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Molecular View of  Circumnuclear Disk

Circumnuclear disk/ring is a molecular ring composed of 
clumpy molecular clouds.

Distance: ~ 2-7 pc away from Sgr A* 

Uncertainty in the density of molecular clouds 
(n=3x104-107cm-3) (e.g., Requena-Torres et al. 2012, 
Christopher et al. 2005)

T~200 & 500 K component (Requena-Torres et al. 2012)

➡ Next talk by M. Requena-Torres

HCN(1-0)
Christopher et al. (2005)

Martín et al. (2012)

Color: CO(6-5) Requena-Torres et al. (2012)
Contour: 6cm continuum 
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Line survey in the southwest lobe of  CND

A part of large line surveys of multiple positions in the Galactic Center which covers  
most of 80 - 500 GHz frequency range. →Poster by D. Riquelme (P13).

IRAM 30 m telescope data in 3mm & 2mm bands

APEX telescope FLASH 345 & 460 (MPIfR PI receiver)

APEX Beam size

IRAM 30m Beam size

Color: HCN(4-3)
 Montero-Castano et al. (2009)

Wide IF Bandwidth 
of 4x4 GHz

Perfect for efficient 
line surveys!
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IRAM 30m, 3mm band IRAM 30m, 2mm band

APEX FLASH 345 APEX FLASH 460

280 500

The survey covers higher excitation lines such as 
HCN J=5-4, CS J=9-8, HCO+ J=4-3

130 f(GHz)                        170

f(GHz)                             360

f(GHz)                  11080

400 f(GHz)         
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Analysis

Large velcity gradient (LVG) analysis 

Radex (van der Tak et al. 2007) based 
code written by D. Riquelme

A component around -80 km/s is used.

A source size of 0.3 pc is assumed.

A parameter range of n = 102-107cm-3, 
N=1012-1019cm-2, Tkin=100, 300, and 500 
K is used.

 Best-fit densities are 105≤n<106cm-3

➡ The density is less than the Roche limit 
8x107cm-3, and the cloud is 
gravitationally unstable.

HCN(5-4)

HCN(1-0)
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NX (cm-2)

CO 3.00E+18

HCN 1.20E+16

HNC 8.50E+14

HCO+ 1.20E+15

CS 3.20E+15

SO 1.30E+15

CN 6.10E+15

NO 3.70E+16

H3O+ 6.50E+14

H2CO 1.80E+14

HC3N 9.80E+13

SiO 6.20E+13

Column Densities

Column densities for 12 species obtained 
from LVG analysis. 

C2H and CH3OH were detected, but lines are 
blended, and unable to separate different 
velocity components.

CO column densities from Requena-Torres 
et al. (2012)
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WHAT CAN THE 
CHEMISTRY TELL 

US?

Column Densities

Column densities for 12 species obtained 
from LVG analysis. 

C2H and CH3OH were detected, but lines are 
blended, and unable to separate different 
velocity components.

CO column densities from Requena-Torres 
et al. (2012)
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Physical Conditions that Affect Chemistry

Cosmic-ray ionization rate

Tracer of lower energy cosmic-rays

Galactic dense clouds ζ~10-17s-1, diffuse 
(n~100 cm-3) clouds ζ~10-16s-1

Enhancement in CMZ in diffuse clouds 
(ζ=10-15s-1 or higher, Goto 2008; 
ζ=10-15-10-14s-1 Yusef-Zadeh et al. 2013)

They affect chemistry by ionization and 
dissociation of molecules from internally 
generated UV-photons

Constant injection of cosmic-ray of lower 
energy (E<10 GeV) cosmic-rays for 104 yrs 
reproduces observed spectra of gamma rays 
(models by Chernyakona et al. 2011)

Gamma-ray E>100GeV

Aharonian et al. 
(2008)

Sgr A

Sgr B
The Astrophysical Journal, 726:60 (8pp), 2011 January 10 Chernyakova et al.

(a)

(b)

(c)

Figure 1. Test statistic maps of the central 1.!5 " 3.!5 of the Galaxy as seen
by Fermi in the energy ranges of (a) 300 MeV–3 GeV, (b) 3 GeV–30 GeV,
and (c) 30 GeV–300 GeV. Positions of the sources are marked with ellipses
according to the one year Fermi catalog (1FGL). The position of the new source
J1744.8#3021 is given in Table 1 and is denoted with a circle in the images.
Note that the color scheme has different maximum values in all cases varying
from 4000 in panel (a) to 140 in (c). Source significance can be approximately
estimated as the square root of TS. The black contours are set in steps of 10%
at levels of 10%–90% of the peak emission, in steps of 10% for (b) and (c) and
from 40% to 90% for (a). In the lower left-hand corner of images (b) and (c) we
show Fermi at 3 GeV (0.!3) and 30 GeV (0.!1). The PSF at 300 MeV (2!) is too
large to show on panel (a), but note that likelihood analysis allows us to resolve
sources on size scales much smaller than PSF.

and 300 GeV. The LAT has a wide field of view of $2.4 sr at
1 GeV and observes the entire sky every two orbits ($3 hr
for a Fermi orbit at an altitude of $565 km; full details of the
instrumentation are given in Atwood et al. 2009). The data used
for our analysis are based on the first 25 months of observations
(2008 August 4–2010 August 18).

Data analysis was performed using the LAT Science Tools
package with the P6_V3 post-launch instrument response func-
tion (Rando et al. 2009). Standard event selection for source
analysis resulting in the strongest background-rejection power
(diffuse event class) was applied. In addition, photons coming
from zenith angles larger than 105! were rejected to reduce the
background from gamma rays produced in the atmosphere of
the Earth. The analysis was further restricted to the energy range
above 100 MeV since below this energy the telescope’s effec-
tive area becomes very small and the residual uncertainty in the
instrumental response significant.

Figure 2. Light curve of 1FGL J1745.6#2900 in the 300 MeV–100 GeV energy
range. The average flux is shown with a dashed line.

Table 1
Coordinates and TS of the New Sources Discovered During the Analysis

R.A. Decl. TS
(J2000.0) (J2000.0)

264.906 #28.555 331
266.210 #30.360 424
270.060 #30.091 189
270.697 #30.626 192

In order to take into account the broad PSF at low
($100 MeV) energies, we constructed a sequence of test statistic
(TS) images of the 10! " 10! region around Sgr A%. In produc-
ing the TS images, we used the gttsmap tool with a tolerance
parameter of ftol = 10#5 and a bin size in each map of 0.!1.
After subtracting the 19 known sources from the one year Fermi
catalog (1FGL) which happen to be within the selected region,
we found four new sources in the residual images, the details of
which are listed in Table 1. One of these sources (indicated as
J1744.8#3021)—shown in Figure 1—lies within the 1.!5 " 3!

area around the GC. This source coincides spatially with known
HESS source J1745#303 and EGRET source 3EGJ1744#3011.

In order to construct a light curve for 1FGL J1745.6#2900,
we used a spectral method by selecting data in the 300 MeV–
100 GeV energy range and fitting all known sources, selected
as above, with a single power-law model. Afterward, we split
the whole time interval into 25 equal time bins and fit source
spectra by fixing their slopes to the best-fit value obtained over
the entire time period, leaving the source normalization as a free
parameter. The normalization of the Galactic and extra-galactic
background was also left as a free parameter in our fitting. The
resulting light curve, shown in Figure 2, is relatively stable
and does not exhibit any statistically significant variation. The
average flux is equal to (324.9 ± 7.05) " 10#9 counts cm#2 s#1,
with a reduced !2 = 1.1 for 24 degrees of freedom. Spectral
fitting was performed within 100 MeV–300 GeV energy range
with the gtlike tool and the resulting spectrum is shown in
Figure 3.

The gamma-ray data can be described with a single power
law (dashed line in Figure 3) with best-fit parameters ! =
2.43 ± 0.03 and a flux normalization of F = (2.81 ± 0.3) "
10#10 erg cm#2 s#1 at 100 MeV, but the fit for this is poor:
!2/dof = 2.84 for 10 degrees of freedom (dof). A broken
power law (solid line in Figure 3) with break energy Ebr =
2.0+0.8

#1.0 GeV gives a much better fit: !2/dof = 0.81 for 9 dof.
The resulting slopes before and after break energy are equal to
!1 = 2.20 ± 0.04 (E < Ebr) and !2 = 2.68 ± 0.05 (E > Ebr),

2

Chernyakova et al. (2011)

0.3-3 GeV

3-30 GeV

30-300 GeV
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Physical Conditions that Affect Chemistry

X-ray ionization

Similar effect on chemistry as 
cosmic-rays

They penetrate N~1024cm-2

LX~2x1033ergs-1 in 2-10 keV range 
with a photon index of Γ =2.7 in a 
quiescent phase (Baganoff et al. 
2003).

A current X-ray flux is too weak to 
affect the chemistry compared 
with cosmic-ray ionization rate.

Higher X-ray activities in the past 
may affect the chemistry if they 
were long term. 

with Current Flux

with x1000 Enhanced Flux
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Physical Conditions that Affect Chemistry

UV-photons from star cluster

There is a star cluster in the central 
parsec providing ionizing photons of 
2x1050s-1, Teff≤35,000 K (Lacy et al. 
1980 )

UV- radiation field can be estimated 
to be roughly G0~104-105

UV-photons ionize and dissociate 
molecules.

They penetrate until Av~5⇒ 
N=1022cm-2 → when n=105cm-3, and 
source size of 0.3pc is assumed, 
~10% is photon-dominated regions 
(PDRs).

Shock waves

Shock waves provide efficient 
heating, and it is a likely source of 
heating in CND (Bradford et al. 
2005, Requena-Torres et al. 2012) 
and other Galactic Center molecular 
clouds (Ao et al. 2012).

Shock waves also sputter grain ices 
& mantles, which is proposed as an 
explanation of abundant SiO  
(Schilke et al. 1997)
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Chemical Models

Models of the evolution of molecular 
abundances

 Time-dependent gas-grain model with 
shock waves (UCL_chem, Viti et al. 2004, 
Jimenez-Serra 2008, Viti 2011)

The reaction network contains ~200 
species, ~2400 reactions 

Phase I: collapse (diffuse to dense 
cloud)

Phase II: shock passage & 
enhancement of cosmic-rays

gas-phase reactions

surface reactions
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Chemical Models
Parameters

Cosmic-ray ionization rate: ζ=10-17 - 10-14s-1

Pre-shock densities: n=104, 105, 106 cm-3 

Shock velocities: v= 10, 20, 30, 40 km s-1

➡ Tmax = 400, 1000, 2000, 3000 K 
respectively

Elemental abundances

There are large uncertainties for the degree 
of depletion onto grains in metals - S, Mg, 
Si, etc.

Effects of UV-photons are modeled separately 
with Meudon PDR code (Le Petit et al. 2006).

Nanase Harada et al.: Chemical Modeling in the Circumnuclear Disk of the Galactic Center

The unabsorbed X-ray flux from Sgr A* is estimated to be
L ! 2 " 1033 erg s#1 in 2 # 10 keV range (Bagano! et al 2003).
There are other X-ray sources nearby (Degenaar et al. 2012),
but those sources are either too weak or too far to a!ect this
molecular cloud.

Star cluster in the center of CND provide a strong UV field
that could a!ect the chemistry. Lacy et al. (1980) estimated the
number of ionizing photon flux to be 2" 1050 s#1 with the e!ec-
tive temperature of Te! = 31, 000 # 35, 000K. From the stellar
parameters listed in Tielens (2005), I consider spectral types of
the stars in the central cluster to be similar to B0 types. The total
number of ionizing photons are translated into ! 140 stars, and
the total luminosity becomes 1.1" 107 L$. Using Equation (9.1)
in Tielens (2005), the radiation field strengthG0 becomes

G0 = 625
L%!

4"d2
= 1.3 " 105(!/1)(d/1pc)#2, (1)

where L% is the luminosity of the star, ! is the fraction of lu-
minosity above 6 eV, and d is the distance from the star. Taking
L% = 1.1 " 107 L$ and d = 1 # 3 pc, the UV radiation field can
beG0 ! 104 # 105. This high radiation field can a!ect the chem-
istry by photo-disociation or photo-ionization of molecules. On
the other hand, UV-photons can be attenuated with hydrogen
column densities of ! 1022 cm#3. Since the density of molec-
ular cloud is expected to be high (n > 104.5 cm#3), the photo-
dissociation region (PDR) is less than 0.1 pc. The maximum
fraction of PDR in the molecular cloud is 30 %, and the e!ects
of PDR can be a contributing factor of chemical features if the
density is low. The discussion of the e!ects of PDR is discussed
separately in Section 6.

3. Chemical Models

For the chemistry in shocked regions, we used UCL CHEM
code coupled with the shock model (Viti et al. 2011, 2004).
This code is run in two phases. In Phase I, a di!use molecu-
lar cloud with a density of n = 100 cm#2 collapses to a dense
pre-shock (n > 104 cm#3) core. A shock wave passes in Phase
II and causes increase in temperature and density, sputtering of
grain mantle species. The models are run for 3 di!erent pre-
shock densities, n = 104, 105, and 106 cm#3. Shock velocities of
vs = 10, 20, 30, and 40 km s

#1 are used, and di!erent maximum
temperatures corresponding to each velocity is used as shown
in Table 1. Cosmic-ray ionization rates are varied in a range of
# = 10#17, 10#16, 10#15, and 10#14 s#1. E!ects of shock waves
can vary the elemental abundances of the molecular clouds.

vs (km/s) tsat (yr) Tmax (K)

10 10.6 400
20 5.6 1000
30 4.4 2000
40 4.6 3000

Table 1. Shock velocities used, their associated saturation times, and
maximum temperatures are shown.

4. Molecular Abundances from LVG analysis

The position of the IRAM 30m telescope is done by on the
galactic o!set of position (-30”, -30”) with a beam size of 28”

Element E1 E2 E3 E4

He 0.14 0.14 0.14 0.09
C 7.3e-5 7.3e-5 7.3e-5 1.2e-4
N 2.1e-5 2.1e-5 2.1e-5 7.6e-5
O 1.8e-4 1.8e-4 1.8e-4 2.6e-4
S 5.0e-11 5.0e-8 4.5e-7 1.5e-5
Si 1.0e-12 1.0e-9 8.0e-9 1.0e-6
Mg 9.0e-12 9.0e-9 7.2e-8 2.4e-6

Table 2. Elemental abundances used for chemical models are shown.

at 86 GHz and 16” at 145GHz, and the APEX survey was
taken at a position (-20.1”, -30.1”). Detailed information on the
data will be presented in Riquelme et al. (in preparation). We
conduct a large velocity gradient (LVG) analysis in a parame-
ter range of n = 102 # 107 cm#3, N(X) = 1011 # 1019 cm#3.
We assume a source size of 0.3 pc according to an interfero-
metric data of HCN, and correct the brightness temperature as
TMB = Ts$

2
s/($

2
s + $

2
b
). The observed species in the CND is listed

in Table 3. Other than the listed species, CH3OH was detected,
but the lines were blended, and LVG analysis was not possible.
Since there is only one line of NO was detected, temperature of
T = 300K and n = 104 cm#3 are assumed.

Species Column Density (cm#2) Fractional Abundances

CO 3 " 1018 4 " 10#5

HCN 1.2 ± 0.4 " 1016 1.3 ± 0.5 " 10#7
HNC 8.5 ± 1.5 " 1014 9.7 ± 1.7 " 10#9

HCO+ 1.2 ± 0.3 " 1015 1.3 ± 0.3 " 10#8

CS 3.2 ± 0.2 " 1015 3.6 ± 0.2 " 10#8

CN 6.1 ± 0.5 " 1015 6.9 ± 0.5 " 10#8

SO 1.3 ± 0.1 " 1015 1.4 ± 0.1 " 10#8

N2H
+ 6.3 ± 1.6 " 1013 7.2 ± 1.9 " 10#10

NO 3.7 ± ... " 1016 4.2 ± ... " 10#7
H3O

+ 6.5 ± 1.9 " 1014 7.4 ± 2.2 " 10#9

H2CO 1.8 ± 0.3 " 1014 2.0 ± 0.3 " 10#9

SiO 6.2 ± 0.2 " 1013 7.0 ± 0.2 " 10#10
HC3N 9.8 ± 0.8 " 1013 1.3 ± 0.1 " 10#9

Table 3. List of Column Densities and Fractional Abundances Observed
in CND (S).

5. Results of Chemical Modeling

5.1. Dependence on the Physical Conditions

As mentioned earlier, chemical abundances are dependent on
the pre-shock abundances, properties of shock waves, cosmic-
ray ionization rates, elemental abundances, densities, and time
evolution of these factors. In this section, the overall properties
of the observed species are summarized.
HCN In the models we run, increase in # helps the peak

value of HCN (! 3 # 10 " 10#7 ) in earlier time, but high #
also decreases the fractional abundance of HCN faster.
HNC Regarding the cosmic-ray ionization dependence,

HNC has a similar behavior to HCN; higher comic-ray ion-
ization rate help the chemical evolution faster. The ratio of

2

“Low-metal” abundances

solar abundances
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Overall fit to the observation

Goodness of fit κ=<κi> (Garrod 
et al. 2007). 

κ=1 ⇒perfect match

Higher the cosmic-ray 
ionization rate is, the better the 
agreement is up to 10-14s-1.

1e-141e-151e-161e-17

ζ(s-1)

   
κ 

   
   

n=105cm-3

                                

R. T. Garrod et al.: Desorption via exothermic surface reactions 1109

Fig. 7. Gas-phase NH3 abundances.

as NH3 on the grains, a result in some disagreement with obser-
vation (Whittet 2003). When ammonia is broken down on grain
surfaces by cosmic ray-induced photodissociation into NH2 or
NH, these products can be hydrogenated, to ammonia and NH2
respectively, and can be desorbed according to the new mecha-
nism. However, the gas-phase chemistry also tends to favour the
formation of ammonia from NH2, and the ammonia may ulti-
mately re-accrete. Even for the a = 0.1 case, the primary form
of surface nitrogen is unchanged.

An important e!ect is the raised abundance of gas-phase
NH3 at early times (see Fig. 7), due to the very moderate frac-
tions released from the grain surfaces. At nearer to 1 Myr,
the di!erence among models tails o!, and the peak value, at
t ! 5 Myr, is una!ected. Clearly at times of 107 yr or greater,
there is a very large disparity between M0 and the models which
include the new mechanism. Hence, the new desorption mech-
anism has the e!ect of making NH3 more of an “early-time”
species, although the e!ect is very significant only for the largest
a-value.

The cyanopolyynes included in the code (HC3N, HC5N,
HC7N and HC9N) are all enhanced at both their early-time peak
and late-time peak; the enhancement is an order of magnitude for
model M3. This e!ect arises primarily from the injection of hy-
drocarbons into the gas phase, allowing increased reaction with
atomic nitrogen.

4. Comparison with observations in quiescent
dense cores

The analysis of GPCH included a comparison of the model with
the observational results for TMC-1CP. This was done in the
same fashion as Smith et al. (2004), simply by comparing the
number of species with computed abundances that fell within
one order of magnitude of the detected level. This method is
helpful in comparing models which are very di!erent, i.e. gas
phase vs. gas-grain, however it is less useful for the compari-
son of the range of models which we exhibit here, which are
mostly quite similar. It is also harder to distinguish the time of
best fit for a particular model. The problem arises from setting
such a strict criterion for a “success”; inevitably, some species
fall close to the order of magnitude limit, and so similar models
can produce wildly di!erent levels of “success”. We therefore
require a quantitative means of evaluation of the success of the
model in reproducing observations.

Fig. 8. Mean confidence level (%) for fit with L134N observations.

As a di!erent approach, Wakelam et al. (2006) compared
observations with the results of a gas-phase model taking into
account both observational and theoretical error bars, the latter
computed using statistical methods based on uncertainties in rate
coe"cients. Agreement for each species was defined by an over-
lap between error bars, and a logarithmic distance of disagree-
ment was computed for each species in the absence of overlap.
Due to the large number of parameters in the gas-grain code, a
full analysis of the error propagation would be very di"cult to
achieve, and has not so far been attempted.

Here we present a new means of comparison, whereby we
assign a level of confidence in the agreement of each computed
abundance (at a particular time) with the observed value, having
designated it with a generic observational error. We construct
a log-normal distribution about each observational value, and
identify its defining standard deviation, !, with an appropriate
error factor on the observed value. In a similar way as one might
determine the confidence level of a spectroscopic detection be-
ing distinct from the mean baseline, we conversely define our
“confidence”, "i, that the calculated value, Xi, for species i is as-
sociated with the observed value, Xobs,i, thus:

"i = erfc
! | log (Xi) " log

"
Xobs,i

#|#
2!

$
(3)

where erfc is the complementary error function (erfc = 1 " erf );
"i ranges between zero and unity. The term “confidence” is con-
tained within quotation marks to signify that we are not dealing
with a rigorous statistical analysis. For our analysis, we define
! = 1, hence 1 standard deviation corresponds to one order of
magnitude higher or lower than the observed value. Therefore, a
calculated value which lies 1 order of magnitude from Xi,obs has
a confidence level "i = 0.317, whilst a value 2 orders of magni-
tude from Xobs,i has a confidence level "i = 0.046. For each time
in the model, we take a mean of the individual confidence levels
of every species, allowing us to define the overall confidence in
a match with observations for each model at each time.

Other means of comparing quantitatively with observations
were considered; for example, taking the sum or mean average of
| log Xi " log Xobs,i| over all species, in a similar approach to that
of Wakelam et al. (2006), to provide a parameter (the mean “de-
viation”) which becomes smaller with a closer match. However,
this method tends to skew results to some degree when there are
“large” deviations from the observed values. For example, if in
one model a particular species is 3 orders of magnitude from the
observed value, and in another model, that species is 6 orders
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Molecular Abundances

“Best-fit” model for n=105cm-3

ζ =10-14s-1

Most species agrees within a factor 
of a few at the time of best 
agreement t~104 yrs.

Discrepancy : underabundant CN 
and CS, overabundant HNC

CN: Its abundance can increase 
in PDRs. 

CS: sulfur abundances may 
increase in PDRs.

HNC: It can decrease by a 
reaction H + HNC →HCN + H 
in high temperature.

CS
obs

model

CN

model

obs

102 103 104 10510

time(yrs)
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Is the cosmic-ray ionization rate actually high?

What is the discrepancy if zeta is lower?

When ζ=10-15s-1, CN, HCO+ is more underabundant. 

CN, HCO+ can be enhanced in PDRs.

When ζ=10-16 s-1, CN, HCO+ is even more underabundant. In early time, NO, 
HC3N, SiO is underabundant. In late time, H2CO, N2H+ is underabundant.

NO

H2CO HC3N

N2H+

ζ =10-16s-1
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Limitation:
Observation & Models

Many components are likely to be included in the 
beam. 

Density components may vary from 104cm-3 - 
107cm-3

Diffuse components are affected more by UV-
photons due to less shielding column densities, 
and cosmic-rays due to higher ζ/n. 

There are many more model parameters that needs 
to be considered than that are used here.

Number of shock waves and their timelines. 

Time of cosmic-ray turn-on.

 Montero-Castano et al. (2009)
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Summary
Chemical models with higher cosmic-ray ionization rate of ζ = 10-14 s-1 
matches the observation in the molecular cloud of the southwest lobe of 
CND best.

Lower (ζ ~ 10-15 s-1)cosmic-ray ionization rate can also be fit to the 
observed abundances with an effect of UV-photons.

Future work

Higher spatial resolution map of selected species helps identify the 
emission from  a single component.

➡ ALMA

More complex physical conditions need to be considered in the 
chemical models.

More chemical reactions especially more detailed treatment of surface 
reactions (e.g. Garrod et al. 2008) need to be included.
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