattering Inside lonized Bubbles

Photons that begin slightly blueward of line center redshtb the Lymane res-
onance near to their source. In most models, this nearbgmegill already have
been ionized, either by the source itself or by its neighlfidisis part of a much
larger ionized bubble). Thus it may seem that these photdhsuvive their jour-
ney through the IGM.

However, if we recall that, > 10°zy; at these redshifts, it is immediately
apparent that even in highly-ionized media the absorptamhe substantial. In
practice, the short mean free paths at high redshifts witriikely prevent the gas
from becoming extremely ionized. We can estimate the residumized fraction
inside the bubbles assuming ionization equilibrium andifoum emissivity (or in
other words that each bubble contains many sources). Thibeigun condition is
then

OzBTL?{ = IHITLH&HI(l =+ 2)24375\;%, (19)
wheresy ~ 2 x 1078 cm? is a frequency-averaged cross-sectidi,is the total
rate of ionizing photon production inside the region, anid the comoving mean
free path (either from LLSs or the finite bubble size). If we osir usual model for
the ionizing sources, in which the rate of ionizing photoodarction is proportional
to the rate at which gas accretes onto galaxies, we obtare(ee??)

47

. 1.10
3nG A3 (1.10)

N'y - Cfcoll
But we also knowQmuir = ¢ feo/(1 + firec), Wheren,.. is the mean number of
recombinations per atom. So we can rewrite the ionizingiefiiy ¢ in terms of
the overall ionized fraction and solve for the resonantagptilepth due to residual
neutral gagy; inside the bubble:

res ~ (1 + 5)2 10 MpC fcoll
To (6) - 4OQHH(1 + ﬁrcc) ( A ) (dfcoll/dz) ’ (111)

where we have assumed that the IGM is isothermal for the rbowtion coeffi-
cient. The factor involving the collapsed fraction is tygdlg of order a few.

Clearly the optical depth for these photons is large in s@ialimodels; note,
however, that it is small enough that many of the radiatiaagfer effects important
for photon escape from galaxies are not important, and teerption from each
gas parcel will not have a terribly broad width in frequenpgce.
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1.3.2 The Proximity Effect and Quasar “Near-Zones”

We have now found that an average location inside an ioniabdlb is not likely
to be ionized strongly enough to allow significant transinis®efore reionization.
However, the region immediately outside the of an ioniziogrse will be more
ionized than average thanks to photons from that source. dttemate redshifts,
this “proximity effect” is a useful measure of the ionizingdkground, and it is a
very attractive probe of the reionization era as well.

The profile of the ionization rate around a quasar at modeeatghifts is sim-
ple to understand. Suppose that there is a (uniform) metetigbackground with
amplitudel',,. The central quasar, with luminosify,, produces a specific inten-
sity J, o« L,/R?, whereR is the distance from the quasar. Thus we expect an
ionization ratel’, = I, o/ R?. Assuming ionization equilibrium, we then have

7(R) o< (Tpg + g0/R*) L (1.12)

A simple fit to the absorption profile as a function of distafien the quasar
suffices to extrad,,, especially ifl*, o can be estimated from the observed lumi-
nosity of the quasar redward of the Lymariine. In practice, these estimates are
complicated by variations in the Lymanforest lines themselves and by the biased
environments of quasars: the quasar will only induce sulisfachanges in the ra-
diation field within a small “proximity zone” around the qaasvherel’, > I'y,.
This corresponds to

—1/2
By = 1202 ( vL,

1/2
a+3 \10"erg 5—1) proper Mp¢ (1.13)

whereq is the quasar spectral index ahg is evaluated at the H | ionization edge.
This places the proximity zone within the overdense envirent of the quasar’s
halo; the increased absorption from this excess gas partiahcels the effect of
the increased ionizing background, making the proximifgafmore difficult to
see.

Because the ionizing background is much smaller duringefenization era, it
may at first appear that the proximity effect will be easieobserve. However,
in reality the effect is much more difficult to interpret basa the IGM is so opti-
cally thick. In this situation, the observable pattern reerminous source will be
gradually increasing absorption until saturation is regchigure 1.2 shows some
examples; the curves here have each been averaged ovexl setfependent lines
of sight to reduce the scatter from the inhomogeneous IGMe ltee horizontal
dotted line marks 10% transmission; this is conventionadlgd to mark the edge
of the transmission region.

The key point is that, during the reionization era, theretarepossible reasons
why such saturation can occur. The first is if the source (lsaauasar) is still in
the process of ionizing its neutral surroundings. Thenelhél be a sharp transi-
tion between the highly-ionized H Il region and the nearlytnal gas at its edge,
which will manifest itself as a dramatic increase in the lamatical depth. The
second is more similar to the classical proximity effectept that the absorption
may saturate long before the local ionization rate readhe$ackground value.
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Figure 1.2 Average absorption profiles near the Lymaline for quasars in three dif-
ferent redshift bins. Note that the Lymanemission lines have been fitted
and removed. The three redshift bins average oves. B (< z < 5.95), 9
(5.95 < z < 6.15), and 4 ¢ > 6.15) quasars. The horizontal dotted line marks
10% transmission, conventionally taken as the edge of the-zene. Figure
credit: Carilli, C.L. et al. 2010, ApJL, 714, 834.

Because the observed edge of the transmission does nosaslyesorrespond to
the classical proximity zone, this feature is usually nefdito as the “near-zone.”

In the first case, the size of the H Il region depends on theiogiluminosity of
the quasar (which can be estimated from the spectrum redvfdryinan—<), the
age of the quasag, and the average neutral fraction before the quasar agheare
Zur. The basic radiative transfer problem has already beemrddahs??; for the
purposes of a simple estimate, if recombinations can beentgl, the proper radius
of the H Il region is

: 1/3 1/3 -1
1.2 N to 1+2
Be Y (2 X 1057 51> <107yr> ( 7 > Mpe,  (1.19)

WhereNQ is the rate at which the quasar produces ionizing photons/arithve as-
sumed that all the ionizing photons are absorbed but igremerslary ionizations.
Note thatR;, o« (Noto/Zm)'/?, varying relatively slowly with these parameters.
However, the absorption can become saturated well befardirtit is reached.
To estimate this, we suppose that the edge of the near-zovieeie the transmis-

%
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sion falls belowT};,,, or the optical depth rises abowg,,. We will takeT};,, = 0.1
as a fiducial value (comparable to existing observationsufsng that the back-
ground ionization rate can be neglected (likely a good apsiom at these very
high redshifts), the transmission reaches this limitinlgeat a proper radius

. 1/2
R N / T 0.38 (Tlim)1/2 30 1/2 /4 e —9/4
i = 2 X 1057 57 2 x 10K 2.3 (a+3) 7 ’

(1.15)
where thel' dependence enters through the recombination coefficierarization
equilibrium. Note that this limiting radius is independefthe neutral fraction of
the material outside of the ionized zone, and it is slightlgrensensitive to the
quasar luminosityRyim o Nclg/Q.

However, equation (1.15) can only apply if the quasar bubbke reached that
size. This requires

. —1
B Rim \° N 142\
t 4.2 x 108 -z . (116
Q = 42 AU (3.1Mpc) <2><1057s‘1> ( 7 ) yr. - (1.16)

(Adding recombinations and clumping will increase thislsday a factor of no
more than a few.) Interestingly, this timescale is complertithe canonical quasar
lifetime tg ~ 107 yrin fully neutral gas, but for quasars positioned near e &f
reionization (which are actually accessible to observafidhis timescale is very
short.

We therefore expect most quasar near-zones be limited byrthémity effect
rather than the bubble size. If so, these zones can telltiesdibout the ionization
state of the surrounding gas. In principle, this suppasitian be tested by examin-
ing the luminosity dependence of the near-zone size, ajhthe modest variation
between the two models, and the large scatter intrinsic yor@easurement in an
inhomogeneous IGM, has made differentiating them diffitmltlate. Figure 1.3
shows the measured near-zone sizes for the current samglaedrs at > 5.75.
The left panel shows the trend with redshift (here all ther1zeme sizes have been
normalized to a common luminosity using tiig o< Nclg/?’ relation), while the
right panel shows the dependence on absolute magnitudetpeimean trend with
redshift removed.

In the right panel, the dotted curve shoWs Né/g (with arbitrary scaling);
this is not a fit but is shown only for illustrative purposede&ly the large scatter
in the near-zone sizes, even after a simple redshift caoreanake it difficult to
distinguish this behavior from that expected from the mdmesic proximity effect,
Rb X Nclg/Q.

Nevertheless, there is clearly a steady increase in thezogar size as redshift
declines. One possible interpretation is a decreasg;inwith cosmic time; the
data would require a decline by 10 over the range = 6.4 to z = 5.8. However,
presuming that ~ 6 is the tail end of reionization, the proximity effect is more
likely to fix the near-zone size. In that case, the trend waithshift is most likely
attributable to a rapid increase in the background iordratate (by> 3 times),
which can substantially boost the total ionization raténmdutskirts of the quasar’s
proximity zone.
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Figure 1.3 Left: Measured radii of near zones in a set of higlyuasars; the symbols de-
note the method used to compute the quasar’s redshift. Al-pene measure-
ments have been scaled to a common quasar luminosity usngtielation
in eq. (1.14) to better illustrate the trend with redshiftypital errors in the
near-zone size are 1 Mpc. The two lines are fits to the trend with redshift.
Right: Dependence of the near-zone size on quasar absolute ndegritilithe
data points have been scaled to a common redshift using the rakation in the
left-hand panel to better illustrate the behavior with Inosity. The dotted line
showsR;, Nég/ 3 with arbitrary scaling; note that it is not a fit but is merely
meant to guide the eye. Figure credit: Carilli, C.L. et al1@0ApJL, 714, 834.

Currently, the most challenging aspect of this measurementher than find-
ing these quasars in the first place — is determining the gadsaation. The
only tools we have are the redshifts of the source’s emidgi@s. Unfortunately,
most quasars have strong internal motions and winds, whsgteetes many of the
emission lines from the systemic redshift of the host. Thet bhoices are low-
excitation lines (such as Mg Il) or, even better, lines frdra host galaxy itself.
Any such lines in the optical or UV are overwhelmed by the quasown emis-
sion, so the most useful lines turn out to be those of CO, whielstrong in these
rapidly star-forming galaxies.

There is one additional, and very attractive, way to diff¢igge these two cases:
by examining the absorption in higher Lyman-series linescaiseRy;,,, depends

on the maximum detectable optical depﬂf, it will increase by the square root
of the optical depth ratio between the two lines; for Lymarthis means?! ~

2.5Ry; . However, at the edge of the ionized bubble the neutralitraq:lresuhrﬁably
increases by an enormous amount over a very small distambefls Lymane and
Lyman-3 should become optically thick at nearly the same radius.otinhately,
this test is still sensitive to the large amount of scattehalGM density field (and

in the lower-redshift Lymanx forest that coincides with and hence obscures the
Lyman-8 measurement), so the current samplezof0 quasars cannot distinguish

these two scenarios — even though coincident Lymaanrd Lymang absorbers
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have been detected, it is not clear if they are due to a larg¢hsef neutral IGM
gas or a single absorbleSimulations suggest that increasing the sample of these
spectra by a factor of a few could lead to useful constraimtezy; > 0.1, the
regime in which the finite bubble size starts to affect the ayn¥ near-zone size.

Another difficulty with near-zone measurements, just ab wie classical prox-
imity effect, is the biased region in which the quasar livii$hough the gas is only
significantly overdense in a relatively small region imnaeiy around the quasar,
even modest overdensities in the dark matter can lead tdasilad overdensities
in the biased galaxy population. Moreover, the ionized beilglenerated by these
galaxies reaches much larger distances than the galaxgensty itself — even the
tens of comoving Mpc typical of a bright quasar’s near-zonke easiest way to
understand this is to think of the overdense region as a mEeeUniverse with
Q,, > 1: in that case structure formation proceeds faster, beaz#utke increased
gravity, and both the local ionized fraction and the ionibatibles themselves grow
faster as well.

This implies that the ionized fraction measured from thesanaear-zone will
be biased relative to the true average.

1.4 THE RED DAMPING WING

However, if such red photons encounter nearly neutral gats, % > 105, its
extremely broad absorption line can significantly affeetitransfer through the
IGM. Considering only the regime in whidly — v, | > A, (and neglecting the
broadening introduced by the finite temperature of the IGM8,may ignore the
second term in the denominator of equati@f)( If we assume that the IGM has
a uniform neutral fractiorp at all points between the edge of a source’s local
ionized bubble (which we call,) andz,.;on, this leads to an analytical result valid
within the “red damping wing” of the Gunn-Peterson troughtfte optical depth

at an observed wavelenghips = A (1 + 2):

_ A 1+Zb 3/2 1+Zb 1 + Zreion
= Tu T a— I — I — ,
7(2) TxD(47T21/a><1+z) 1+ 2 142
(1.17)

for z > 2, where

9/2 1/2
o —|—2x7/2+2x5/2+3x3/2+9x1/2—gln e ™
1—21/2

Tt E 5 ] . (1.18)
Note that here we defineas the redshift at which the observed photon would have
passed through Lyman; however, whenr > z;, this never actually happens. This
expression is only valid far from line center, but that isalguacceptable because
the optical depth is so large there anyway. It also assuimeg) = 1, which is
adequate in the high energy limit.

I(z) =

These kinds of identifications are further complicated by damping wing absorption that we
will examine next.
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For wavelengths for whiche — 1] < 1 in both factors, one can approximate the
I(x) factors with their asymptotic limits; in that case,

T(Z)%TQ$D< A )(1+z)2<z_12b—z ! ) (1.19)

2 .
47T Va — Zreion

As a rule of thumb, the damping wing optical depth approacinéy at a velocity
offset of ~ 1500km s~*, which corresponds te 1 proper Mpc at high redshifts.

The exciting prospect is that, within this red damping wititg optical depth
experienced by the photons approaches order unity ovenyafade range of red-
shifts: this means that the optical depth can be measurativedy easily, in con-
trast to the strongly saturated absorption at line centerd€ly, if we can therefore
measure:, andr(z) we can obtain an estimate for the IGM neutral fraction.

Figure 1.4 illustrates the resulting absorption profilastifoee choices ofp =
0.9, 0.5, and 0.1 (thin dashed, solid, and dotted curves, respegfjvalall cases
we takez.ion < zp. Here the abscissa measures the wavelength offset from the
source redshift,; we takez;,, where neutral gas first appears, to be 5 cMpc from
the source. Note that, especially for the more neutral ¢tisesbsorption extends
to quite large redshift offsets from line center— z;, = 0.01(1 + z,) translates
to an observed wavelength offsetiof(1 + z,) A. The dot-dashed line shows the
absorption profile of a single absorbing cloud at a fixed locafi.e., a DLA),
normalized to have the same transmissiogn,as thezp = 0.1 curve.

Obviously, the IGM absorption profile is much gentler thaattirom a DLA,
extending to much larger redshift offsets. Indeed, equatiol9) shows that the
optical depth goes like the inverse of the wavelength offgttveen the observed
wavelength and\, at the source redshift. In contrast, DLAs havex A\~Z;
the difference arises because the photon continues toifeashy from line cen-
ter as it passes through the IGM, so a photon at a given waytkl@xperienced a
larger optical depth than one would expect had it remainedcainstant frequency
through the entire column. In practice, this may be a crudimdriminant between
absorption intrinsic to a high-redshift source (taking thiem of a DLA) and that
from the IGM. For example, nearly all GRBs at lower redshifésre associated
high-column absorbers. The different absorption profitescaucial for discrimi-
nating these clouds.

Unfortunately, the simple toy model we have used so far do¢saccurately
describe the IGM during reionization, and the real absorppirofiles are likely
to be somewhere between these two limits. We have alreadytbaéin most
reionization scenarios the IGM has a two-phase structuth,sgas of neutral gas
surrounding bubbles of ionized matter. A typical line oftgighrough the IGM
will therefore pass through a “picket fence” of absorbenmposed of alternating
patches of nearly neutral and nearly ionized gas. The iegubsorption profiles,
shown for a toy model by the thick lines in Figure 1.4, are p¢eehan those in
a uniform IGM (unless the ionized bubbles are very rare) hatlewer than for a
DLA: essentially, the photon passes through a series of Dégfmrated by clear
regions. Because their frequency still changes as theglidney experience more
absorption than for a single cloud.

Obviously, this introduces some significant complicatiorts interpreting the
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Figure 1.4 Damping wing absorption profiles, as a functiofraftional wavelength offset
from the source (at redshift). The thick curves show the absorption profiles for
Zp = 0.9, 0.5, and0.1 assuming our “picket fence” model of absorption (with
the dashed, solid, and dotted curves, respectively). Nwatethe two dashed
curves overlap and are practically indistinguishable. Theesponding thin
curves show the absorption profiles for uniformly ionizedM@ormalized to
the same transmission af. The dot-dashed curve shows the profile of a DLA,
normalized to the same transmission asithe= 0.1 curves at;. Figure credit:
Mesinger, A. & Furlanetto, S.R. 2008, MNRAS, 385, 1348.
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damping wing. The easiest way to see this is to consider augtecestimate for
the average ionized fraction in a uniform IGM, from equatfdri9). Here we can
estimatezp from the absorption at a single wavelength, provided thagssume

al/AM profile to be accurate. (Note that we could also estimafeom the peak

of the absorption line.) In this “picket fence” model, thedroptical depth is a sum
over that from all the neutral stretches of the IGM, or

@ ()02 (2 - =) a2

3

where theth neutral patch stretches betwegn andz. ;. If we naively equate this
true expression to equation (1.19) and solvedtfer we find

fDRi(Z—Zb,l) <Z (Z_1Zb _Z_lz )> (121)

3

If we take a particularly simple model for the picket fencaatbers, in which
the ionized and neutral patches have fixed lendthand f R, wheref = (1 —
Qumn)/Qun ensures the proper filling fraction of the bubbles, we cafoperthis
sum and calculate the bias in our estimatpp:

I 1 1
”’:§; [(k—1/2)+(k:—1)f - (k—1/2)+kf} (1.22)
:F(l—QHH)COt [W} (123)

This differencez p — (1—Qun) is always positive and peaks-at0.3 whenQu =
0.5, though the fractional bias continues to increas&as; — 1. The actual
amount of the bias of course depends upon the particular noddeionization
(and in particular the size distribution and clustering tod H 11 regions); more
detailed simulations have comparable (though slightlyllemabias. This means
that the damping wing requires non-trivial modeling to iptet it properly in the
context of reionization.

Even if this bias can be corrected, a second problem is tlifgrelnt lines of
sight inevitably pass through different sets of ionized aadtral patches, so there
can be large scatter in the absorption profiles even for angiyg; and bubble
size distribution. This scatter becomes particularly intgat in the late stages of
reionization, because the damping wing optical depth Iseragensitive to the size
of the first neutral patch.

Figure 1.5 illustrates these two problems in the contextrobae realistic semi-
numeric model of reionization. The curves show the prolitghdlistribution of
0z, = Zp/(1 — Qun) — 1 for a variety of bubble filling factors. Note that the
means of these distributions are non-zero (implying a biathé estimator) and
the scatter increases dramatically in the later stagesiafigation. This means
that reliable estimates of the IGM properties will requidare number of lines of
sight with measured damping wings.

Because the damping wing absorption profile must itself basmead, damping
wing constraints on reionization require very bright s@stcThe two most likely
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Figure 1.5 Probability distributions of the fractional ®ian a simple damping wing esti-
mate of the ionized bubble filling factod., = Zp/(1 — Qumn) — 1. The
different curves show different stages in reionization;aaé computed with a
semi-numeric simulation of reionization. Note that the misaalways non-zero,
and the distribution becomes both wider and more biasediasization pro-
gresses. Figure credit: Mesinger, A. & Furlanetto, S.R.80aNRAS, 385,

1348.
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candidates are quasars and GRBs. The former have the agearftlying inside
large H Il regions, which decreases the bias and scatteeipgtimators; however,
they often also have substantial Lymariines with unknown intrinsic properties,
which complicates the measurement of the damping profileB&3ve much sim-
pler intrinsic spectra (nearly power-law over this range)jch makes extracting
the damping wing easier. However, their host galaxies ditare strong DLA ab-
sorbers, which interfere with the damping wing, and thegifion inside of small
galaxies makes the bias and scatter large. Itis not cleahwtiil eventually prove
more useful, though in either case constructing samplesawfynobjects will be
difficult.

1.4.1 Lyman- Halos Around Distant Sources

Ly o SOURCE BEFORE REIONIZATION

HI

? GALAXY]
!

——— T /

T —— N GM s
———— N GM

GUNN-PETERSON
TROUGH |

W{14Z) WAVELENGTH

Figure 1.6 Halo of scattered Lymaniine photons from a galaxy embedded in the neutral
IGM prior to reionization (also called koeb-Rybicki halo). The line photons
diffuse in frequency due to the Hubble expansion of the sumdong medium
and eventually redshift out of resonance and escape totinfidi distant ob-
server sees a Lymam-halo surrounding the source, along with a characteristi-
cally asymmetric line profile. The observed line should beabened and red-
shifted by about one thousaieh s~ relative to other lines (such asBlemitted
by the galaxy.

As we have already discussed in the context of Lymastattering within galax-
ies, Lymane line photons emitted by these galaxies are not destroyeihsiead
are absorbed and re-emitted as they scatter. For scattetimg uniform IGM, this
problem is particularly simple and illuminates more of tiggics of the scattering
process.

Due to the Hubble expansion of the IGM around the source, rguency of
the photons is slightly shifted by the Doppler effect in eachttering event. As a
result, the damping wing photons diffuse in frequency tortfteside of the Lyman-
« resonance. Eventually, when their net frequency redshiguificiently large,
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they escape and travel freely towards the observer (seed-igg). As a result,
the source creates a faint Lymanhalo on the sky. Theseloeb-Rybicki Lyman-

« halos can be simply characterized by the frequency redsitive to the line
centery, = |v — v/, which is required in order to make the optical depth from the
source equal to unity. At high redshifts, the leading terradmation (1.17) yields

3/2
v, = 8.85 x 10'2 Hz x ( 2oh ) (1 + Z) , (1.24)

0.05v/Q, 10

as the frequency interval over which the damping wing afféfoe source spectrum.
A frequency shift ofv, = 8.85 x 10'? Hz relative to the line center corresponds
to a fractional shift of(v, /v,) = (v/c) = 3.6 x 10~3 or a Doppler velocity of

v ~ 103 km s~!. The Lymane halo size is then defined by the corresponding
proper distance from the source at which the Hubble velquityides a Doppler

shift of this magnitude,
Q,/0.05

re = 1.1 (Qm/0.3) Mpec. (1.25)
Typically, the observable Lyman-halo of a source at; ~ 10 occupies an angular
radius of~ 15” on the sky (corresponding te 0.1r,) and yields an asymmetric
line profile as shown in Figures 1.6 and 1.7. The scatteretbp@re highly polar-
ized and so the shape of the halo would be different if viewealtgh a polarization
filter.

Detection of the diffuse Lyman-halos around bright high-redshift sources (which
are sufficiently rare so that their halos do not overlap) Wqurbvide a unique tool
for probing the distribution and the velocity field of the @l IGM before the
epoch of reionization. The Lymam-sources serve as lamp posts which illumi-
nate the surrounding H | fog. However, due to their low swfadghtness, the
detection of Lymanx halos through a narrow-band filter is much more challeng-
ing than direct observation of their sources. MoreoverMtlecity fields around
these galaxies may be complicated by winds and infall, whichld affect the line
brightness and profile in similar ways to those discussed ih.1.

1.5 THE Lyman-a« FOREST AS A PROBE OF THE REIONIZATION TOPOL-
OoGY?

Given the enormous utility of the Lymamforest for understanding the ionization
state of the IGM at low and moderate redshifts, extensiomes$e techniques to
the cosmic dawn is an obvious test of the topology and natitleeoreionization
process. However, we have already seen that the Gunn-®etepsical depth is
enormous at this time, even in highly ionized gas. Thus weilshoot expect a
clear signature of the ionized bubbles.

iThe photons that begin blueward of Lymarand are absorbed in the Gunn-Peterson trough are
also re-emitted by the IGM around the source. However, dimege photons originate on the blue side
of the Lymane: resonance, they travel a longer distance from the sourcepaed to the Lymamwx line
photons, before they escape to the observer. The GunrsBetghotons are therefore scattered from a
larger and hence dimmer halo around the source.
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Figure 1.7 Monochromatic photon luminosity of a Lymarkalo as a function of normal-
ized frequency shift from the Lyman-resonancey = (vo — v)/v.. Note that
only the photons inside the red damping wing scatter in thisgact halo; those
on the blue side of Lyman-scatter at much larger distances. The observed spec-
tral flux of photonsF'(v) (in photons cm? s=! Hz™!) from the entire Lyman-
ahaloisF(v) = (L(9)/4nd})(Na/v.)(1 + z5)? whereN,, is the production
rate of Lymane: photons by the source (fshotons s™%), v = dv, /(1+2), and
dy, is the luminosity distance to the source. Figure credit:H,0% & Rybicki,

G. B. Astrophys. J. 524, 527 (1999); see alse20, L79 (1999)].
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Nevertheless, the nature of the transformation from a kasdbminated IGM
to the post-reionization “web-dominated” IGM does offem@mhope. Once the
ionized bubbles become larger than the mean free path obtiieing photons,
the ionizing background saturates — even if the Universeeiidiy-ionized, the
metagalactic background would not increase. Thus, in lashthlat have reached
this saturation limit, we can expect (nearly) as much trassion as in the post-
reionization IGM.

The key difference is the presence of the damping wing framtutral gas sur-
rounding each ionized bubble. With the rule of thumb that 1 only at distances
> 1 proper Mpc from fully neutral gas, this requires that iowibeibbles be at least
a few proper Mpc large in order to allow for any transmissieortunately, in most
reionization models this constraint is easily fulfilled,|l@ast in the latter half of
reionization (see Fig2?, for example).

On the other hand, even a moderate damping wing optical dgiitincreases
the required transmission allowed by the residual neutaal igside the bubble.
Because bubbles that allow transmission must be very lamg thus contain an
enormous number of luminous sources, their ionizing bamlgd is quite uniform
(except at the edges of the bubble, but there the damping iwilagge anyway).
Thus, just as in the post-reionization IGM, transmissiofi @@me from highly-
underdense voids in which the neutral fraction is small. dfigum (1.11) shows
thatT < 1 requiresd < 0.1-0.2. Such deep voids are very rare at high redshifts,
because structure formation is still in its infancy — and adirse such regions are
largely empty of galaxies and so are likely to remain neutralughout nearly all
of reionization.

Thus we expect transmission spikes to be extremely raraglugionization, but
not completely impossible. With models for the H 1l regiores, the emissivity of
the galaxies driving reionization, and of the density dsttion of the IGM, it is not
hard to estimate the possible abundance of transmissiturésa Figure 1.8 shows
an optimistic example calculation for transmissiorr at 6.1 (in the range probed
by the highest-redshift known quasars). In this case, thé t@nsity distribution
is calibrated to numerical simulationszat 2—4. The curves show that observable
transmission gaps, with < 2.3 occur only about once p&kz ~ 3.

In reality, transmission will be even more rare because shgple calculation
makes the optimistic assumption that photons travel to tge ef their bubble,
without any limits from LLSs in the IGM. But even so, Figurékhows that they
are sufficiently rare that precise quantitative consteagnt reionization from the
gaps will require much larger samples of quasars or GRBsdhaently available.
Drawing conclusions about reionization from the forestnistéad very difficult.
Indeed, some simulations of the reionization process shathe present data
cannot even rule out reionization endingzak. 6, since some small pockets of
neutral gas could remain, buried inside the long stretclfisatorated absorption
that are common at this time.

Instead, the Lymarmforest (especially together with absorption in Lymaand
Lyman=y) is best at constraining the very end of the reionization asadiscussed
in §?7?, unless the red damping wing can be measured on its own.
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Figure 1.8 A model for the expected cumulative number ofdmaission features at= 6.1
if the IGM hasQumir = 0.9, 0.85, 0.8, and0.75 (solid, long-dashed, short-
dashed, and dotted curves, respectively). The model usextursion set model
for reionization (se€??) and an inhomogeneous IGM density distribution cal-
ibrated to simulations at lower redshifts. Figure creditirlgnetto, S.R. et al.
2004, MNRAS, 354, 695.

1.6 LYMAN- o EMITTERS DURING THE REIONIZATION ERA

We now return to discuss the properties of more normal gedatkiat have Lyman-
lines, commonly referred to as Lymanemitters or LAEs. We saw if?? that this
strong emission line provides a convenient marker for yostagforming galax-
ies, and one of the most efficient ways to find distant galasiegth narrowband
searches that identify sources with strong emission limegiarrow redshift range.

We have seen i§1.1.1 that the intrinsic properties of these lines depend on
host of complex factors. However, we have also se€flif.1 and 1.4 that reso-
nant absorption in the ionized IGM and much stronger absorfitom neutral gas
— even from the damping wing once the photon has passed thmasgnance —
can also strongly affect the line. These latter effects ntagd ymane: emission
lines of galaxies an interesting and potentially powerfuallje of IGM properties.
However, we must always bear in mind the complexity of thanstc lines as an
important source of systematic confusion for such a probe.

Figure 1.9 shows how this IGM reprocessing can dramatieéiér the observed
line intensity and profile; the top panel shows the lines,levttie bottom panel
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Figure 1.9Top: Example line profiles for a galaxy at = 10. The upper dotted curve
shows the intrinsic line profile, assumed to be a gaussianstdindard deviation
27km s™*. The solid, long-dashed, and short-dashed curves shovwbdened
line after reprocessing through the IGM; they place thexgailaionized bubbles
with radii R, = 10, 5, and3 comoving Mpc, respectively. The lower dotted
curve shows the line if we neglect resonant absorption witié ionized bubble,
assumingR, = 10 Mpc. Bottom: The dotted line shows the resonant absorption
from the ionized bubble. The solid, long-dashed, shorhddsand dot-dashed
curves show the damping wing optical depth #&x = 10, 5, 3, and 1 Mpc,
respectively. Figure credit: Furlanetto, S.R. et al. 200K8RAS, 354, 695.

shows the corresponding optical depth profiles. In the toyehahe upper dotted
curve shows the assumed intrinsic line, which we place at 10 and take as a
gaussian with widti27 km s~! (these are arbitrary choices chosen for illustrative
purposes). The other curves show the effects of IGM repsigsincluding both
the damping wing from fully neutral gas at a distan&g from the line source
(with Ry, decreasing from top to bottom) and resonant scattering fhanionized
medium within (except for the lower dotted curve). The ogitidepths providing
this absorption are shown in the bottom panel: the nearfhizbntal lines are the
damping wing optical depths (witR; increasing from bottom to top), while the
dotted curve shows the resonant value.

Note that the resonant absorption is large everywhere lbwaf line center,
but it is modest or negligible on the red side. This is a ratfegreric result (here we
have included only the ionization from the galaxy itself,igthdominates on the
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relevant scales, so the ionization structure on large sdsleegligible); in general
we expect LAEs at > 5 to have asymmetric line profiles, with the blue side cut
off by resonant IGM absorption.

However, the damping wing absorption that affects the rdd &s well as the
blue side) depends sensitively on the large scale envirojraed in particular
the displacement from the source to the nearest neutral \yassee here that a
bubble withR;, = 1 proper Mpc providesrp = 1; in fact this rule of thumb works
reasonably well throughout the relevant highegime.

We therefore expect that, as we penetrate farther backhetoeionization era,
with the bubbles growing smaller and smaller, more and métaeir Lyman«
lines will be extinguished by the neutral gas. In the remairud this section we will
explore the consequences of this expectation for LAE s@rdeying reionization.

1.6.1 Galaxies within lonized Bubbles

In order to understand the interplay between the damping aird galaxy popula-
tions, we must first understand how galaxies populate tha¢glbns that surround
them. Fortunately, because we can use the same methods xctirsien set for-
malism — to compute the halo and ionized bubble abundaritessta relatively
easy task.

Consider an ionized bubble with masg and a mean overdensidy; according
to the model ir§??, this overdensity is exactly that required for a collapsetion
large enough to produce one ionizing photon per hydrogean atside the bubble,
sod, = B(my). We wish to know the abundance of galaxies as a function o§mas
m within this ionized bubblep (m|m;).

In the excursion set picture (sé@?), this is simply proportional to the fraction
of random walks that begin &b, §,) and end atm, 4. ), whered.,; is the critical
linearized overdensity for halo collapse (which is a fumetof m in, for example,
the Sheth-Tormen model). But this problem is actually id@hto the “extended
Press-Schechter” problem, in which we calculated the pribges of a given halo
at an earlier redshift: the only difference is that here dwal6” is a bubble and we
work at the same redshift — which is possible because thericnit for an ionized
bubble requires a lower overdensity than halo collapsé.itse

Thus we can immediately write

b no | 02[8cit(z) — B(m erit(2) — B(my))?
n(mlmb)Z\/E% dl [0crit(2) — B( b)]exp{_[5 (2) = B(my)] }

dlnm (02 — 0})3/? 2[0? — o}]
(1.26)
whereo? = ¢%(m) ando? = o2 (my,).

We can also perform the reverse calculation (analogousedistribution of
halo descendants) to compute the probabilifyin,|m) that a halo of mass: is
part of a bubble of mass,;,. Figure 1.10 shows the results of this calculation for
a small halo £, = 10° M) and a moderately large onex, = 10! My).
The different curves in each panel correspond to a sequdrioaired fractions
in a model of reionization. Unsurprisingly, the median bigbtize increases as
reionization progresses (because all bubbles grow with)titout note that it also
strongly depends on the halo mass: large galaxies are fae fikety to reside
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Figure 1.10 Probability that halos with;, = 10° and10'* Mgreside in ionized bubbles
larger than a given radiuB,. Here we use the excursion set model of reion-
ization with¢ = 40; the bubble sizes are relatively independent of this choice
for a fixed@u11, but the halo populations themselves are highly-redskified-
dent. In each panel, the curves correspond te 12 (Qunr = 0.74, solid),

z = 13 (Qumnr = 0.48, long dashed); = 14 (Qunr = 0.3, short-dashed),
z = 15 (Quu = 0.19, dotted),z = 16 (Qun = 0.11, dot-dashed), Figure
credit: Furlanetto, S.R. et al. 2004, MNRAS, 354, 695.

in large bubbles than average galaxies. This is just anottamifestation of the
increasing bias of galaxies with their mass.

1.6.2 LAE Number Counts During Reionization

Now let us consider the following experiment. We imaginef@ening a sequence

of narrowband Lymanr searches at progressively larger redshifts. We expegt that
once the typical bubble size falls below 1 proper Mpc, the IGM damping wing
will also start to extinguish the lines even if the galaxié8 exist. We might
therefore imagine a simple counting exercise as a test foniation, aiming to
see a decline in the abundance of LAEs.

Of course, there are many other reasons why the LAE densipydeine — most
obviously, the halo mass function changes rapidly wit these early times, so the
galaxy abundance most likely does as well. Ideally one wthadefore calibrate
it to a broadband galaxy survey that is not subject to the smteetion effects — if
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the LAE abundance declines precipitously while the oveaihxy density declines
only gently, that would be good evidence for IGM absorptiNite, however, that
the complicated physics of Lymamgeneration and transfer within galaxies always
leaves some room for doubt, since such a decline could alsdtbleuted to the
evolving IMF of stars or changes in their dust content.

Nevertheless, this simple test is very attractive. We canthe excursion set
formalism described i§1.6.1 to estimate how the abundance would decline. We
ignore the effects of resonant absorption (since they diéparthe local environ-
ment of the galaxy and hence are unlikely to evolve rapidiyrdyreionization) but
include the damping wing absorption from neutral gas in @Bl Let us suppose
that the survey is sensitive to sources with> L,,;,. If we then takel. « m
for simplicity, a galaxy of mass: will be detected only if the damping wing has
7p < In(m/mmin), WhereL(mmin) = Lmin.- Then the number density of observ-
able galaxies is

o0
n(> L) = /dmb nb(mb)Vb/ dmn(m|my), (1.27)
mp
wheremp is the minimum halo mass that remains observable inside bl®ub
massmy, and volumél,; note that itdecreases with my, since larger bubbles cause
less damping wing absorption. Of course, in reatityis a function not only of
bubble size but of a galaxy’s position within the bubble: shat the edge always
experience strong absorption.

Nevertheless, this simple model is in good agreement witterdetailed calcu-
lations using simulations of reionization (either fulla¢e or semi-numeric). Fig-
ure 1.11 shows the luminosity function at several diffenestitral fractions (in-
cluding fully ionized, top curve) measured in a semi-numsiinulation. Clearly
damping wing absorption from the neutral gas can have amengs effect on the
observed abundance of galaxies in these surveys.

The detailed calculation reveals two interesting effeEisst, the fractional de-
cline is relatively modest (no more than a facter2) until Qu; < 0.5; after that
point the abundance declines precipitously. This is bex#us ionized bubbles
have characteristic sizes 10 comoving Mpc, or~ 1 proper Mpc, at about filling
factor. Larger bubbles, late in reionization, haye < 1 and so have only a small
effect on the observed abundance.

The second factor is visible in the bottom panel of Figurell.dvidently the
fractional decline in LAE abundance is nearly independéhito mass (or intrin-
sic luminosity). This occurs because the distributionofs quite broad (roughly
lognormal), thanks not only to the range of halo sizes but tighe distribution of
galaxies within each bubble. For faint galaxies, which tdydollow a power-law
intrinsic distribution, the convolution of these two effepreserves the power law.
At the bright end, where the intrinsic luminosity functioadalines exponentially,
the breadth of thep distribution masks the change in slope.

Despite many surveys at< 6.6 and a few detections of LAEs at> 7, there is
currently no strong evidence for any substantial declirtbéir number counts rel-
ative to galaxies selected with other techniques. Thisigpadicularly surprising,
given that the effects do not become dramatic utit; < 0.5. But this promises
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Figure 1.11 Luminosity function of LAEs at = 9 in a semi-numeric simulation of reion-
ization, as a function of the mean neutral fractiin. The sequence of curves
from top to bottom goes from small to large;. The bottom panel shows the
ratio of the curves to that in a fully-ionized Universe. Rigweredit: Mesinger,
A. & Furlanetto, S.R. et al. 2008, MNRAS, 386, 1990.

to be a much more powerful technique with the more efficieghtriedshift galaxy
studies enabled by JWST and other forthcoming telescopes.

1.6.3 LAE Clustering During Reionization

The fact that galaxies within large ionized bubbles remaétaively) unattenuated
while those inside of small bubbles will be extinguished iy dtamping wing sug-
gests that not just the mean number density of LAEs will cleghgoughout reion-
ization, but that their spatial distribution will evolve a®ll. Figure 1.12 shows
this explicitly. Each panel shows a slice through a semi-etiensimulation of
reionization; here we fix = 9 and vary the ionized fraction across the panels
(from fully-ionized at left tozy; = 0.77 at right). Each white dot corresponds to
a galaxy with an observable Lymaniine, assuming the same model as the last
section for their luminosity function. The overall trenddear: galaxies that are
relatively isolated in the left-most panel disappear findtile those that are part of
a strong overdensity (near the bottom center of the imageairevisible even to
large neutral fractions.

The best way to describe this phenomenon quantitativelyr@ugh the cluster-
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Figure 1.12 Maps of visible LAEs at = 9 in a semi-numeric simulation, assumifg ~
0, 0.26, 0.51, 0.77, from left to right. All slices are 250 Mpt a side and 20
Mpc deep. We assume that all halos with observed luminssifieater than
that corresponding to an unattenuated galaxy With> 1.67 x 10'° Myare
visible. Figure credit: Mesinger, A. & Furlanetto, S.R. &t 2008, MNRAS,
386, 1990.

ing of the galaxies. A simple toy model illustrates how it anbes the apparent
clustering on small scales (relative to galaxies obseméteé continuum, for ex-
ample). Suppose that galaxies with number densiggre distributed randomly
throughout the universe but that we can only observe thogeatieast one neigh-
bor within a sphere of volum& < n~!. Assuming a Poisson distribution, the
number density of observed objects would be

Nobs = (1 — e ™). (1.28)

As usual the correlation function of the observed samplefmdd through the total
probability of finding two galaxies in volumed/; ando Vs,

§P =n2, (1+€) Vi 6Va. (1.29)
However, we know that every observed galaxy has a neighbibhirn/; thus

for small separations (where the facid /1 assumes the neighbor to be randomly
located withinV). Thus,

§=1/(nopsV) — 1 (1.31)

on such scales: even though the underlying distributiommslom, the selection
criterion induces clustering. Note that it can be extrentelge ifV < n_,..

On large scales, the modulation takes a different form. Aseoled galaxy
resides in a large bubble, corresponding to an overdengenteg§ecause of the
bias of the underlying dark matter field, that overdenseoregiill tend to lie near
to other overdense regions — and hence to other large bubbless, we will be
more likely to see galaxies near the original object thamimeerage slice of the
universe. Because we do not see similar galaxies in smadl-géased) bubbles, the
large-scale bias will generically be larger than that irgic to the galaxies.

Because these two effects have different amplitudes, thbles introduce a
scale-dependent bias to the correlation function of gataxiith a break at ~ R..,
whereR. is the characteristic size of the ionized bubbles. Againgigie excursion
set formalism, we can estimate this modified bias in the imik R, andr > R..
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By analogy with the halo model for the density field, thesatlimg regimes cor-
respond to correlations between galaxies within a singlebleuand within two
separate bubbles. We begin with large scales: the obselusiéring is the av-
erage bias of the bubbles weighted by the number of galaxieaéh H Il region
(analogous to the two-halo term for the density field):

oo

bT:OO = /dmb nb(mb) bb(mb) VE,/ dm

mp ngal

where we integrate only over those haloes visible after diagnwing absorption
andng, is the mean number density of observable galaxies. Folptie proce-
dure outlined irg??, we can estimate the biag of H Il regions a¥
B(my)/o*(my) — 1/Bo(my)

D(z) '
(Note that (unlike the halo bias) we can haye< 0: late in reionization, small
bubbles are truhanti-biased because dense regions have already been incegborat
into large ionized regions.)

The behavior on small scales is somewhat more subtle. Ikigeslavere ran-
domly distributed within each bubble, the simple argumettie first paragraph of
this section suggests that the correlation function wouwdd pe the weighted aver-
age of the number of pairs per H Il region. However, in additiothe increase in
the number of galaxies in each bubble, the galaxies alse ttansity fluctuations
within each bubble. On moderately small scales were noaliegolution in the
density field may be neglected, we therefore write

Naal(Ngap — 1
bf-m = /dmbnb(mb)vbb}%(mb) < g 1( Jg\_/v12 )|mb>’

gal

whereNga = figal Vi, (Ngal(Ngal — 1)|my) is the expected number of galaxy pairs
within each bubble, ant? measures the excess bias of these haloes inside each
bubble. Note the similarity to the halo-model calculatidtih® galaxy power spec-
trum here; in fact this form can be derived formally by consting the galaxy den-
sity field from bubbles and their constituent haloes, in agglto the halo model.
This term then corresponds to the “two-halo, one-bubblehte such a treatment;
i.e., correlations between two particles that lie in the sérbble but different dark
matter haloes. The “bubble profile” describing the disthiifau of galaxies within
the bubble turns out to be proportional to the square rodi®fihear matter corre-
lation function. Provided that the typical bubbles have entbian two galaxies, we
can write the expected number of pairs as

(Ngal(Ngal — 1)|my) & max{0, Nga1(ms)[Nga1 (ms) — 1]} (1.35)
The remaining factor i$, (m;). It may seem reasonable to take this to be the

mean value of the usual excursion set halo bias, evalua&thow, |m;). How-
ever, the pair density inside each bubdlieady includes much of this bias because

N nh(mh|mb)

, (1.32)

by(mp) = 1+ (1.33)

(1.34)

iii This equation does not work late in reionization, becausetiysical requirement th@y; < 1
caps the effective number density and hence the bias. Ireghiime numerical simulations are necessary;
fortunately this regime is also the least interesting fromiewpoint of clustering.
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it counts the number of galaxies in a region with overdengity B. We therefore
only want the “excess” bias of the galaxies relative to dgrfhictuations on scales
smaller thanm,;, which is the bias evaluated from the conditional mass fonéh
equation (1.26). Following the excursion set definitiontos bias, we have

(0 = 82)%/(0” = 02) -1
de(2=0)—d,(2=0) °

We show the resulting bias at= 10 (as a function ofmrr) in Figure??. In each
panel, the different curves take different galaxy popualai with smaller galaxies
having less net bias. Pané# and(b) showb,,, andb,—... We scale the results to
the biash,, intrinsic to the galaxy population if absorption could badged. Panel
(c) shows the ratid, — /bsm, illustrating the magnitude of the “break” in the linear
bias. We emphasize that the scale at which the break occliesmive throughout
reionization along with the characteristic bubble sizg for illustrative purposes
we mark several values &..

Clearly, bothb,, andb,—., decrease throughout reionization. The large-scale
bias decreases because the ionized regions must lie nednerrhean density (and
hence be less biased) @111 — 1: this behaviour must be generic to any model
in which reionization begins in overdense regions. The betale bias decreases
because bubbles large enough to allow transmission becommon: early on,
only those galaxies with near neighbors are visible, so theetations are strong.
In the middle and final stages of reionization, most galali@gsside bubbles large
enough to permit transmission, so more typical galaxiestmecvisible and,,, —
b,

These qualitative results also hold true in more detailécliéations with numer-
ical simulations. Figure 1.14 shows the estimated angulaetation function (i.e.,
the three-dimensional correlation function projectedlmplane of the sky) from
a radiative transfer simulation of LAEs at= 6.6, the highest redshift window
easily visible from the ground. The different curves in eaelmel correspond to
different ionized fractions; the different panels deserdifferent surveys, with the
top panel comparable to existing capabilities and the ethéew times larger. Note
the enhancement in small scale correlations at small idrfizetions; this is the
same effect we have described with,. The large-scale power is also enhanced,
but it is much less sensitive 9.

Although the correlation function and power spectrum (gmdugh them the
linear bias) are the most straightforward manifestatidnthe increased cluster-
ing, the “mask” applied to the galaxy distribution is itsalin-gaussian, so other
clustering statistics — such as counts-in-cells or higitder correlations — are also
useful. All of these probes follow the qualitative behavidéthe bias, increasing
most dramatically early in the reionization process.

Both the analytic and numeric approaches show that theiiasdses by a large
factor, at least doubling and sometimes increasing by an krger amount, es-
pecially on large scales. This, together with the changéénshape of the LAE
correlation function with respect to the dark matter, makesclustering signature
much more robust to uncertainties in the nature of the LAEdcEhis is because
the linear bias is a relatively slowly-varying function oflb mass and redshift;

bh(mh|mb) =14+ (136)



32 CHAPTER 1

P R S

AL BN L L

LI BN L

I EETE B

sm
(AN w o
TTTT [T TI I TTTT

b(e)/b

o
—

Figure 1.13(a): Predicted small-scale bias at= 10, relative to the bias expected if all
galaxies above the mass threshold were visible. This applieseparations
larger than the nonlinear scale but smaller than the crexiatit bubble size..
The solid, long-dashed, and short-dashed curves#akg min = 108, 10°,
and10'° My, respectively. The dotted curves show the predicted gatias,
neglecting absorption, relative to its true value (the $mabrs at early times
result from the approximations described in the tefti): Predicted large-scale
bias atz = 10, relative to the bias expected if all galaxies above the mass
threshold were visible(c): Ratio of large to small scale bias; the transition
between the two regimes will occur roughly &t, which is marked for a few
different values of the ionized fractiay. Figure credit: Furlanetto, S.R. et al.
2006, MNRAS, 365, 1012.
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Figure 1.14 Angular correlation function of LAEs in a radliat transfer simulation of
reionization. The simulation takes = 6.6 and assumes all LAEs with
an observed luminosity greater than the intrinsic lumityosif a halo with
m = 7 x 10'° Myare visible. The different curves in each panel assume
different ionized fractions. The top panel estimates thersrfor existing sur-
veys with the Subaru Deep Field in which LAEs are detectedgrhetrically.
The other two panels assume larger surveys (with times more LAES); the
middle panel assumes a photometric survey, while the bottoerassumes the
LAEs can be selected spectroscopically. In each one, tkk #rror bars in-
clude Poisson fluctuations in the galaxy counts, while tlir ¢aorves also in-
clude cosmic variance. Figure credit: McQuinn, M. et al. ZOUNRAS, 381,
75.
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mimicking the shift due to reionization would require a dimshange in the prop-
erties of the galaxies.

However, it is worth emphasizing again that the radiatiensfer of Lyman-
« photons through the IGM is a complex process, and it can tatfiecobserved
clustering even after reionization is complete (thus tls®mnant absorption, which
we have neglected in this section, can also be importantgrdstingly, the fre-
guency dependence of the scattering process inducesrapisst generating clus-
tering signatures analogous to redshift-space distatiortunately, this compo-
nent should not evolve as rapidly during reionization agig@ping wing.

1.6.4 Lyman- Blobs

A particularly interesting example of Lymamdine emission in the interface be-
tween galaxies and the IGM are the so-called “Lynaablobs” (LABS) originally
discovered in narrowband images at moderate redshifts §). Since their initial
discovery in the year 2000several tens of LABs have been foifrid the redshift
rangez ~ 2-7, making them much more common than initially expected. €hes
blobs have a range of properties, but all are characterigs@ynificantly extended
Lyman- line emission (ranging in size from 10 kpc “halos” around star-forming
galaxies to> 150 kpc giants with no obvious central galaxy in the rest-frarhe u
traviolet). Some appear to be diffuse elliptical objectsilevothers are much more
filamentary. The brighter objects, with line luminosities> 10*‘erg s'!, are ex-
traordinarily powerful, corresponding to star formatiates> 50Mg yr—!. The
lines can be quite broad but do not show any unusual featilkeedduble-peaked
profiles. Two example objects are shown in Fige

Bright LABs are typically located near massive galaxied thaide in dense re-
gions of the Universe. Multi-wavelength studies of LABse&ala clear association
of the brighter blobs with sub-millimeter and infrared soes which form stars at
exceptional ratésof ~ 103M, yr—*, or with obscured active galactic nuclei (in
fact, strong Lymanx emission has been known for many years to surround some
high-redshift radio galaxie$).However, other blobs have been found that are not
associated with any source powerful enough to explain tisemied Lymanx lu-
minosities®

The origin of LABs is still unclear. Some models relate LABscooling radi-
ation from gas assembling into the cores of gala%i&@ther models invoke pho-
toionization of cold T ~ 10* K), dense, spatially extended gas by an obscured
AGN? or extended X-ray emissichthe compression of ambient gas by super-
winds to a dense Lymaa-emitting shell!° or star formation triggered by relativis-
tic jets from AGN!! The latest model$ relate LABs to filamentary flows of cold
(~ 10*K) gas into galaxies, which are generically found in numergmulations
of galaxy formation® These cold flows contain 5-15% of the total gas contett
in halos as massive ddy,,;, ~ 1012103 M.

Although these objects have only been observed in detadrsat low redshifts,
similar mechanisms offer the prospect of learning not otilgw star formation
inside of high-redshift galaxies and the gross propertigkeIGM but also about
the detailed structure of the gas accreting onto, or flowinigod, young galaxies.
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Figure 1.15Left: A false color image of a Lyman-blob (LAB) at a redshift: = 2.656.
The hydrogen Lymamr emission is shown in blue, and images in the optical
V-band and the near-infrared J and H bands are shown in gremed, re-
spectively. Note the compact galaxies lying near the nontfi@p) end of the
LAB. The Lyman« image was obtained using the SuprimeCam imaging cam-
era on the Subaru Telescope, and the V, J, and H band imagesob&ined
using the ACS and NICMOS cameras on the Hubble Space Tekeschms
LAB was originally discovered by the Spitzer Space Telescdmage credit:
Prescott, M., & Dey, A. (2010)Bottom: A false color image of an LAB at a
redshiftz = 6.6, obtained from a combination of images at different infdare
wavelengths. Image credit: Ouchi, M. et Aktrophys. J. 696, 1164 (2009).

Lyman- studies may therefore ultimately hold the key to understaqthe initial
stages of galaxy formation and accretion.



