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ABSTRACT

Aims. We explore how ALMA observations can probe high-redshifags in unprecedented detail. We discuss the main olsles/a
that are excited by the large-scale starburst, and formebgtectations for the chemistry and the fluxes in the cehtmtive galaxies,

in which chemistry may be driven by the absorption of X-raje estimate the expected number of sources at high redstifter
whether an ALMA deep field may find a reasonable number. As aifspexample for the complex interpretation of sub-mm line
observations, we analyze the recently deteeted6.42 quasar, for which a number offféirent line fluxes is already available. We
note that our diagnostics may also be valuable for futureeasgions in the local universe with space-borne instruméke on
SPICA or FIRI.

Methods. To estimate the observables from the starburst, we checghwdrission from the starburst ring of the nearby Seyfert 2
galaxy NGC 1068 falls into the ALMA bands if the galaxy werag@d at = 8. We estimate the sizes of the central X-ray dominated
region based on a semi-analytic model, and employ a detailedpproach for the chemistry in X-ray irradiated molecu@uds

to evaluate the chemistry and the expected line emissioarthdse conditions. We make use of pre-existing chemisigutations

in X-ray dominated regions to show the dependence Hémint line fluxes on X-ray luminosity, cloud density and daolumn
density. We use theoretical models for the highlack hole population and the local SMBH density to estintia¢enumber of sources
at higher redshift.

Results. We show that a number offéiérent fine-structure lines may be used to probe the starmgbonent of high-redshift quasars
in considerable detail, providing specific information b structure of these galaxies by several independent mé&nshow that
the size of the central X-ray dominated region is of the omfea few hundred parsec, and we provide detailed predictionthe
expected fluxes in CO, [CII] and [Ol]. While the latter finetatture lines quickly become optically thick and depend thgasn the
strength of the X-ray source, the rotational CO lines havertrivial dependence on these parameters. We compare adelsn

to XDRs observed in NGC 1068 and APM 08279 and find that thergbdeemission can indeed be explained with these models.
Depending on the amount of X-ray flux, the CO line intensitiesy rise continuously up to the (17-16) transition. A meament

of such highd lines allows one to distinguish observationally betweerRsand PDRs. For the recently obserzed 6.42 quasar,
we show that the collected fluxes cannot be interpreted mdef a single gas component. We find indications for the piesef a
dense warm component in active star forming regions and alkwsity component in more quiescent areas. dea6, an ALMA
deep field may find roughly one source per arémit higher redshift, one likely has to rely on other surveike JWST to find
appropriate sources.

Key words. Keywords should be given

1. Introduction With the upcoming mrisub-mm telescope ALMA it will

be possible to probe such structures in even more detaittodue
The recent detection of kpc-scale star-forming structur@s significantly improved sensitivity, angular and spakttes-
at z = 6.42 through the detection of [CIl] emissionolution. From a theoretical point of view, it is thereforedn
(Walter et al., 2009a) and emission in various rotationali@€s esting to speculate what ALMA might observe in the center of
(Riechers et all, 2009) confirms the importance of/sub-mm such host galaxies. Within the next ten years, we furtheeeixp
observations to infer gas distribution and dynamics in guashe advent of SPICAand FIR[, which will probe the universe
host galaxies. Emission in CO and the continuum in higln the mid- or far-IR regime, respectively. These telessopi
redshift quasars have also been reported by Omont et alg),199
Carilli et al. (2002), Walter et al. (2004), Klamer ef al. QZ0),
Weil3 et al. [(2005), Maiolino et al. (2007), Walter et al. (ZD0 ! httpy/www.eso.orgscifacilitiesalma
Weil et al. [(2007),_Riechers et al. (2008b) and Riechers et af httpy/www.ir.isas.jaxa.jiSPICAindex.html
(20084). 3 httpy/sci.esa.inscience-gvww/objectindex.cfm?fobjectie:40090
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be able to apply in the local universe what we suggest as high-
redshift diagnostics for ALMA. 107

Before speculating what ALMA may see in the centers of 7'
high-redshift galaxies, we turn our attention to the prtipser
of molecular clouds in the central molecular zone (CMZ) of
the Milky Way. Studies employing fHHand CO lines indicate
the presence of high-temperatufle { 250 K) and low-density
(n ~ 100 cnt®) gas (Oka et all, 2005). NfHobservations by
Nagayama et all (2007) confirm the presence of warm molec-z 10-%
ular clouds, with temperatures mostly between-280 K. The o
presence of a 120 pc star-forming ring was infered by CO ebser
vations, indicating typical densities of ¥0* cm™3 and kinetic
temperatures of 28 35 K (Nagai et al., 2007). These tempera-
tures were derived under the conservative assumption odia be
filling factor 1, while smaller filling factors would give ®sto
higher temperatures.
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Fig. 1. The heating rates per hydrogen atom due to X-ray ab-

sorption (XDR contribution), absorption of soft UV-photon
In the centers of active galaxies, the supermassive bldgiOR contribution) and total heating rate as a function ef ra

hole will emit radiation in a broad range of frequencieglius. The calculation assumesa71_0® black hole, with 3% of

Particularly interesting is the emission of X-rays, as ehpho- its Eddington luminosity being emitted in a hard spectraheo

tons can penetrate molecular clouds even at high column dégnent between 1 and 100 keV with a spectral slopelofThe

sities. The resulting cloud temperatures range from a rachdstrength of the soft UV radiation field is taken @35 =10 in

K up to 1000 K (Lepp & Dalgarnd, 1995: Maloney ef al., 1996-abing units and thefeective densityner = 10° cmi®. For such

Meijerink & Spaanis, 2005; Meijerink etlal., 2007). Such X-ra@ configuration, the XDR contribution clearly dominateshivit

dominated regions have been reported for instance in NG8 1dB€ central 100 pc.

by |Galliano et al. [(2003). Due to the high ambient pressure,

higher-density clouds may form due to the thermal instibili

(Wada & Normah, 2007). 10*E o \100_‘0\%0 B %,
At high redshift, resolution of present-day telescope®is-g o,

erally not stficient to resolve the central regions of quasar host 10° ;’\j%w

galaxies. Under exceptional circumstances, this is honsys- F o,

sible. Indeed, highly excited high<CO and HCN line emission - L7,

was found in APM 082785255 by Weil3 et &l (2007). As this ~ © 05,

galaxy is gravitationally lensed, it was possible to measuxes 5 ;001?

- %,

from the central X-ray dominated region that are usuallynbea 1057
E %

diluted. While the CO line fluxes usually rise up to the CO }5-4
transition and then decrease, they continue to rise in ysies i
up to the CO (10-9) transition, providing clear evidencetfar 1

presence of warm gas in the central region. Similar resialte h 10° 10° o]
also been obtained for the Cloverleaf quasar (Bradford et al Plew LM
2009).

Fig. 2. The expected size of the X-ray dominated region in pc,

Motivated by these results, we study in more detail the pofr a black hole with 10 M,, with a spectral slope of1, as a
sibility to probe high-redshift quasar host galaxies with\,  function of the soft UV radiation fiel@, in Habing units and
and in particular their central regions. {2, we review the the dfective number densityier. The straight lines assume the
main heating mechanisms that may be present in high-redspipwer-law between 1 and 5 keV, while the dotted lines assume
quasars, and discuss their influence on the chemist§3lrwe it between 1 and 100 keV.
give a brief summary on the main PDR observables, which are
already used to probe galaxies at high redshift. As a spexific
ample, we calculate the expected fluxes for the Seyfert Xgalay Chemistry in high-redshift quasars
NGC 1068 if it were located a = 8. Our expectations for the
central X-ray dominated regions (XDRs) are formulated Emission from molecular clouds in active galaxies can be ex-
based on detailed chemical models includin0 species and cited by a variety of dferent mechanisms. Mechanical feedback
several thousand reactions. Evidence for X-ray dominaged may be important locally, in particular in the presence afcits
gions at diferent redshifts is reviewed and discussed[® On or outflows (Loenen et al., 2008; Papadopoulos et al.,|2008).
this basis, we assess the prospects for finding new soures iraddition, there is radiation in a broad range of frequendieth
ALMA deep field in§ [@. We conclude ir§ [4. In summary, this from the starburst and the supermassive black hole. UV emis-
paper provides a basic set of predictions concerning obgens sion generally gives rise to compact HIl regions at tempeest
of high-redshift quasars with ALMA. In a companion paper, wef ~ 10* K in which molecules are completely dissociated and
plan to provide diagnostics based on the observed line filvats emission is mostly by Lymaa and various fine-structure lines.
will allow one to infer physical properties such as the star f Such photons are however absorbed by relatively small aolum
mation rate or the X-ray luminosity based on the observeal linensities, and stellar HIl regions never become larger éfamw
emission. pc, considerably smaller than the scales of interest here.
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Soft UV-photons have smaller cross sections and may pen- We further assume that the starburst produces a soft UV-
etrate larger columns. In the presence of a starburst, trey eadiation field 0fGy = 10 (Habing units) and arfiective density
therefore the dominant driver of the molecular cloud chenof ngg = 10° cm™3. Such an ffective density corresponds to a
istry (Hollenbach & Tielens, 1999). While their heatingfi€ volume-filling factor of order 1 and is therefore an upperitim
ciency is low (01 — 0.3%), they are very ficient in dissoci- In real AGN, the &ective density may be smaller in the central
ating molecules. In such photon-dominated regions (PDR&, region, implying less attenuation of the X-rays and thenefo
generally expects somewhat enhanced cloud temperatutbs, farger X-ray dominated region. On the other hand, the pateme
most of the emission in fine-structure lines, as COfiiciently Gy may vary as well and depend on the strength of the ongoing
dissociated. A detailed review of these processes is giyen dtarburst. For this scenario, the expected heating ratés/deo-
Meijerink & Spaans (2005). gen atom are given in Fifg] 1.

X-ray photons have even smaller cross sections than the soft To explore the parameter dependence in more detail, we now
UV photons, and can thus penetrate larger columns. Spdlgificaconsider the #ective density and the strength of the starburst ra-
a 1 keV photon penetrates a typical column of 20°2cm 2, a  diation field as free parameters and check how they infludrece t
10 keV photon penetratesxd10?° cm 2 and a 100 keV photon size of the XDR, keeping black hole mass, Eddington ratio and
9x10%0 cm2. For this reason, X-rays can keep molecular cloudBe luminosity fraction in the hard component as specifiexvab
at high temperatures even at high column densities. Theg ha\Ve consider two cases, one with the hard component between 1
high heating #iciencies of the order of 30%, and arefiiigient and5 keV (case A), and one with the hard component between 1
in the dissociation of molecules. A fraction of them may howand 100 keV (case B). The results for the XDR size are given in
ever be reprocessed by the gas and converted in soft-UV pkig.[2. In case A shieldingffects can be clearly recognized and
tons, which may lead to some molecular dissociation. Dedailthe size of the XDR depends more on tifieetive density than
reviews are given by Maloney etlal. (1995); Lepp & Dalgarnon the strength of the starburst. As typical molecular clded-
(1996); [ Meijerink & Spaans (2005). Therefore, X-ray absorsities in these environments arel0° cm3 and the filling factor
tion drives a completely éfierent type of chemistry, and mayis of order 1%, we can expect an average density 8fchd3.
potentially result in temperatures up to 1000 K. The fratd At its largest baseline, ALMA can even resolve spatial scafe
molecules, in particular CO, can be very high. ~ 30 pc atz = 5, and should thus resolve the corresponding

To estimate the potential extent of such a central X-ray dom{DRs.
inated region, we employ a toy model that takes into account Simulations by Wada et al. (2009) for the clumpy medium
the heat input from the starburst and from the X-ray emissi@ scales of- 30 pc indicate a volume-filling factar ~ 0.03.
of the supermassive black hole. We assume here an axisymngdels byl Galliano et al| (2003) for NGC 1068, on scales of
ric situation with a central supermassive black hole and>an e few hundred parsec, indicate a volume-filling factor @f10
tended molecular disk in the host galaxy. The radiation fromhich still leads to a surface-filling factor of order 1. Ftiet
the SMBH will consist of a soft and a hard component. Theentral 200 pc of our galaxy, values®@f 0.1 - 0.01 have been
soft component is easily absorbed at the edge of the molecifiggested.(McCall et al., 1999; Oka et al., 2005). For a large
clouds and can be neglected for column densities 8% @02  volume-filling factor, we expect a somewhat smaller XDR due t
and above. The X-ray photons, on the other hand, penetréité attenuation of X-rays. At the same time, however, trgsore
deeply into the molecular disk and excite emission there. Fgill consist of a large number of clouds that are highly esdit
the X-ray photons, we adopt a power-law spectrum for fr&or smaller clumping factors, the number densitiy of clowds
quencies larger than 1 keV and use the cross sections giverbgyreduced, but the size of the XDR increased.

Verner & YakovleV (1995). For soft photons from the starburs ~ Of course, the approach used here is only approximate, as
we adopt a typical frequency of 10 eV and a cross section i attenuation may depend on the direction and be stronger i
2.78x 10722 cm? (Meijerink & Spaarld, 2005). Typical heatingsome directions and weaker in others. However, these afder-
efficiencies are 30% in XDRs and3% in PDRs. We assume thatmagnitude estimates should still be applicable for a braade

the radiation field from the starburst is roughly constarthimi  0f conditions and also hold in cases of spherical rather tlagn

the central region. The X-ray radiation field, on the othaxdha tened structures. An implicit assumption of the model is &

will be geometrically diluted and partially shielded by thas. average over dficiently large scales where théfective den-

To calculate the attenuation of X-rays, we introduce fieative ~ Sity provides a good approximation with respect to X-ragrait

density for the central region, which is given as uation. For more clumpy structures, the XDR would be more
inhomogeneous and reach out further along the low-deresity r
Net = @10° cm3 + (1 — @)10% ci™3, (1) 9ions. In case the large-scale clumpiness is considersibteat

molecular clouds do no longer fill the projected surface amea
wherea is the volume-filling factor of dense clouds,®ém=2 the beam, our model predictions need to be corrected with the
is a typical cloud density and #@&m a typical density of corresponding area-filling factor.
the atomic medium. We adopt now a specific reference case for
which we evaluate the heating rates and the expected sihe of ;
XDR. The X-ray emission depends essentially on the prod‘uct% Observables in the PDR
black hole masMgy, the Eddington ratiolg, and the fraction In photon-dominated regions, soft UV-photons from the-star
fx of the total luminosity going into the hard spectrum. We adurst provide some heat input for molecular clouds, in parti
sume a modest black hole maggy = 10’ M, an Eddington ular at low column densities, and aréieient in dissociating
ratio Ag = 30%, which lies in the typical range of measuredholecules like H or CO. The main coolants in this regime
Eddington ratios for high-redshift AGN_(Shankar et al., 200 are therefore fine-structure lines of [CII] and [Ol]. Deper
Kollmeier et al., 2006; _Shankar et/al., 2009), and a fractbn on the strength of the radiation field, some flux may also be
fx = 10% of the total luminosity emitted in X-rays. For theemitted in molecules like CO or HCN, in particular in the low-
X-ray spectrum, we adopt a frequency range between 1 dgihg rotational transitions, and there are further finersture
100 keV with a spectral slope efl. lines that may contribute as well. As mentioned in the intro-
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duction, there are plenty of observations that studied @oris quency bands, and what would be the expected amount of flux.
from starburst galaxies with present-day sub-mm telescopkhe fluxes given by Spinoglio etlal. (2005) have been measured
(e.gLOmont et all, 1996; Carilli etlal., 2002; Walter €ti2004; with a frequency resolution of 1500 kKm Correspondingly high
Klamer et al.,| 2005/ Weil3 etal., 2005; Maiolino et al., 200&elocities can indeed be reached in the presence of fasbijets
Walter et al.; 2007; Riechers et al., 2008b,a; Grevelet 8092 outflows. However, typical line profiles show that most of the

Riechers et all, 2009; Walter et al., 2009a). flux is in a range of:150 knys, which we adopt here as a fidu-
cial value. The so obtained observable line transitionsane-

Observable A[um]  @[mdy  min. Redshift marizepl in Tabl€ll, while the_ expgcte_d se_nsitivity and aagul
o1 %p;, 575, 632 018 2557 resolution at the largest baselines is given in Table 2. Fohe
[0 111] 3P, -2 P, 518 ~018 z>38 transitions, a & detection seems po_SS|bIe foran integration time
N1 3P, -3 Py 1219 ~007 z>25 of a few hours. The table does not include CO transitionshes t
[O1] 3Py =3P, 1455 ~003 2z>19 PDR would only excite the low-lying transitions which would
[CI] 2P, »2 Py, 1577 ~0.7 z>17 not fall in ALMA's frequency range foe > 8. We note that the
[SHI] 3Py =3 Py 335 ~15 z>111 expected ratio between [NII] and [CII] is comparable to tie o
[Sill] 2P3, —2 Py, 348 ~006 z>111 servational upper limit derived by Walter et al. (2009b).

Table 1. The main observables for ALMA in PDRs at high reds, Expectations for the XDR

shift. This specific example assumes a galaxy with a starbars

in NGC 1068 placed a = 8. We also give the minimal redshiftAs ALMA may for the first time detect and resolve emission
from which the lines would be redshifted into the ALMA bandsfor the central X-ray dominated regions, we want to assess he
in more detail the expected chemical conditions in the eéntr
region and the corresponding fluxes irftdient lines. We start
by discussing the implications of X-rays for the conditions
molecular clouds. We then show how ALMA observations can
istinguish between X-ray chemistry and an intense burstaof
ormation on the same spatial scales. Afterwards, we pgoaid
set of systematic model predictions, first assuming an XDR of
constant size, but also considering the potential increfisiee
XDR in case of a higher X-ray luminosity.

With the upcoming sensitivity of ALMA, we expect that
such PDRs can be probed in more detail as well. Therefo
bright lines like the [CII] 158:m line can be detected at higher]c
significance, allowing higher spectral resolution and prgithe
velocity structure of the gas in more detail. Also, weakeed$
may be detected as well, probing gas dfatent densities and
providing additional information on the chemical conditso

band freq. [GHZ] ores[] Sc[mdy] Si[MmIy]  Goean[] 4.1. Implications of X-rays for molecular clouds

3 84-116 ~ Q034 Q019 0163 56 We follow the chemistry in a one-dimensional molecular

4 125-169 Q023 Q023 Q174 48 cloud complex irradiated by X-rays with the XDR code of

g %ji_ g% 88%2 gggg ()226;5 3? Meijerink & Spaans [(2005). The model includes more than
- 50 chemical species and several thousand reactions. For CO,

7 275-373 Q0011 Q077 Q372 18 . . . .

8 385-500 Q008 0143 0620 12 the detalle.d .Ievel populations are solved consistentlyh wit

9 602—720 Q005 0232 0813 9 the 1D radiation transport equatian (Poelman & Spaans,|,2005

2006). As the low-metallicity case was explored in detail by

Table 2. Frequency range, angular resolutigg, at the largest Spaans & Meijerink[(2008), we focus here in particular on sit

: . - . . uations with about solar metallicity.
baseline, line sensitivit$, for a linewidth of 300 krys and con- . . .
tinuum sensitivityS. for 30~ detection in one hour of integration e -If-gret ;IrS;QXOdElGVéel%Igng; %;ef’/sg n?;’t ::Ohg;re]i g;?aRbLnnfhe
time and primary beam si#leam 3 more bands might be addeaS y 9 y ission f | | | b L
in the future, band 1 around 40 GHz, band 2 around 80 GHz ﬁs@nces and CO emission for cloud column densities between

; , iy . 0 — 10?4 cm2 in Fig.[3. Larger column densities correspond
Phaengeligh%rggrri]r?ggsgngsz’ which will have similar properties 0 extreme ULIRGs like Arp 220 that is even optically thick

around 350 GHz (P. Papadopoulos, private communicatidm. T
fiducial gas density of T0ocm™ has little impact on our re-
sults, unless it drops to below 40 cm=. Above this limit,

To obtain a rough estimate on the expected PDR fluxestine XDR properties are determined by the ratio of X-ray flux
different lines, we have evaluated the PDR fluxes that we wouttlgas density. For lower densities, emission in the hlgb©
expect for a system like the Seyfert 2 galaxy NGC 1068, if lines would not be excited due to the critical densities. eosy,
were placed at high redshift. We adapt 8. This system con- high-density gas appears to exist in the center of NGC 1068
sists of a central X-ray dominated region (Galliano et @03 (Galliano et al., 2003).
and a circumnuclear starburst ring-o8 kpc in size, with a stel- The strong X-ray flux of~ 170 erg s* cm™ in NGC 1068
lar mass of~ 10° M, and an age of 5 Myt (Spinoglio etlal., suffices to make the gas essentially atomic and leads to high tem-
2005%). On scales of a few hundred parsecs, one finds a gtaratures of 3000 K, as well as relatively low CO abundances
formation rate of a few times 1M, yr~! kpc? (Davies et al., of the order 107 due to photodissociation by soft UV-photons
2007). This is close to the star formation rate in Eddingtoproduced after the absorption of X-rays. However, the CGhabu
limited starbursts as suggested|by Thompsonlet al. (20@6). dance is still higher than in typical PDRs, and the CO intgnsi
understand which of the fluxes emitted in this region would be high, due to the strong thermal excitation in the hot gas.aF
detectable with ALMA if this system were locatedzt 8, we column of 162 cm 2, our results appear of the same magnitude
went through the spectroscopic sample of Spinogliolet 80D%2 as in the model of Galliano etlal. (2003). For larger columns,
and checked which lines would be redshifted into the ALMA frethe temperature gradually decreases, the gas becomeautaolec
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Fig. 3. A model for the X-ray chemistry in NGC 1068. TheFig.4. The X-ray chemistry in a system with X-ray flux of
adopted flux impinging on the cloud is 170 erg €m2. The 1 erg s! cm™2 impinging on the cloud. The adopted density is
adopted density is Pocm™. Top: The abundances offiirent 10° cm3. Top: The abundances offirent species as a function
species as a function of column density. Middle: The @O of column density. Middle: The low-CO lines as a function of
lines as a function of column density. Bottom: The higlcO column density. Bottom: The high-CO lines as a function of
lines as a function of column density. column density.

and CO gets more abundant, and we find intensities of the ortfe® temperature is increased~0100 K. The CO abundance is
102 erg st cm srtin the highd CO lines. initially of the order 3x 107% and increases te 107 for larger

To explore the dependence of the chemistry on the x-rgsalumns. For columns less than®2@m2, the intensities are
flux, we consider two additional cases. An extreme case wilhus reduced by about an order of magnitude compared to the
~ 1 erg st cm2is shown in Figl4. In this model, we find lowerprevious case, while they are increased by an order of madmit
temperatures of 70 K, a large fraction of molecular gas and Cdor larger columns.
abundances of the order of 10 While the lower temperature
tends to decrease the CO line intensities, they are stithecdd
due to the larger CO abundance. Above a column é% &2,
the intensities increase rather slowly as the lines becaptie oIn the center of an active galaxy, not only the X-ray emission
cally thick. is enhanced, but one may expect the presence of a strong nu-

As an intermediate scenario, we consider a source with elear starburst. For instance, Arp 220 harbors such a ssirbu
X-ray flux of ~ 10 erg s' cm? (see Fig[h). In this model, on scales o 300 pc. We therefore compare the expected CO

4.2. Separating the XDR from a nuclear starburst
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Fig. 6. A comparison of the CO line SED in case of an intense
starburst withGy = 10° with the corresponding SED for molec-
ular clouds under X-ray irradiation, forftierent X-ray fluxes in
erg st cm™2. The spectra are normalized such that they have
the same intensity in the 10th transition. If the impingingay

flux is at least 2.8 erg$ cm?, observations of the 15th CO
rotational transition can clearly discriminate betweerRP&nd
XDR chemistry.

Log,, (Intensity [erg s em™2 sr"])

of the galaxy. In XDRs, a much larger fraction of the gas is at
high temperatures, and thus the SED is not expected to drop as
rapidly.

If the total amount of energy injected by X-rays and by soft-
UV photons is comparable (within a factor of 10), then thespre
ence of X-rays can be clearly inferred using the CO (16-15)
transition, if the local X-ray flux is at least®erg s cm2.
However, as discussed §2, we expect X-ray flux to dominate
over the soft-UV in the center of the galaxy. Observatiorevah
higher-J transitions may be useful to determine the local amount
of X-ray flux from the CO line SED. A potential uncertainty is
the presence of cold dust, which may to some degree absorb the

20 21 22 23 24 CO line emission and thus change the appearance of the SED.

Logio (Column density [em™]) Due to the characteristic scaling of dust absorption witheva

Fig.5. The X-ray chemistry in a system with X-ray flux oflength, we expect that such a behavior could be recognized an
10 erg s cm2 impinging on the cloud. The adopted density i@0tentially corrected. For this purpose, it is of courseirdéée
10 cmi-3. Top: The abundances offtrent species as a functioni© measure as many high€O lines as possible.
of column density. Middle: The low-CO lines as a function of
column dens_ity. Bottom: The high-CO lines as a function of 4 3 p1odel predictions for XDRs of constant size
column density.

Log,o (Intensity [erg s em™2 Sr"])

Although we have shown ifiZ that the central XDRs can likely

be resolved with ALMA, it is currently not clear how the ex-
line SED of a strong starburst wity = 10° with the CO line pected XDR size varies with X-ray luminosity. If the streingt
SEDs in X-ray dominated regions, based on the models prdvidaf the soft-UV field is independent of this, one should on ager
bylMeijerink et al. [(2007). We normalize them such that the C&xpect a larger XDR for higher X-ray luminosities. However,
(10-9) transition has the same intensity in all models. I8 this also conceivable that the X-ray luminosity is indicatdfehe
case, the SEDs can hardly be distinguished at theJddvan- system as a whole, and that a higher X-ray luminosity may be
sitions that are typically observed at low redshift (see[B)gAt accompanied by a stronger soft-UV field. In such a case, one
higher-] transitions, the PDR SED drops considerably and flatight expect a smaller increase in the XDR size or even a con-
tens on a low level due to the small amount of hot gas in tlstant size. For this reason, we will consider two extremesas
outer layer of the molecular cloud. We expect that a value assuming that more realistic scenarios should lie in betvlee
Go = 10° is a robust upper limit for the soft-UV flux that can betwo. In this subsection, we will assume that the size of théRXD
obtained in a galaxy. In fact, larger values have never been is always constant, of 200 pc. Of course, the numbers given
dicated in previous observations, and indeed such a valu@wohere can be easily rescaled for other XDR sizes, or for area-
require extreme conditions as in the Orion Bar throughadut dilling factors smaller than 1. In the following subsectiame
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Fig. 7. The expected flux in mJy for high-CO lines, for a cen- Fig. 9. The expected flux in mJy for the [CII] 158m line, for
tral XDR of 200 pc, and molecular clouds of’lén~3, as afunc- a central XDR of 200 pc, and molecular clouds of ton 3, as
tion of X-ray luminosity and cloud column density. We focus oa function of X-ray luminosity and cloud column density. The
lines that fallin ALMA band 6, which fiers a good compromise solid line corresponds to a sourcezat 5, and the dashed line
between angular resolution and sensitivity. For a sourge-ah to a source at = 8. At z = 5, the line is redshifted into ALMA
(solid line), this corresponds to the (10-9) CO transitifam,a band 7, with a sensitivity of.08 mJy (1 day, &, 300 kns). At
source az = 8, it corresponds to the (14-13) CO transition.  z= 8, it falls into ALMA band 6 with a sensitivity of @4 mJy.
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Fig. 8. The expected flux in mJy for the [CII] 158m line, for Fig. 10. The expected flux in mJy for the [OIl] 63m line, for

a central XDR of 200 pc, and molecular clouds of tén3, as  a central XDR of 200 pc, and molecular clouds of tn3, as

a function of X-ray luminosity and cloud column density. Thé@ function of X-ray luminosity and cloud column density. The
solid line corresponds to a sourcezat 5, and the dashed line solid line corresponds to a sourcezat 5, and the dashed line
to a source at = 8. At z = 5, the line is redshifted into ALMA to a source at = 8. Atz = 5, the line is redshifted into ALMA
band 7, with a sensitivity of.08 mJy (1 day, &, 300 kms). At band 10, with a sensitivity of.2 mJy (1 day, 3, 300 knys). At

z =8, it falls into ALMA band 6 with a sensitivity of @4 mJy. Z= 8, it falls into ALMA band 8 with a sensitivity of A3 mJy.

Ina similar way, it is possible to calculate the expecteddhix
_ also in various fine-structure lines. Based on the detaitedmp-
ity for constanGo. eter study provided Hy Meijerink etlal. (2087yvhich shows the
For a first estimate, let us consider at source at5 with  expected fluxes in various lines as a function of X-ray lursityo
an XDR of at least 100 pc, corresponding to an angular scalensity and column density, we therefore provide detailed p
of 0.016”, and a typical intensity in the high-CO lines of dictions for the fluxes from the central X-ray dominated ogegi
1073 erg s cm2 srl. As can be seen from the calculationsissuming a characteristic size of 200 pc, consistent withgh
above, such an intensity can be reached in a broad range-of sygts obtained ir§ 2l
tems for column densities of at least?3@m™2, and in fact also For the highd CO lines, we focus on those which are red-
for column densities of at least3xm-2in the presence of $ii- ~ shifted into ALMA band 6, which fiers a good compromise

cient X-ray flux. With a fiducial velocity dispersion of 300 ksn  between angular resolution.(4” at the largest baseline) and
this corresponds to a flux of@ mJy, which is detectable in a

bit more than a day in ALMA band 6.

will then discuss the implications of varying the X-ray luros-

4 httpy/www.strw.leidenuniv.nlmeijerirygrid/
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10*5 cm3, while it is more dificult to excite CO emission at
lower densities.

The figure illustrates that higher fluxes can be obtained for
larger column densities, while intermediate X-ray fluxes ar
ideal for stimulating emission in the CO lines considerecehe
This is because at very high fluxes, a significant amount of X-
rays would be converted into soft UV-photons and dissodiete
molecules.

In Figs.[8 and B, we show the corresponding results for the
[ClI] 158 um line, both for a density of Focm™ and a density
of 10* cm. For densities of 10cm™3, low column densities
are stficient to yield a detectable amount of flux, and the flux
monotonically increases with the X-ray luminosity. As ireth

Column density [10** cm™?]

0.0t . MR N : R PDR case, this line is therefore valuable to explore theerent
- 001 “ . of high-redshift quasars, and provides complementaryinée
X-ray luminosity [10™ erg s™] tion to the CO lines. For densities of46m3, we find a stronger

dependence on column density, and indeed columns of at least
Fig. 11. The expected flux in mJy for the [Ol] 63m line, for 10?3 cm are needed to yield a detectable amount of flux.
a central XDR of 200 pc, and molecular clouds of i3, as The results for the [Ol] 6&m line are given in Figg._10 and
a function of X-ray luminosity and cloud column density. ThE1, again for densities of 2@m= and 10 cm3, respectively.
solid line corresponds to a sourcezat 5, and the dashed line This line quickly becomes optically thick. Therefore, irrfieu-
to a source at = 8. Atz = 5, the line is redshifted into ALMA |ar for cloud densities of Focm3, it is insensitive to the column
band 10, with a sensitivity of.@ mJy (1 day, &, 300 knjs). At density, but provides a good measure for the X-ray flux. leigyv
z= 8, itfalls into ALMA band 8 with a sensitivity of 3 mJy.  bright. Even for cloud densities of 1@m3, it depends more on
X-ray luminosity than column density, and is still detedtain
the case of high column densities and strong X-ray fluxes. It i
thus well-suited to study gas dynamics in the central XDR by
resolving the line profile.

We also provide results for the [Ol] 146n line in Fig.[12,

s for a cloud density of 10cm™. For lower densities, this line

E is hard to excite. It can also be very bright and shows a strong
1 dependence on the X-ray flux. The ratio between the [O}J183

line and the 14m line is generally about.0.

Emission from neutral carbon seems moi#clilt to detect.
The intensity of the [CI] 36@m line is typically at least an order
of magnitude smaller than the intensity in the [CII] 158 line,
and only significant in the case of strong X-ray fluxes and high
column densities. As discussed §i6.3, the relatively low ra-

} tio between these lines in the recently dete@ed6.42 quasar

0.1 1.0 puts a significant constraint on theoretical models. Otlaar c

X-ray luminosity [10** erg s™'] bon lines like [CI] 609um or [CI] 230um are even weaker and
should never be visible. Additional lines like [Sill] 3@m or

Fig. 12. The expected flux in mJy for the [OI] 146n line, for [Fell] 26 um can be bright as well (Meijerink etial., 2007), but
a central XDR of 200 pc, and molecular clouds of tn3, as typically have too short wavelengths for ALMA, except at-red
a function of X-ray luminosity and cloud column density. Thé&hiftsz> 9. . . _
solid line corresponds to a sourcezat 5, and the dashed line ~ The reader may notice that for the model predictions given
to a source at = 8. Atz = 5, the line is redshifted into ALMA in this subsection, we restricted ourselves to a range ciyX-r
band 7, with a sensitivity of 87 mJy (1 day, 8, 300 knys). At luminosities of about two orders of magnitude, correspogi
z= 8, it falls into ALMA band 6 with a sensitivity of @25 mJy. the range of X-ray fluxes avaiable in the data by Meijerinkt a
(2007). This range of data has been chosen such that it covers
the observationally interesting cases. For lower fluxe# our
case lower X-ray luminosities, we would not expect significa
sensitivity ¢~ 0.04 mJy for an integration time of one dayr3 emission driven by X-rays, as can be seen in the correspgndin
detection and a line width of 300 kB8). At a redshiftz = 5, figures. Similarly, it is straightforward to extrapolatethehav-
this corresponds to the (10-9) CO transitionz at 8 to the (14- ior towards higher X-ray fluxes: As shown in F[g. 7, the CO
13) CO transition. We assume that the projected surfaceisireintensities decrease considerably at higher luminositibis is
homogeneously filled with molecular clouds with central derbecause part of the X-rays are reprocessed to soft-UV photon
sities of 1¢ cm™3. Fig.[7 shows how the expected flux varieshat dissociate all the CO. At even higher intensities, #etgm-
as a function of the cloud column density and the X-ray lumperature would increase up to“1R and become fully ionized.
nosity. Similar results would be obtained for cloud densities dflolecules would no longer survive under such circumstances
The emission of [CII] may increase a bit further, until a karg
5 For the conversion between X-ray luminosity and flux, we aesi  fraction of carbon is doubly-ionized at temperatures n@ail
optically thin conditions. One may need to correct for fertattenua- Similar considerations hold for the oxygen line. Howeversi
tion in case of large filling-factors. not clear whether such scenarios are actually physicaf,thei

0.1

Column density [10** em™?]

o
o
o

0.01
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Fig. 13. The expected flux in mJy for the CO (14-13) transitiofirig. 14. The expected flux in mJy for the CO (14-13) transition
(solid line), [CII] 158um (dotted line), [Ol] 63um (dashed line) (solid line), [CII] 158um (dotted line), [Ol] 63um (dashed line)
and [Ol] 146um (dot-dashed line) emission for a quasazat and [Ol] 146um (dot-dashed line) emission for a quasaz at8,

5, as a function of X-ray luminosity and average density. W&s a function of X-ray luminosity and cloud column densitg W
assume a typical cloud column density 0f36m2, and a soft- assume a typical cloud density of1€@m-3, and a soft-UV field
UV field Go = 100. Gp = 100.

molecular cloud would rather be photo-evaporated at thiatpo Ve also explore the role of the molecular cloud column den-

As already mentioned above, the size of the XDR may be mcdy for the expected fluges. For this purpose, we adopt an av-

extended in the case of such high luminosities. Then, meelergrage density of 0cm™ and a soft-UV fieldGo = 100. In

X-ray fluxes will be present on larger scales. Flg.@, we show the expepted fluxes as a function of X.-ray lu-
In summary, we can therefore conclude that the main obsef§inosity and column density. As a generic feature, we find tha

ables for the central XDR are the high€O lines as well as the the expected fluxes vary for columns smaller thaf? 22, but

fine-structure lines of [ClI] and [Ol]. The [OI] 63 and 14én level-of for higher values. 'I_'he fluxes in high-column d_e_nsny

lines show a strong dependence on X-ray luminosity and mayStéms should thus essentially depend on the X-ray lunitynos

provide a good handle on this quantity. In combination with &MY-

observation of the [CII] or high} CO lines, the X-ray luminosity

can be estimated as well. As shown|by Meijerink etlal. (:2007@, Evidence for XDRs and the interpretation of

such line ratios also provide valuable information on gas-de™ . .

sity and temperature. We also note that it is possible taidisc ~ SUP-mm line observations

ina.te SUCh XDRs from regions W|th Strong mechani?al heat"mthough the presence of a central X-ray dominated region
(Papadopoulos et al., 2008). This can be done for instance &ms unavoidable from a theoretical point of view, we want
the basis of the observed X-ray luminosity, or by lookingh& t to review current evidence for the presence of central XDRs
dust SED. While in XDRs, both dust and gas will be at higfy active galaxies. Such evidence is present in local gefaxi
temperatures in dense clouds, there should be a clear jpiscie NGC 1068 that can be studied in great detail, as well as
ancy between gas and dust temperature if heating is duedb lqg high-redshift quasars like APM 08279 in which the corre-
shocks. We therefore expect that the physical conditiortkén sponding fluxes are magnified by a gravitational lens. Simila
central XDRs can be probed in detail with ALMA. indications are present also in the Cloverleaf quasar, evB€
fluxes up to the (9-8) transition have been measured, and no
turnover in the line SED has been found yet (Bradford &t al.,
2009). These sources will allow a first test for the expeotesti

As mentioned above, the size of the XDR may increase considee have formulated in the previous section once the ALMA-tele
ably for increasing X-ray luminosity. We first explore thepga- scope becomes available. We also discussthe6.42 quasar
dence on the average density and the X-ray luminosity, asgumSDSS J114816.64625150.3, as it provides a good and interest-
atypical cloud column density of #cm2, and a soft-UV field ing example concerning the complex interpretation of sub-m
Go = 100. The X-ray spectrum is assumed to range from 1 lioe observations. We will further discuss how its propesttan
100 keV. As shown ir§ [2, the size of the XDR then varies as @&e understood better if additional data are provided, watiig-
power-law with density. The same is true for the expectedBuxular focus on the role of ALMA.

of CO, [ClI] and [Ol], as shown in Fid. 13. We estimate those by To distinguish between flerent excitation mechanisms of
adopting a typical value in mJy on scales correspondingéo tolecular clouds, it is very important to have observationa
size of the XDR. These should indeed consitute the main ieontliagnostics for the various excitation mechanisms. Fifst e
bution. For [CII] and [Ol], the total flux may be a bit largeg a forts for modelling the chemistry in XDRs were performed
the expected amount of emission increases with the X-ray floy IMaloney et al. [(1996) and Lepp & Dalgarno (1996), while
(see previous subsection). CO, on the other hand, might-be BDR chemistry was originally studied by Hollenbach & Tieden
ficiently dissociated in the very inner core. However, we db n(1999). Recent féorts to discriminate such models have
expect this to fiect our predictions significantly. been performed by Pérez-Beaupuits etal. (2007, 12009), and

4.4. Model predictions for variable XDR-sizes
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Weil3 et al. (2007) show that the molecular lines arise from a
compact (108300 pc), highly gravitationally magnified @60-

110) region surrounding the central AGN. Itis interestingote

that this amount of magnification is comparable to the insgea

in sensitivity due to ALMA. They can distinguish two compo-
nents of the gas: A cool component with a density of a3

and a temperature of 65 K, on scales larger than 100 pc, and
a warm component of gas with 4@m3 and temperatures of
220 K on scales smaller than 100 pc. So far, their results tlo no
provide indications for inhomogeneities.

We have compared the turnover for the rotational CO
lines found by Weil} et al[ (2007) with the grid of PDR and
Fig. 15. A sketch for a situation with an inhomogeneous XDRXDR model predictions that were made publicly available by
motivated by the observations 6f Galliano et al. (2003) Meijerink et al. (2007). In the PDR case, we find that cloud-den
NGC 1068. While X-rays are shielded by a central absorbgifies of 16 cm3 and a radiation field 06y ~ 10*" with a
along the line of sight, they may stimulate emission in molec cloud column of~ 6 x 10°* cm™ are required. For the XDR

clouds in the perpendicular direction with the typical ciwer- case, the turn-over can be explained with a cloud density of
istics of XDRs. 10*25 cm 3, an X-ray flux of 28 erg s cm™ and a cloud col-

umn density of- 2.6x 10?2 cm. In both cases, we need to require

that additional cold gas is present that emits in particindhe
new diagnostic diagrams to discriminate AGN- and starburspw-lying J levels to explain the observed ratio between high-
dominated galaxies have been provided by Spoon €t al. (20844 low-]) rotational CO lines.

and Hao et al. (2009). The X-ray spectrum of APM 08279 has been observed with
Chandral(Chartas etlal., 2002), indicating a luminosity of 4
51 NGC 1068 10%m! erg s1. Adopting a lens magnification @ ~ 100, one

expects a flux ok 354 erg s* cm2 at a distance of 100 pc for
As shown by Galliano et al. (2003), NGC 1068 contains a céntan optically thin source. However, for a density of-#dcm3,
XDR. Their analysis is based on the observed intensitiy ef thve expect significant attenuatioffects that may considerably
H, 2.12 um line (Galliano & Alloin, 2002) and the rotational decrease the flux in the cloud. As shown by Wada ket al. (2009),
CO lines(Schinnerer et al., 2000), and showed that the vbédershielding may locally vary by two orders of magnitude due to
emission can be consistently explained with the XDR-modlel oolumn density fluctuations in the torus and give rise to &pea
Maloney et al.|(1996) under the following assumptions: optical depth ofr ~ 5 for frequencies of 3 keV.
With ALMA, it will be possible to probe the distribution of
— The central engine is a power-law X-ray source with spethese gas components and their kinematics in even moré. detai
tral slopea = -0.7 and luminosity of 16* erg s* in Due to the higher sensitivity, the error bars in the flux mea-
the 1- 100 keV range, consistent with the X-ray lumisurement will decrease further and one may probe whether the
nosity determined from VLBI water maser observationgirnover occurs at the (10-9) transition, as indicated ravin-
(Greenhill et al., 1996). deed even at highelHevels. In this case, one could clearly dis-
— The emission originates from molecular clouds with a dewcriminate between PDR and XDR models.
sity of 10 cm~3, a column of 18% cm2 at a distance of 70 pc
and solar metalicity. 5.3. SDSS J114816.64+525150.3

They show that the central XDR is indeed inhomogeneogge discovery of the extended source

due to a central X-ray absorber that shields the X-rays aloeg SDSS J114816.64625150.3 atz = 6.42 by [Walter et gl.
line of sight, while they can stimulate molecular emissiothie (20094) has stimulated great observational interest éubtd a
perpendicular direction. A sketch of such a situation i®giin  broad collection of data on this source. Recehtly, Riechead.
Fig.[I3. In the presence of a torus, indeed it seems likelyXha (2009) provided a table with fluxes in the CO (3-2), (6-5) and
ray emission is preferred in the direction orthogonal totttess,  (7-6) transitions, fluxes in the Cl line and the [CII] line, \&sll
and the XDR fluxes may therefore be preferentially deteetibl as upper limits on five additional lines. Although the puation

situations where the molecular disk is observed face-on. of such upper limits is very valuable and can provide impurta
constraints on theoretical models, for simplicity we fotiese
52 APM 08279 on those lines that were actually detected. As we shall bee, t

interpretation of those is already complex, and a more tingino

In thez = 3.9 galaxy APM 08279, the usual geometri€eets analysis would be beyond the scope of this work. The models
concerning emission from the central regions are compedsaand data empoyed here are based on the publicly availalle gri
by a gravitational lens. It therefore provides an ideal taste provided by Meijerink et al. (2007). Due to the large scalés o
to study the emission we might see when future telescopes ltkis source, we assume that most of the flux is driven by PDR
ALMA can observe the central regions with higher sensifivitchemistry, especially because the relevant scales for X&¥Rs
and higher spatial resolution. As expected for moleculand$ currently unresolved.
excited by X-rays, they find that the CO line intensity inces To understand the complexity of these data, it is illusteati
up to the (10-9) transition. Significant flux is also detedtethe to check whether a model with one given density and a fixed pa-
HCN(5-4) line. rameterGy is able to explain them. For CO, the ratio between

Based on brightness temperature arguments, the resutts fthe (6-5) and the (3-2) transition is about 3.35, while thiéora
high-resolution mapping and lens models from the litegturbetween (7-6) and (3-2) is about 3.15. Although it appeaas th
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the turnover in the SED may have been reached, this is ngt fulthere are theoretical uncertainties concerning the nigtgland
clear from the data, as the uncertainty in the fluxes i$0%. the abundance ratios that maffegt our results. Nevertheless,
The increased intensity in the (6-5) transition requiregaif- this model reproduces the main features in the observedsfluxe
cant amount of soft-UV flux, while the almost flat behavioriind and illustrates the ficulties in simultaneously modeling obser-
cates that the gas should be at intermediate densities aoft ab@tions in diferent lines. This challenge will become more se-
~ 10* cm3. At higher densities, the seventh rotational levelere, as the high sensitivity of ALMA will allow us to study
would be more easily excited, which would give rise to a siggven more lines. On the other hand, it is certainly desirédble
nificant discrepancy between the (6-5) and the (7-6) trmmsit some of the simplest models can be discarded on such grounds.
even for low values oBg. For lower densities, on the other handyVe note that such models are also predictive. For the saenari
it becomes dticult to excite these rotational levels. A reasonabléescribed here, we would for instance expect that also the flu
fit to the CO SED can thus be obtained with= 10 cm3 and in the [Ol] 63m line and the [Ol] 145:m line originates pre-
Go = 10+75. dominantly from the low-density gas component. In this case
A problem arises, though, if the observed fluxes in [CII] anthe ratio of these fluxes to the flux in [ClI] would be08 — 0.1
Cl should arise from the same gas component. In this case, and 8x 10-4, respectively. If the oxygen abundance is enhanced
model predicts a flux ratio of [Cll] to Cl of 600, and the in- by a factor of 4 compared to the galactic abundance, the flux in
tensity of [ClI] and CI would be much higher than the CO interthe 63um line would be larger by a factor of 2.
sities. We note, however, that the fine-structure lines keady With future ALMA measurements, we expect that the CO
optically thick at these densities, while the CO lines argoafly line SED can be probed in more detail and with higher accu-
thin. Thus, additional clouds may be present that enhamcg@h racy at higherd levels, to check whether the turnover has already
intensities, while the optically thick emission in [ClI]arCl is been reached. Apart from the observed gas component that in-
undfected. Nevertheless, as observations show a correspondligites a turnover near thk = 6 transition, a higher density
line ratio of 177, these lines should originate from dfdient component may be present that can more easily excite flux at
gas component. Our models require the presence of additionigher-J levels. The increased sensitivity and angular resolution
gas clouds with density of 10° cm™3, Go ~ 10" and large of ALMA may help to detect spatial variations in thefférent
columnsNy > 107 cm 2, at which enough of the soft-UV flux fluxes, which may help to discriminate regions of intense sta
is shielded to yield a low ratio between [ClI] and CI. Thisdin formation from more quiescent zones. In the center of thaxyal
ratio is indeed strikingly low, as PDR models generally jiced ALMA can check for the presence of an X-ray dominated re-
larger numbers for this ratio, and also in this case the miatchgion. Significant progress may however be possible in thenmea
not perfect, but only within the 20% error of the Cl measurdime, for instance by measuring additional higiGO lines or by
ment. Although this may be an issue due to uncertain aburdaaonore accurate determination of the [ClI] to ClI flux ratio.
ratios, a more precise determination of the flux in this lige i
highly desirable. 6. The expected number of sources
So far, we have postulated two gas components to explain
the CO line SED and the fluxes from [CII] and CI. It is howeveAs shown in§ [3, large-scale PDR fluxes, for instance in the
important to cross-check whether these components ifiagta [Cll] 158 um line or the [Ol] 146um line, are sticiently large
the line ratios that the other component should reproduce. For detection in a few hours. Fluxes from the XDR originatenr
the CO line SED, indeed the intensity in a low-density cloud smaller region, but may also give rise to a significant fluxco
is smaller by one order of magnitude. The high-density compponent. With an integration time of a few hours, active gesx
nent, however, gives rise to an intensity in [ClI] that is #era with a comparable brightness as NGC 1068 should be detectabl
than the corresponding intensity from the other compongnt lh an ALMA field of view. One might therefore wonder whether
just a factor of 5. To avoid that this perturbes the [CII] tofldk  a search for active galaxies, based on the before-mentforeed
ratio, we need to require that the low-density gas is mor@abustructure lines, is feasible. Beyond that, it is of strorgiiast to
dant than the gas at high densities. In this case, it seemaveow know whether there are reasonable chances to find active-gala
likely that the low-density gas would perturb the CO line SEl®s with other surveys such as JWST. In such cases, ALMA
significantly. could perform relevant follow-up studies that probe theticén
The most probable explanation in terms of a two-componeXtray dominated regions and the gas dynamics within them. If
picture is thus that indeed the low-density component isemoa suficient number of sources is obtained, ALMA can probe the
abundant and explains the observed fine-structure linesiriith feeding of black holes between redshift 6 and 10 and thus con-
pinging soft-UV flux must be moderate in order to reconcike thstrain models concerning the growth of supermassive blalesh
low ratio between these lines. To still explain the obser@&l based on the diagnostics provided here. We therefore adeclu
line SED, we need to require that the high-density compoisenthis paper with an estimate on the high-redshift black hole-p
at higher temperatures, due to an increased val@of 10°. ulation.
As one generally expects that high-density gas is exposad to To assess this possibility in more detail, we start with some
weaker radiation field due to shieldingfects, this component general considerations regarding the black hole populatin >
should be spatially separated in regions of strong activefst- 6. Then we discuss estimates on the number of sources and the
mation. Alternative scenarios are however feasible as. Wwell possibility to detect them with an ALMA deep field.
instance, the observed [CMI ratio may also be produced in
the presence of a weak X-ray background rather than a soft—LéVl
field, or if a the cosmic-ray background is enhanced by a factd
of 10-100 compared to the Milky Way (see also Meijerink et alAs shown recently by Shankar et al. (2009), a supermassive
2006). black hole with 18 M,, today had, on average, 1M, atz = 5.
Of course, this model is still an oversimplification, as on€herefore, one needs to explain how supermassive blaclks hole
may indeed expect a variety offféirent densities in both star-have accreted this mass at early times. Indeed, some of them
forming and more quiescent parts of the galaxy. In additionged to accrete even faster, a8 M), black holes have already

. Black hole growth at high redshift
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Fig.16. The average accretion history of a black hole witkig. 17.Estimates for the number of sources in a redshift interval

10’ My, atz = 5, depending on a cfiicient p which is a func- of Az = 0.5 within a solid angle of (2. We show extrapolations

tion of the conversion of rest-mass energy to luminous anergf the results by Shankar et al. (2009) and Treister et aDgP0

the Eddington ratio and the duty cycle. to high redshift, for luminosities larger than“t@rg s*. In ad-
dition, we give an estimate based on the number of high-r#dsh
black holes required in order to produce the present-d&wi0

been detected at > 6 (e.g. Fan et all, 2006). We will howeverblack holes. As discussed in the text, the actual numberaakbl

focus on the more conservative case of M, black holes. holes should lie in between these estimates.

We follow!Shapirbl(2005) and describe black hole growth by

accretion using the formula, ) ) )
locco et al., 2008) and may be in conflict with the observed

dMgH MgH reionization optical depth (Schleicher et al., 2008, 2009)
“ar m () In all of these cases, it is evident t_hat the black hole Woulq
need to grow considerably by accretion, and that a change in

where the parameters describing the black hole population isiregu

(/0 1 1 In pgrticular, a larger fracti(_)n of active quasars and a drigh
Tgrowth = 0.0394 M2+ Gyr Eddington diciency are required to obtain the black hole masses
1-em Ae fauy that we observe today. As pointed out by Kawakatu & Wada
0.0394p Gyr, (3) (1999), even super-Eddington accretion may be requiredhto o

) tain the observed black hole masses.

and wheresy = L/Moc? is the dficiency of conversion of rest-

mass energy to luminous energy,the Eddington ratio antyy .
the duty cycle, i. e. the fraction of quasars active at a tifiee  6-2. Estimates on the number of sources

parametep summarizes the complicated dependence on the 1§} estimate the expected number of high-redshift blacksyole
ter parameters. With the parameters inferred by Shankdr etga will show extrapolations of theoretical models desarifthe
(2009) for the observed high-redshift black hole poputaip  pserved high-redshift black hole population, as well &b es
toz =6, we obtainp ~ 25. _ . mates based on the number of 14, black holes in the local

The dependence of the black hole mass evolution in this Qgiverse.
rameter is given in Fig. 16. Fqr> 7, the black hole mass hardly 14 ransiate a given black hole number density into the num-
evolves with redshift, implying that black holes would néed per of sources in a certain field of view, we adopt a similar for
form with extremely high masses. There are, however, no-thg,jism a§ Choudhury & Ferrara (2007) and count the number of
retl_cal models available that would explain su_ch massmeis,e black holesN(z, Mgy) with masses larger thavlgy, in a redshift
ngcnl}/tvould have comparable masses to the first galaxieght hinterval [z, 2+ AZ] per solid angle. This is given as
redshift.

It is more likely that the black hole population evolved with Z+AZ dv Mmax
redshift, implying that a larger fraction of them was actared Z Mgn) = f dzm f
had higher Eddington ratios. For instance, a valu@cf 2.5 z
requires intermediate mass black holes wittf 1010° M, % fai
to be the progenitors of the first supermassive black holes. dlog Mgy’
Such scenarios have been suggested by Eisenstein & Loenb 1 g1 .

(1995%), [ Koushiappas etlal.l (2004), Begelman et al._ (200 heredV d.z dQ .deno.tes the comoving voI_ume element per
Spaans & Silk [(2006), | Lodato & Natarajan|_(2006) an n|t’redsh|ft per unit solid angle, which is given as (Pesbple
Dijkstra et al. (2008). For even smaller values of su- 1993)

permassive black holes could even originate from stellargy , dt

progenitors. J7d0 - PACqy (5)

In this respect, it is speculated that so-called dark stars,
which would be stars powered by dark matter annihilationeat In this expressionD, is the angular diameter distanaeis the
than nuclear fusion_(Spolyar et al., 2008; Freese et al.8R00speed of light andit/dz = 1/ (H(2(1 + 2)), whereH(2) is the
could obtain even larger masses than conventional Popatld.s expansion rate as a function of redshift. The tetnidlog My,
However, the high masses suggested in these works are ahescribes the number density of dark matter halos per usisma
confirmed by other authors (see also work by _locco, 200&8nd the maximum black hole mass is takeVagy = 10° M.

dlog Mgy,
Mg

(4)
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As explained above, we focus here on the possibility t6. Conclusions

search for fine-structure line emission. With a bandwith of

8 GHz, we expect that ALMA could scan a redshift interval of? this paper, we have explored how ALMA observations may
6z = 0.2 atz ~ 8 in bands 6 and 7 within an integration tim _elp to extend our current knowledge concerning the observa

of a few hours. We assume here that this process is iteratéd u#ns of high-redshift quasars. An obvious result is thatent
a total redshift interval oAz = 0.5 is covered, which we adoptOPServations of the starburst component can be done witiehig

as a fiducial redshift range in our calculation. Alterndgiyene résolution and higher sensitivity, which may thereforevie
could focus on the detection of continuum flux, which would af€tailed local gas kinematics. Due to the higher sensifivit
low to scan an even larger redshift interval within a givendj S€emS likely that also a number of the weaker fine-struciiues |

but at the same time it would be morefiiult to infer the red- May be detected, like [NII] 124m forz > 2.5, or [SIII] 34 um
shift of source. and [Sill] 35um for z > 11, providing a valuable independent
For our first estimate that extrapolates theoretical moddl&obe of the gas chemistry. . . B
of [Shankar et al[ (2009) and Treister et al. (2009), we use the Dueto the combination of high resolution and high sensitiv-
results for quasars with luminosities larger tharf“iérg s, ity, ALMA may however go beyond that and try to explore the
which can be associated with a black hole mass df Mg~ centers of quasar host galaxies at high redshift. As the fsode
for an Eddington ratio of 10%, as they find in their calculaPresented here indicate, one may expect that the chemistry i
tions. Note thalt Treister etlal. (2009) only provide numiers these regions is dominated by X-ray emission from the centra
Compton-thick quasars, but give a Compton-thick quasar fre€nNgine. In contrast to soft-UV photons, X-rays have higftihga
tion of ~ 10%, which we use to infer the total population. Théfficiencies and lowféciencies for dissociation. They can there-
results based on this approach are given in[Eyy. 17 and aye digre give rise to an entirely ffierent molecular cloud chemistry,
approximate. and can excite higld-CO lines well above the (10-9) transition.
The other approach is based on the number 8f\lg black Additional probes for the central XDRs are available as well
holes in the local universe. As noted above, such black hol8sparticular fine-structure lines like [Ol] 6@m, [OI] 146 um
had an average mass of’1Bl, atz = 5 (Shankar et all, 2009). and [CII] 158um. In particular for high X-ray luminosities, the
Therefore, the comoving number density of such black hales cfine-structure lines of [Ol] 6am and [CII] 158um may provide
be estimated using the number density of today% Mg black @ significant amount of flux even for gas densities of a@r°.
holes, which is~ 10735 Mpc3 (Shankar et all, 2009). It may In general, the fine-structure lines become optically thiake
be even higher, as Compton-thick black holeg at0 are hard €asily than the rotational CO lines, in particular at deesiof
to detectl(Treister et al., 2009). The expected number atssu 10° cm3. Therefore, they are almost insensitive to the column
based on this estimate is shown in Figl 17. density, but quite sensitive to the X-ray flux. The CO lines, o
One may note that the number of sources obtained in thi¢ other hand, have a more non-trivial dependence on the X-
way is larger than the value from the extrapolation of théicaé ray flux and the column density, as in particular for high fixe
models, i. . by Shankar etldl. (2009) and Treister et al. gpooSome dissociationfiects will be present. If ideally both the CO
Such a behavior can be expected from our discussigar: lines and the fine-structure lines are observed, it may tkeus b
As supermassive black holes should have higher duty cytledg@Ssible to derive constraints both on column densitiestaed
z > 6, the models by Shankar ef dl. (2D09) and Treister|et {cal X-ray flux. The line ratios may also provide valuablom
(2009) will naturally underestimate this population. Attlame Mation on cloud gas density and temperature, as pointedyout b
time, the estimate based on the present-dayOpopulationis Meijerink et al. (2007).
also an upper limit, since not all of these black holes wilkise We have applied our models to available data for observed
tive at the same time. We therefore expect that these agmeacXDRs. For galaxies such as NGC 1068, we expect that the

yield an upper and a lower limit and that the actual black hofeO line intensity rises continuously up to the (17-16) tran-
population will lie in between. sition. Such high excitation is not possible in PDR models

For the expected abundance of 10, black holes az = 5, (Spaans & Meijerink, 2008). A detection of such lines theref

we therefore adopt a fiducial number ©f0.08 in a solid an- Provides a unique diagnostic for an XDR.
gle of (2)?, and a number ot 0.03 atz = 8. We estimate We consider another example, the lensed galaxy
the uncertainty to be half an order of magnitude. Based on th&M 08279. There, the situation is not fully clear and is
large fluxes found i8[5.1 and the results of Spaans & Meijerinkcurrently consistent with the presence of an XDR, which #hou
(2008), we argue that even smaller systems with 19 black also be expected due to the high X-ray luminosity, but algb wi
holes should be detectable. Calculations by Shankar &G0% the presence of a PDR with a radiation field@f = 10*°. To
show that the cumulative space density of high-redshifsgsa some degree, this is due to uncertainties in the measured lin
increases by almost an order of magnitude if the minimumdunfluxes. We expect that improved measurements with ALMA
nosity is lowered by an order of magnitude. Additional sesrc may help to distinguish these scenarios further and probe th
may be present as well, such as starburst galaxies or ULIRG®:al gas motions in more detail.
One may therefore expect one active galaxy in a field of view of We finally discussed the chances to find additional sources
one arcmiRatz ~ 6. with ALMA in a survey that scans a few arcmiirGeneral con-

At higher redshift, this number may however decrease sign§fiderations regarding the average accretion history adithat
icantly. Therefore, searching for new sources in an ALMAmleegjuasar duty cycles should be larger at high redshift, sdillaak
field seems diicult for z > 6, and it is important that surveysholes can grow to the required masseg at 6. We therefore
as performed by JW$iTprovide a catalogue of high-redshiftexpect more sources compared to what one expects from a naive
sources. Based on the estimates discussed here, we cotieduideextrapolation of the observed quasar population. Our estis
this may be sfiicient to study black hole accretion between redndicate that about one source per archrimay be present near
shifts 6 and 10, and perhaps even beyond. z ~ 6. At larger redshift, the number of sources may decrease
significantly and one may need to rely on follow-up observa-
6 httpy/www.jwst.nasa.gov tions of sources detected by JWST. Due to the potentialli hig
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spatial resolution, the transport of gas to the center ohtb& Hollenbach, D. J., & Tielens, A. G. G. M. 1999, Reviews of
galaxy may be probed for the first time in such galaxies even atModern Physics, 71, 173
z~10. locco, F. 2008, ApJ, 677, L1
We finally note that the diagnostics considered in this papéecco, F., Bressan, A., Ripamonti, E., Schneider, R., Farma.,
in particular the high3 CO lines, may not only be important & Marigo, P. 2008, ArXiv e-prints, 805
for high-redshift observations with ALMA, but also for furi Kawakatu, N., & Wada, K. 1999, ApJ, accepted
space-borne observations in the local universe with SPIEA I§lamer, I. J., Ekers, R. D., Sadler, E. M., Weiss, A., Hundtea
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