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1. Why discuss atomic lines in a molecular astrophysics workshop?
Molecular lines and RRLs are linked through:

® Star formation
- MCs
- Hll regions

® MM Observations

- molecular lines
- MM RRLs




1.1 LMT/RSR spectrum of the starburst nucleus of M82

LMT/GTM first-light spectrum
Starburst galaxy M82 = -
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2. HIl regions and recombination lines

lonization of a Pure Hydrogen Cloud

[ Two Micron All Sky Survey (2MASS) |
Trapezium Cluster
IPAC Image Atlas Product

Cerro Tololo Facility

HIl region

# of photoionizations/s

# of recombinations/s




2.1 Atomic Structure of a Hydrogen Atom
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H spectrum

with Rg=109.677.585 cm! : Rydberg constant for H

E (ionization) = 13.6 eV




Wavelengths of important H Lines [orton-ape(+,79]): _150. ap:70 bean:d
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A= 121568 A  (space UV)
A.=6562.73 A  (red) 3-2
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A.=434047 A  (blue) 5-2
=4101.47A  (violet) 6-2

.= 1.875 ym (poor transmission)
.= 4.051 ym (dafficult)

- =2.166 nm (in infrared K b

B.00E-13

B

B

E1119332

Sl Lot B
IIEIIE

R

5
s
*
* air
™
i
%k
™

:3-.3

B

hono

< [erionC[=.20]): 300, ap:20 beam:0
1.0OE=13 1.00E=14 T T T T

B.OOE-14 ‘ B.O00E-15
|

Liness do Serke de Paschen

B.00E-15 I

|
ﬁlt de felmer

4.00FE-14

|
2.00E-16 — ' [y]
w L

| | 1 | | 1
40010 4200 B h2R0 BRO0 BI6 PHTHH #2600
Wavelength (angstroms) Wavelength (angstroms)

IR ELR!
— Beldi9

L

2.00E=14




H spectrum: permitted transitions




3. Transitions between higher quantum levels:
Calculated frequencies

The H spectrum Bohr 1913

I/N=Ry(1-1/n*)  n=2,3,4,... Lymanseries
1/hA=Ry(1/2° =1/n*) n=3,4,5,... Balmerseries
1/}\.=RH(1/32—1/n2) n=4,56,... Paschen series

1/h=Ry(1/4*=1/n*) n=5,6,7,... Bracketseries
1/h=Ry(1/5% =1/n*) n=6,7,8, ... Pfundseries

Brackett Q line (H4a) at 4.05 pm (Brackett 1922)
Pfund Q line (H5a) at 7.46 um  (Pfund 1924)

Humphreys Q line (H6a) at 12.3 pm (Humphreys 1953)
Hna line ===> transition from n+7to n
Hnp line ===> transition from n+2 to n

Are there trasitions invloving higher n?




3.1 Transitions between higher quantum levels:
Effect of Stark broadening

van de Hulst 1945

RRLs are too weak to be
detectable at all radio frequencies

Kardashev 1959
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Stark broadening
negligible for V > 10 GHz

> Av(thermal), but detectable

”‘IOB — I1”0I'UI B LAl e 1 .
Frequency (Hz) even at lower frequencies

} 5762

IMHz
- Detection of H90a at 8.8 GHz by
Sorochenko & Borodzich (1965)
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3.2 Transitions from higher quantum levels:
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H109a detection

Hoglund & Mezger 1965

using 43-m NRAO Green Bank telescope

Many other studies conclusively detected
RRLs from a number of N levels

e.g. H253a at 400 MHz by
Pefield, Palmer and Zuckerman (1967)




3.3 Transitions between higher quantum levels:
Understanding Stark broadening through astrophysics
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The observed line widths up to n=166 suggested
Thermal, rather than, Stark broadening!!!

Does Stark broadening exist in astrophysical plasmas?

- Improved theoretical calculations explained the observed
trend.
- However, theoretical densities < inferred
densities from optical lines.

===>

1. Density is not uniform in Hll regions

2. high density gas that produces stark broadening
doesn't contribute to the Line profile

Because: high n lines are at low frequency===> Opaque

3. Require beam-matched observations



3.4 Transitions between higher quantum levels:
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Understanding Stark broadening through astrophysics

Beam-matched observations

At 9 and 36.5 GHz by Smirnov et al. (1984)
Established the existence and the correct
Theoretical framework of Stark broadening

' ~ An
Av; = 8.2N, 14+ L=,
I (um) ( T3 n)

®|nelastic (n-changing) electron collisions are the
principal contributor of Stark broadening in
astrophysical Plasmas with y~4

®j.e. ion collisions and elastic (I-changing) collisions
don't contribute significantly.

®|mpact approximation (interaction duration << the
Time between interactions) is adequate for
astrophysical plasmas.
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4. Calculations of RRL line intensities (LTE)

Linear Absorption Coeffident {cm™)
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Line strength exceeds the continuum emission for n < 43 (v>79 GHz)
===> Relatively easy to detect at mm wavelengths




Line amplification

K_ (non-LTE) = K (LTE)*B

Amplification Factor ([3)
1 1

—2s0

Ta= 107K
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4.1 Calculations of RRL line intensities (hon-LTE):
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At large densities, greatest amplification occurs for mm-RRLs
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Line amplification

K_ (non-LTE) = K (LTE)*B

Amplification Factor ([3)
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4.1 Calculations of RRL line intensities (hon-LTE):
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4.2 Calculations of RRL line intensities (hon-LTE):maser
B<<Oandt,=1t.+1 <0

#E -
£ . . For each group of lines, there

= ‘g 40 T =10K \ | 1 .

E g 0 ' | | exists a narrow range of

E % ool \ /| | densities, where the maser gain
g Eoop W .. i is maximum

: 2 VAR
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- Observed in MWC349 and
n Carina

- Difficult to satisfy phase
coherence over large emitting
regions

Met Absorption Coefficient, 10" “cm!
Met Absorption Coefficient, 10 Bem!
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5. Other regions from where RRLs can originate
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1 & 2 High and low density HII regions

3. Cll region at the interface between HIl and MC
4. Cll region at the boundary of MC and diffuse ISM
5. ClIlI region within HI clouds
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| 5.1 Carbon RRLs
Why high-n ClIl lines are detected,
{H132a H _ . "
Ol 1:16.7 MHz — = I S but not high-n (n>300) H lines~
L.-_. -1 ETaEﬂ. _
T t 1H6B6a )
¢ o]-v:203MH: -- Z53gh 10
1[13 - C6B6ol 3 ]
107 ' e
0 V=25.0MHz — -
-1r % 102 - 100 K {cold ISM)
0} ¥=26.1MHz — z ]
| s 10 o
-1F 0 E L ]
N E Ll A, ]
O J=28.1MHz — 'E o 10K (He Region) < H““*HH
-1k = G0 R'“-______
0 v=29.9MHz —- . 3
L (b R ]
0} V=39.0MHz %00 400 500 600 700 800 000
. Lower Principal Quantum Number, n
uﬂ- V=42 AMMz
T - Stark broadening
I _|I]—. V=571 MHz _ at hlgh—n
u:l;_ J=81.9MH: v(n2) - v(nl) ~ Av(Sta I'k)
s - Av(Stark) increases with densities
7MHz — - : L
speemrmte o M T ===> low-density cold ionized
“300 -200 <100 0100 : : :
V cg ks regions are required for high-n RRLs

_ lonized C present in diffuse, cold ISM
Sorochenko & Smirnov 1990 But not ionized Hydrogen
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6. Existence and detectability of the high guantum numbers

n = 1000 limit of levels in Galaxy

32610 P ] 1000 ,/_‘

=TT 767-766; A=20.5m; Kharkov, 1990

atxie® f =——=__1_749747; h=9.54m; Puschino, 1989 < 0.l mm
3ox10° [ ] ===T"733-732; A=18 m; Kharkov, 1983
: ] === T6323631; A=11.5 m; Kharkov, 1980
] 25664565 A=8.8 m: NRAO, 1989
] 125393538 A=7.12 m; Puschino, 1983  Z

ST 428-9427; A=3.56 m; Puschino, 1983
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7. Astrophysics using mm-wave RRLs

Peters et al. 2012

ALMA & EVLA
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8. RRLs from external galaxies

Table 3.9 RRLs detected from extragalactic objects

Galaccy Type Drist. RERL Ip Mg Voctio AV References
(Mpc) {lﬂ_igW:n_?} {kma_i} {km a_ijl
MB2 Ir 3.25 H27x 21.11+4.3 Seaquist et al. (1996)
H30wx 5.12+41.0 Seaquist et al. {1904)
H4lox 1.3240.22 Seaquist et al. [1996)
H530x 0.224-0.06 Puxley et al. (1939)
HE5a (4.640.7)x 1072 180410 140425 Bell and Seaquist (1978)
H102u (B.541.4)x10~2 173410 174+20 Bell and Seaquist (1978)
H110x (1.0540.1)x 102 163410 293420 Shaver et al. (1978)
Hil66o > 1.7x1072 150440 250140 Shaver et al. (1977; 1978)
H166x (5.140.8) x 1073 254420 338440 Shaver et al. (1978)
NGC253 Spiral 3.4 HO2o¢ (4.0£04)x 1 21748 159+19 Anantharamaiah and Goss (1990)
H102u (1.3+0.3) x 1072 132425 309465 Seaquist and Bell (1977)
H1100 (2.940.8) = 10— 209413 185432 Anantharamaiah and Goss (1990)
H1660 (3.841.0)x10~3 195436 220487 Anantharamaiah and Goss (1990)
NCC2146 Spiral 13 H53a (9.541.7)x10~2 ~ 880 ~ 300 Puxley et al. (1991)
HO2a 2.7 % 10~4 96047 200405 Zhao et al. (1996)
NGC1365 Seyf. 11 22.0 HO2o0 (1242} = 0% 1,6704£80 3104110 Anantharamaiah et al. {1993)
NGC3628 33 pec 11.5 H92xx (8.6+1.5)x107* B64+56 170170 Anantharamaiah et al. (1993)
ICE04™ Sc 40.3 HO2a (3.941.0)x w—* 3,020490 3504110 Anantharamaiah et al. {1993)
NCGC3690° Sc H92a (1.540.2) x10~4 3,0804+40 210430 Zhao et al. (1997)
Arp220 FIR 73 H3lx >1.6540.1 Anantharamaiah et al. {2000)
H40ox 0.394-0.05 5,513 179 Anantharamaiah et al. {2000)
H42x 0.224-0.02 5,424 210 Anantharamaiah et al. (2000)
HOZa 3.5x10~% 5,5604+70 3204120 Zhao et al. (1996)
HO2a (8+1.5)10* 5,450+20 363445 Anantharamaiah et al. (2000)
M&3 SBc/b 5 HO20 2.8x10% 500430 95430 Zhao et al. (1996)
NGCE660 S5Ba pec 11.3 HO2o 5.6x10~4 850 377 Phockun et al. (1998}

31CE94 and NGC3690 are an interacting system




8.1 RRLs from LMT/RSR from external galaxies

3 mm Spectra: RSR on LMT/GTM
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8.2 RRLs from LMT/RSR from external galaxies: M82
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- 6 RRLs are detected in M82

- Line ratios for some lines agree
with the expected values

- require higher SNR to analyze profiles
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