lonized Gas 1 s 9 v Il 3.6 um in blue, 4.5 pm in blue-green,
' R 8.0 um in green, and 24 pm in red.

HIll Regions
Recombination Lines
Free-Free Emission

Cygnus X Star Forming
region as imaged by the
Spitzer Space Telescope -

Image credit: NASA / JPL-Caltech *'/"Harvarde,FﬁithsE)nianf'

i . al National
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Reminder: ISM Phases

Main topics to cover:
* Molecular Emission
 Recombination Lines
* HIl21cm line

HIM: Hot ionized medium (e.g. X-rays)
WIM: Warm ionized medium Hll region(e.g. H()
WNM: Warm neutral medium (e.g. Hl emission)

\ Masers Y,  CNM: Cold neutral medium (e.g. HI absorption)
* MM: Molecular medium (e.g. CO)
MM CNM WNM WIM HIM
n(cm o) | 100 —10° 480 0106  ~02cm > 10 °-102
T (K) 10-50 50-200 5500-8500 == 8000 10-107

(See also Table 1.3 in Draine “Physics of the Interstellar and Intergalactic Medium?)
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Milky Way ISM

Reminder: ISM Phases
HIl Regions (ERA 4.2)

See also Draine, Section 1.1 & Chapter 11

o ~100,000 ly >

) ) . . Hot ionized medium // \ F [g . 1.4
* Interstellar gasis primarily hydrogen and helium, (HIM)—coronal gas > & \

, s (THz Astronomy,
plus trace amounts of heavier elements such as o \\ Walker)
carbon, nitrogen, oxygen, neon, silicon, and iron Wa""”(‘;‘;;’;\‘d‘;“e‘”““‘ 7 = \

Co!
(aka metals) HI, ClI dense motesular cloud \ \
(CDM) \
H,, CO
Protostellar core UV light
Photodissociation HI, CILJ/OI COLHYD, so | e
region H,, CIf OI > ( i o
(PDR) H,, CLICO €mmmmmnan
Cosmic rays
GMC

I blister O
younpstar clu
HIIL, NIENCIL, OHI

Cool neutral medium

Warm ionized medium (CNM)
(WIM) HI, H,, CII
HII, NI1I, CII
i ) = ol National
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Reminder: ISM Phases
HIl Regions (ERA 4.2)

See also Draine, Section 1.1 & Chapter 11

plus trace amounts of heavier elements such as
carbon, nitrogen, oxygen, neon, silicon, and iron
(aka metals)

some is ionized

\_

ﬂnterstellar gas is primarily hydrogen and helium,\

* Much of the interstellar hydrogen is in the form of
neutral atoms (HI) or diatomic molecules (H2), but

/

Milky Way ISM

~100,000 ly

Hot ionized medium P 7 e \\ F, [g . 1.4
(HIM)—coronal gas - \ THz Ast
P \ (THz Astronomy,
”
Warm neutral medium £~ \\ Walke r)
(WNM) Cold
HI,.Cl dense mo ar cloud \
(CDM) \
H,, CO

Photodissociation HI, CIL/OI
region H,, CI§ OI

(PDR) H,, CL{CO

GMC

I bli

T

younpstar clu

HII, NII;

11, OIII

Warm ionized medium

(WIM)
HII, NII, CII

Protostellar core UV light
, CO, H)0, etc. ¢

Cosmic rays

Cool neutral medium
(CNM)
HI, H,, CII
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Milky Way ISM

Reminder: ISM Phases
HIl Regions (ERA 4.2)

See also Draine, Section 1.1 & Chapter 11

o ~100,000 ly >

Hot ionized medium /// \\ F[g_ 1.4
* Interstellar gasis primarily hydrogen and helium (HIM)—coronal gas
g P y Nydrog ’ A \ (THz Astronomy,
plus trace amounts of heavier elements such as i \\ Walker)
carbon, nitrogen, oxygen, neon, silicon, and iron T o L \
O
(a ka metaIS) HLen dense moleeular cloud \
. . . CDM
* Much of the interstellar hydrogen is in the form of §{2,ccg \
neutral atoms (HI) or diatomic molecules (H2), but protostlar core } UV light
. . . i iati HI, CILJOI —
some is |onlzed Photo:i;;grcllatlon{ il o £ B , CO, H,0, etc.
* The singly ionized hydrogen atom H+, when a single DR) Ha CLEO QB D "
electron is stripped, it is referred to as HIl by GMC
astronomers, doubly ionized oxygen O++ is called 11 blidker O
. . . . younpstar clu
\OIII, triply ionized carbon C+++ is called CIV, etc.J T NI o
Cool neutral medium
Warm ionized medium (CNM)
(WIM) HI, H2, ClII
HII, NII, CII
i ) = bl National
ASTR 5340 - Introduction to Radio Astronomy / @ Radio
. —_ GREEN BANK /
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Reminder: ISM Phases < 1000001y >

See also Draine, Section 1.1 & Chapter 11 _L

ﬂl’he hot ionized medium (HIM—coronal gas) takes up half \

Hot ionized medium

Fig. 1.4

or more of the Milky Way’s volume, followed in relative GHIM)=cotabal gas /// \ (THz Astronomy,
volume by the warm neutral medium (WNM—warm HI gas), o \ Walker) ’
warm ionized medium (WIM—which includes dense and Wam';%‘;;a&‘)“‘““m P
diffuse PDRs), cool neutral medium (CNM—cool HI clouds), HI, CII
and last, but not least, the cold dense medium (CDM—
\Within GMCs), from which all stars are born. j ik
—

Photodissociation
region
P (PDR)
TABLE1.1 ISM Phase Properties

% Thermal Energy
Phase f, n, (cm3) T, (K % H Mass in Each Phase
»Coronal (HIM) 05 0.004 51058 ~024 ~34
HIl (WIM) 0.1 03-10¢ 100 ~24 ~11
Warm HI (WNM) 04 06 ~5000 ~24 ~53
Cool HI (CNM) 001 30 ~100 ~37 ~2 1 b
Diffuse H, (CNM) 0.001 100 ~50 ~12 ~03 T Con “‘zzt;?M';‘e e
arm ionized medium
Dense H, (CDM) 0.0001 10°-10° 10-50 ~24 ~04 I HI, H,, CII
HIL, NI, CII
. . bl National
ASTR 5340 - Introduction to Radio Astronomy / Radio
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Reminder: ISM Phases < 1000001y

See also Draine, Section 1.1 & Chapter 11

v

o . \
ﬂl’he hotionized medium (HIM—coronal gas) takes up half \ Hot ionized medium /// \ Fig. 1.4
. ’ : : (HIM)—coronal gas
or more of the Milky Way’s volume, followed in relative i \ (THz Astronomy,
volume by the warm neutral medium (WNM—warm HI gas), & \\ Walker)
warm ionized medium (WIM—which includes dense and Wa"m';%‘(j;‘fd‘)“e‘““m P
diffuse PDRs), cool neutral medium (CNM—cool Hl clouds), HI, CII
and last, but not least, the cold dense medium (CDM—
Qvithin GMCs), from which all stars are born. j
UV light
Photodissociation Gr—
region
. (PDR) Hromeyuns
TABLE1.1 ISM Phase PI"DFI'E'I'tIES Cosmic rays
% Thermal Energy
Phase f, n, (cm-3) T, (K) % H Mass in Each Phase
Coronal (HIM) 05 0.004 =10°5 ~024 ~34
HII (WIM) 0.1 03-10* 10¢ ~24 ~11
Warm HI (WNM) 04 06 ~5000 ~24 ~53
Cool HI (CNM) 0.01 30 ~100 ~37 ~2 .
Diffuse H, (CNM) 0.001 100 ~50 ~12 ~03 o ) Cenl “‘:gﬁd’;‘e‘h“m
Dense H, (CDM) 0.0001 10°-108 10-50 ~24 ~04 Wann “Z'\’;/zli‘i)med'“m HI, H,, CII
HIL, NII, CII
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Reminder: ISM Phases «— 1000001y >

See also Draine, Section 1.1 & Chapter 11

Warm lonized Medium (WIM)

* Gas photoionized by extreme ultraviolet (EUV) s \ ,

. Hot ionized medium 7 \ F[g_ 1.4
and soft x-ray photons from massive O and B (HIM)—coronal gas & \ (THz Astronom
stars (found in or next to the dense molecular /// \ Walken) ¥,
clouds from which they are formed) VRO, H

* Referred to also as ‘Diffuse lonized Gas or DIG’ HI, CII densemocdd i\ \
*  Widely extended distribution (o \
22
. : : : |
Evidence from pulsar dispersion measures! _— - N Y Gy
otodissociation s i ———
HIl Regions rgion { v, cfor {— (@) 7
(PDR) H,, CL ICO > Y Aroseyuns
* The UV photons from the stars = } Cosmic rays
photodissociate nearby molecular gas, and s
the EUV photonsionize the atomic hydrogen, ous oo, O
leading to the formation of a “blister HIl (singly HIIL NI, Ol
ionized hydrogen) region” B
. . . ool neutral medium
* Hllregions associated with Warm ionized medium H§C}-I;IM()III
. . (WIM) » Hy
O stars only a minor constituent of ISM it T e :
. . bl National
ASTR 5340 - Introduction to Radio Astronomy (/‘ W Redio
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Schematic of an Idealized HIl Region

HIl Regions (ERA 4.2)

A more simplified picture, HIl regions as
Stromgren spheres: Fig. 4.1 (ERA)

\\ ‘r/
Ry O— —>| (<= ARy << Ry

T

HI+HII

d National
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Schematic of an Idealized Hil Region

HIl Regions (ERA 4.2)

A more simplified picture, HIl regions as

Stromgren spheres: Fig. 4.1 (ERA)
HI
HII
\\ ‘r/ B
i S S
I
HI+HII Stromgren radius, R, is surrounded by thin

shell of partially ionized (HI + HIl) gas
surround by neutral hydrogen, HI

N
Boundaries separating Hl
and Hll regions very thin
. . gl National
ASTR 5340 - Introduction to Radio Astronomy ﬁ Radio
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Schematic of an Idealized HIl Region

HIl Regions (ERA 4.2)

A more simplified picture, Hll regions as
Stromgren spheres: Fig. 4.1 (ERA)
HI

Main Takeaways:

*The hotter and more

luminous the exciting star, the Sy >
. < Rg *O— —>1 |«<— ARy << R4

larger the Stromgren sphere. T

*The denser the surrounding

hydrogen gas, the smaller the

Stromgren sphere.

HII

HI+HII Stromgren radius, R, is surrounded by thin
shell of partially ionized (HI + HIl) gas
surround by neutral hydrogen, HI

N __/
Boundaries separating Hl
and Hll regions very thin
. . ol National
ASTR 5340 - Introduction to Radio Astronomy ﬁ Radio
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Schematic of an Idealized HIl Region

HIl Regions (ERA 4.2)

A more simplified picture, Hll regions as
Stromgren spheres: Fig. 4.1 (ERA)
HI

Main Takeaways:

*The hotter and more

luminous the exciting star, the Sy >
. < Rg *O— —>1 |«<— ARy << R4

larger the Stromgren sphere. T

*The denser the surrounding

hydrogen gas, the smaller the

Stromgren sphere.

HII

HI+HII Stromgren radius, R, is surrounded by thin
shell of partially ionized (HI + HIl) gas
surround by neutral hydrogen, HI

N
Boundaries separating Hl [ How dld.Strc.)mgre: getto ]
and Hll regions very thin this picture?
. . = ol National
ASTR 5340 - Introduction to Radio Astronomy ﬁ @ Radio
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H I I Reg|0 ns (E RA 4 . 2) Lyman series (ultraviolet)

Hydrogen atoms in the ground state can be ionized
by photons with energy E=13.6 eV

Balmer series (visible)

Ground State: n=1

(1 electron Volt = 1.60x107 "2 erg)

1st Excited State: n =2

These energetic photons are at high 2 Bclivd St 0

frequencies/short wavelengths in the far-UV known R
as the Lyman Series (<912 Angstroms) Webassign.net

Paschen series (infared)

(I'hese Lyman continuum photons are producedina \
significant number by the Wien tail of blackbody

radiation for stars hotter than what temperature?

What kind of stars are these?

U )

. . l National
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Infrared

H” RegIOI’]S (ERA 4.2) _Ultravioleti Visible

Hydrogen atoms in the ground state can be ionized
by photons with energy E=13.6 eV

e \ maximum

Temperature

(1 electron Volt = 1.60x107 "2 erg)

Intensity (arbitrary units)

These energetic photons are at high
frequencies/short wavelengths in the far-UV known

as the Lyman Series (<912 Angstroms) 2 % BRI L e A A AL
Wavelength A (nm)

(I'hese Lyman continuum photons are producedina \
significant number by the Wien tail of blackbody

radiation for stars hotter than what temperature?

*Remember Wien’s law :
Amax [nmM] = (3 x 10°)/T [K]

> 30,000 K g:
What kind of stars are these?

|
\ O and B stars! )

i ) il National
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The glowing
Trifid Nebula HII
B regionis
revealed with

B near- and mid-
infrared views

HIl Regions (ERA 4.2)

Hydrogen atoms in the ground state can be ionized
by photons with energy E=13.6 eV

(1 electron Volt = 1.60x107 "2 erg) from NASA's
Spitzer Space
These energetic photons are at high Telescope.

frequencies/short wavelengths in the far-UV known
as the Lyman Series (<912 Angstroms)

(I'hese Lyman continuum photons are producedina \
significant number by the Wien tail of blackbody

radiation for stars hotter than what temperature?
> 30,000 K E

lonizing O star

What kind of stars are these?
\ O and B stars! )

. . = bl National
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HIl Regions (ERA 4.2)

Stromgren spheres

The thickness of the partially ionized shell surrounding a Stromgren
sphere is,

ARs ~ (ngo)~". (4.4)

Where ny is the neutral hydrogen density (~ 103 cm-3) and is the
absorption cross section, o, which is large enough at~ 107 cm at
energies just above 13.6€eV so that each ionizing photonis absorbed
and produced a new ion shortly after it passes from the ionized
sphere into the surrounding Hl region:

-1

ARs ~ (10° cm™ x 107" cm?®)” ~ 10" cm <« 1 pc. (4.5

Light travels ® 10'4 cm per hour, so an ionizing photon typically survives
only about an hourin such an HI cloud before being absorbed!

The glowing
Trifid Nebula HII
region is
revealed with
near- and mid-
infrared views
from NASA's
Spitzer Space
Telescope.

Thickness,
AR
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HIl Regions (ERA 4.2) S
Stromgren spheres region is

revealed with
near- and mid-
infrared views

Another key time is the recombination time defined as the ratio of
volume density of elections, n,, to the recombination rate, nH

_ Ne 3.3 % 10° 102 49 from NASA's
T= E A 3.0 X S R yr (4.9) Spitzer Space
Telescope.
Where electrons and protons occasionally collide and recombine,
’;lH ~ aHnenp, (46)
and ay is the recombination coefficient for hydrogen (3 x 1073 cm?3 s).
KEY POINT: Recombination time is usually much shorter than Thickness,
the > 106 year lifetime of an ionizing star AR

If the surrounding HI cloud is small enough that the star can ionize it
completely, the Hll region is “matter bounded” or “density bounded”

ASTR 5340 - Introduction to Radio Astronomy (/‘
Contact: sscibell@nrao.edu \&%RNVE#NK




HIl Regions (ERA 4.2) S
Stromgren spheres region is

revealed with
near- and mid-
infrared views

The rate Qyat which a star with spectral luminosity L, produces photons
that can ionize hydrogen atoms in the ground state is,

® (L from NASA's
Oun =/ (—y)dy. (4.3) Spi S
Rec N1V pitzer Space
Telescope.
In equilibrium the volume, V, of an ionization-bounded HIl region grows
until the total ionization and recombination rates in the Stromgren
sphere are equal, 4
Ou = nuV = agheny,— R
H H Hftep 3 TRg (4.10)
where ay remember, is the recombination coefficient for hydrogen (3 x .
43 a1 : . Thickness,
1073 cm? s7). Solving for Rg, we find:
A AR
30n 1/3
Rsm (=) - (a.11)
draun;
ASTR 5340 - Introduction to Radio Astronomy (/‘
. —__ GREEN BANK
Contact: sscibell@nrao.edu WRW"




HIl Regions (ERA 4.2) S
Stromgren spheres region is

revealed with

Foran O5 star Q,~ 6 x 10*°photons, .
Qu~6x P near- and mid-

4 305 17 N\ infrared views
Rs =~ (—2) . from NASA's
4romng Spitzer Space
. 49 1 13 Telescope.
~ [ 3-6x107 s -| ~36x10" cm~ 1.2 pe.
47 -3 % 107" cm3 s~1(10° cm™3)
J
Compared to,
_ _ -1 -
ARs ~ (10° cm™ x 107" ecm?)” ~ 10" cm <« 1 pc.  (4.5) Thickness,
AR

Soyes, Rg > ARgs , the radius of the fully ionized Stromgren sphere
is much larger than the thickness of its partially ionized skin

ASTR 5340 - Introduction to Radio Astronomy (/‘
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HIl Regions (ERA 4.2) , i
Stromgren spheres Main Takeaways: region is

The hotter and more luminous the exciting
star, the larger the Stromgren sphere.
__—The denser the surrounding hydrogen gas,

revealed with

F O5 st ~6Xx 104 phot i
oran O5 star Qy~ 6 X photo near- and mid-

( ) infrared views
Rs » ( 30y the smaller the Stromgren sphere. from NASA's
4rayn; Spitzer Space

1/3
~3.6x10"® cm ~ 1.2 pc.

J

Telescope.

[ 3.6x10% s7!

47 -3%x 10713 cm3 s1(10° em~3)

Compared to,

1 Thickness,

AR

ARs ~ (103 cm > x 107V cmz)_ ~ 10" cm < 1 pc. (4.5)

Soyes, Rg > ARgs , the radius of the fully ionized Stromgren sphere
is much larger than the thickness of its partially ionized skin
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Orion Nebula

HIl Regions (ERA 4.2)

Typically, two distinct kinds of stars produce most of the HIl regions in our Galaxy:

1.The most massive (M = 15M;) stars
» Short-lived (lifetimes <107 yr) main-sequence stars
* Bigenough (R ~10 Rp) and hot enough (T = 3x104 K) to be very luminous
sources of ionizing UV
* Such stars were recently formed by gravitational collapse and
fragmentation of interstellar clouds containing neutral gas and dust grains

* Main-sequence lifetimes are less than the age of our Galaxy (21070 yr)

* Eventually becomered giants and finally white dwarfs

* Youngwhite dwarfs are small (R~10-2R) but hot enough to ionize the
stellar envelope material that was ejected during the red giant stage, and
these ionized regions are called planetary nebulae because many looked
like planets to early astronomers using small telescopes

i ) = il National
ASTR 5340 - Introduction to Radio Astronomy (/‘ @ Radio
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HIl Regions (ERA 4.2) Orion Nebula

Typically, two distinct kinds of stars produce most of the HIl regions in our Galaxy:

1.The most massive (M = 15M;) stars
» Short-lived (lifetimes <107 yr) main-sequence stars
* Bigenough (R ~10 Rp) and hot enough (T = 3x104 K) to be very luminous
sources of ionizing UV
* Such stars were recently formed by gravitational collapse and
fragmentation of interstellar clouds containing neutral gas and dust grains

* Main-sequence lifetimes are less than the age of our Galaxy (21070 yr)

* Eventually becomered giants and finally white dwarfs

* Youngwhite dwarfs are small (R~10-2R) but hot enough to ionize the
stellar envelope material that was ejected during the red giant stage, and
these ionized regions are called planetary nebulae because many looked
like planets to early astronomers using small telescopes

Radio recombination lines provide a powerful tool to study the & %
characteristics of the ionized (+ neutral) phases of the ISM!
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Contact: sscibell@nrao.edu \gs%gﬁm




Radio Recombination Lines (ERA7.2,7.6)

Think of semiclassical Bohr atom =2
*electronic transitions!

Remember:

De Broglie wavelengths: h h

Where p is the electron’s momentum and vis its speed.

*Only those orbits whose circumferences equal an integer number n of
wavelengths correspond to standing waves and are permitted.

The Bohr radius is written as,

n2h2
a, = R

(7.6)
Mee

Fig. 7.1 (ERA)

\\ \ ‘,.
\ \ \
\ \ |
- \ 1 |
\ I
QH=1 | n=2 l|n=3 | n=4
! ! J !
/ / |
/ / !
! / !
s / /

/ Main Takeaway: \

The Bohr radius of a hydrogen atom
in its ground electronic state (n=1) is
onlya; =0.53 x10%cm

BUT at (n ~ 100) it is much larger
a100 ~ 10*cm = 1um — bigger than
most viruses!
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Radio Recombination Lines (ERA 7.2, 7.6) Fig. 7.1 (ERA)

\ \ \
\ \ \
Think of semiclassical Bohr atom - - \ 1 l
*electronic transitions! ;. 9\ n=1 \l n=2 ‘l n=3 : n=4
. 3 / r |
Remember: N~ ! }’ I
/ / !
De Broglie wavelengths: h h ! / [
A = — = , (72) s / /
P meV
Where p is the electron’s momentum and vis its speed.
*Only those orbits whose circumferences equal an integer number n of At the largest detected (3; An = 4) transition
wavelengths correspond to standing waves and are permitted. in space of n = 1009 (Stepkin et al. 2007),
the Bohr diameter of an atom reaches
The Bohr radius is written as, ) = 110 um — for scale, the average E*'
_n°h width of a human hair is roughly 75 pm! |
a, = x (7.6) \ )
mee
. . bl National
ASTR 5340 - Introduction to Radio Astronomy (/‘ Radio
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Radio Recombination Lines (ERA 7.2, 7.6) /AS ions and electrons recombineb

form atoms, electrons left in high

Energy-level diagram for hydrogen principal quantum numbers and
N = oo I, N =93 which cascade to lower energy
N=6 ! ] ™\ v N =92 levels (or may be excited to higher
N=5 i I ': N =91 energy levels) are observable
N=4 ! | : N =30 through the spectral signature of

: b ' radio recombination lines (RRLs)!
i | 111 ; H91a \." (RRLSY J

: series Il |

: (infrared) ] a :
N=2 | Paschen Series .00 3 i

| series |l |

: (visible light) :

: Balmer Series :

| i

| |

: :

I Lyman Series :

: series | |

I (ultraviolet) |
N=1 | |
© 2009 Encyclopdia Britannica, Inc.
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Radio Recombination Lines (ERA 7.2, 7.6) /AS ions and electrons recombineb

form atoms, electrons left in high
Energy-level diagram for hydrogen principal quantum numbers and
O s | S N =93 which cascade to lower energy
N=6 E ! ].“ ) N =92 levels (or may be excited to higher
N=5 | I N N=91 energy levels) are observable
N=4 ! | : N =30 through the spectral signature of
: b ' radio recombination lines (RRLs)!
" [1] : H910, \" (RRLSY J
: series |l : T T \
| (infrared) a I
| Paschen Series 3083 : Name of . .
. (visible light . element alphabet to denote the level
: : : number, n
: Balmer Series . change An (e.g., a for An=1, 3
i i for An=2, y for An=3, etc.,)
| |
: Lyman Series i
: series | ,
I (ultraviolet) |
N=1 | |
© 2009 Encyclopdia Britannica, Inc.
. . ol National
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Radio Recombination Lines (ERA7.2,7.6)

The total electronic energy E,, is the sum of the kinetic (T) and potential (V) energies of the electron in the nth

circular orbit:
2 4

Br=T+V=-T=vR=—rt ==& (2 ) o (m2) L
" T T e, T ) T T U ) (7.7)

The electronic energy change AE going from level (n + 4n) to level n is equal to the energy hv of the emitted photon:

mee* [ 1 1

AE = — ] = hv, 7.8
202 Ln2 (n+ An)® 78

[
The photon frequency: Z ;

(erzmee4 ) [ 1 1 ] 7.9
h3c 2 (n+ An)
\_ J
i ) bl National
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Radio Recombination Lines (ERA7.2,7.6)

Notice anything about this factor?

The photon frequency:

\.

|
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Radio Recombination Lines (ERA7.2,7.6)

Rydberg constant R.,

2 2 4
Reo = (%) = 1.09737312... x 10° ecm™!.  (7.10)
C
Notice anything about this factor?
It’s a constant! g Rydberg frequency
Rooc =3.28984... x 10" Hz. (7.11)
The photon frequency: i ;
v ] : (7.9)
g J
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Radio Recombination Lines (ERA7.2,7.6)

Rydberg constant R.,

2 2 4
Re = (%) = 1.09737312... x 10° cm™'.  (7.10)
C
Rydberg frequency
Rec = 3.28984... x 10° Hz. (7.11)
(
The photon frequency: z E
1 1 me \ ~!
I/=RMC[ > - 2], where Ry = oc,(1+—e) , (7.12)
n (n+ An) M
\_ J
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Radio Recombination Lines (ERA7.2,7.6)

/ \ Rydberg constant R..

E.g., 2 4
Re = (2” e ) = 1.09737312... x 10° ecm™.  (7.10)
v (H109 ) = 3.28805 x 105 Hz h'c
1 1
(1092 _ 1102) ~ 5.0089 x 10° Hz, | "vdPersfrequency
_ 15
_ sahz Rec=328984...x 10" Hz.  (7.11)
(
The photon frequency: Z/Ei
1 1 -1
I/=RMC[ > - 2], where Ry = oc,(1+@) , (7.12)
n (n+ An) M
\ Y,
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Radio Recombination Lines (ERA 7.2, 7.6) Coner Heoaa ore Fig. 7.2 (ERA)

| I | | |
40 channels
[ T . A G35.194-1.75 I MHz
Recombination lines of heavier atoms = — ]
o AEBr 25 km/s
are very similar to those of hydrogen, -
but at the slightly higher frequencies 2> % Neg(-) velocity
\ y 54 B Short wavelength i
E High frequency
o <
2. * :
g |¢
= |
< (=
g
Q
k= Wm%:zi
<
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Radio Recombination Lines (ERA 7.2, 7.6) — — 1
i HIl Region
r ~\ I W3(OH) .
Recombination lines of heavier atoms L H54 |
are very similar to those of hydrogen,
but at the slightly higher frequencies 2> I |
. J - -
+ Higher ‘n’ lower frequencies = | |
H54a~ 41 GHzvs. H109a ~ 5 GHz -;’—); i ]
0.5 |- |
Table 1. Spectral line parameters for W3(OH) and the compact source. i |
SL AV VLSR - _
Tne NG (mly) (kms™)  (kms™)
W3(OH) N\ -
H54a (40.6314 GHz) 270.0+10.0 313+04 -472+0.2 i 1
1200+ 100 21.1+32 -475+1.3
0 - |
H54a (40.6314 GHz)  11.5+£0.7  362+38 -53.0+16 I | | o
_ ~200 0 200
Dzib et al., 2014 Vg (km s71)
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Radio Recombination Lines (ERA7.2,7.6)

recombination lines have such small

fractlonal frequencyseparatlons L1 1 1 1 1 11 I L1 1 1 11 111 I 111 IIIIIIIIIIIIIIIIIIIIlIIIIIIIIIIIIlIIIIIIIIIIIIIIIIIIIIIII

that two or more transitions can 2 3 4 ) 6 7 8 9 10
often be observed simultaneously U (GHZ)

and averaged, to reduce the

observing time needed to reach a Figure 7.3: The An = 1 (a) radio recombination lines of singly ionized

{iven signal-to-noise ratio! //j J atoms, shown here as vertical bars, are closely spaced in frequency.

In the approximation An << n, the frequency
separation between adjacent lines:

Av 3
— X —. (7.15)
14 n
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HII region NGC 1976 GBT

Recombination Line Data (Messier 42, Orion A) at ~5 GHz

‘Low’ Frequency
Table 1
RRL Transitions and Frequencies : '
Spectral Band a Line Other Transitions in this Band i LCEE76
Containing Frequency gt e
the a Line MHz) ) 2
1) @) 3)
H102a 6106.84 H128B, H146y REREEE— S L1
H103a 5934.51 H185¢ vo00l 7
H104 a 5762.89 H1648, H1784 H187C e ]
H105 a 5600.54 H132B, H178C £ 800 ]
H106 544427 H152y, H1676 g . ]
H107 a 5293.72 H202n . 1
H108 a 5148.70 H155y, H1708, H183& H194Z S a0l 1
H109 a 5008.93 H137B, H1728, H1854 H196Z + H208 n° g ]
200 _
Wilson et al., 2015 N =
1780‘ o I1‘8‘OIOI T I1I9|06I o I2IO‘OIO‘ o ‘2l1|0‘0‘ o ‘2‘2|0I0‘ o ‘2‘3:00
CHANNELS
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Recombination Line Data

‘High’ Frequency
NGC 7027

0.2
0.15
¥ o1

o

Young PN: ~ 700 yearsold ©
T, ~ 200,000 K 0.05
0
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13co

CN

image of CO ;;

cl7g o

CN

Co

H30a

H378

HC3N

H13c0+

CzH
HCS* -/~ He28a
| . Haes /
HCaN [~

i o

HCN

240
Rest Frequency (GHz)

260

Zhang et al. 2008
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Radio Recombination Lines (ERA7.2,7.6)
Line Strengths (7.2.2)

ﬂhe Spontaneous Emission Coefficient for ‘H” atoms from level \
n to level (n-1):

647mee'®

3¢3 he

1
Apsin % 53 % 10° (n_S) s \ (7.25)

( )
\, The 5.0089 GHz H109a transition rate
is Ay10.1090~ 0.3 57

) 1 (7.23)

An-i-l,n % ( 5 .
n

\. /
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Radio Recombination Lines (ERA7.2,7.6)
Line Strengths (7.2.2)

ﬂhe Spontaneous Emission Coefficient for ‘H” atoms from level \
n to level (n-1):

10

647mee

3c3 hd A

) 1 (7.23) ¢

nd

Antin R ( ydrogen RRLs at frequencies of

around 5 — 20 GHz arising from

1 typical Hll regions with densities
Apsin ~ 5.3 x10° (—5) s (7.25) of 103 - 104 cm=3and electron

\ n \ / \temperatures of ~7000 K y

( )
\, The 5.0089 GHz H109a transition rate
is Ay10.1090~ 0.3 57

\. /
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ASTR 5340 - Introduction to Radio Astronomy (/‘ W Redio
Contact: sscibell@nrao.edu \SE%MAM NRAO gst::::\:rtrgry




Radio Recombination Lines (ERA7.2,7.6)

4 )
Other RRLs can
probe other phases
10 MHz 100 MHz 1 GHz 10 GHz 100 GHz of the ISM!
I I - \_ )

| | |
| | | | | g

Iy

low. :
cold, diffuse clouds BW-density H Il regions

T.~10-100 K ionized gas T. ~ 8000 K

T. ~ 8000 K
~ 102 - 103 -3 > 103 em-3
n~102-103cm n~1-100 cm3 n> 103cm

Figure 1.5: The gas components and their frequencies traced by radio recombination lines. Emission
from cold diffuse clouds is probed by v < 500 MHz, low-density ionized gas by 300 MHz < v < 5 GHz,

and classic H 11 regions by v 2> 1 GHz.

Emig Thesis (2021)
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Radio Recombination Lines (ERA7.2,7.6)

1 -_\

SKA (76 = n = 508)

r
Many different radio

telescopes can be

< NngVLA (38 <n=<175)

@ \

0
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c
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Radio Recombination Lines (ERA7.2,7.6)

103 4 SKA (76 =n < 508)
< NngVLA (38 <n=<175)
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Dec (J2000)

Radio Recombination Lines (ERA7.2,7.6)

«[ Quasar 3C190 "% 71 The first detection of radio recombination lines at
21 cosmological distances!
45.0° *‘) S Chilbolton
b G el
| ;f‘ - Observed b/w 109.77MHz and 189.84 MHz w/ LOFAR '
' - Stacking 13 a- transitions with principal quantum
numbers n =266-301atz=1.124
SO . - Explained by either warmer/higher density H or
” » cooler/lower density C emission inintervening dwarf
W SO S S galaxy (M ~ 10° M), roughly 80Mpc from 3C 190
b-l'efr=133.lﬂl MHz '
1.0} - Nei = 285
- Tpeak = 1.0 £ 0.2 x 1073
S FWHM = 31.2 £ 8.3 km/s
= o=1.7x10"*
_D'—5600 —E;DU —4IOU —3:00 —l’IDIJ —]:DD D 160 2LI'IU 360 460 560 600 e
Emlg ot al., 2019 velocity [km/s] Flg. 1 .1 O
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Radio Recombination Lines (ERA 7.2, 7.6) 0
Line Widths (7.2.2) T Fig. 7.4 (ERA)

Reminder: natural broadening is negligibly small at the large n that
produce radio-frequency photons

N
Vv

Thermal broadening dominates (+collisional broadening negligible) Av

Thermal component of the line profile from a
recombination-line source in LTE is determined
by the Maxwellian speed distribution of atoms
with mass M and temperature T

Vo

The parameters of the normalized ([¢(v)dv = 1)
line profile ¢(v) are the center frequency v,

Th lized li file for th l emission:
€ norMmatzeatine profie forthermat emission the FWHM line width Av, and the profile

) o i( u )”g N [ M (v — vo) height ¢(v,) at the center frequency
N PlTuT T (7.32)
. . l National
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Radio Recombination Lines (ERA7.2,7.6)
Line Widths (7.2.2)

The normalized line profile for thermal emission:

¢ ) = i( M )UZ exp [_Mc2 v = vo)” (7.32)

vo \ 27kT 2kT 42

This factor set equal to V2 to get FWHM:

Fig. 7.4 (ERA)

N
Vv

Av

Vo

The parameters of the normalized ([¢(v)dv = 1)
line profile ¢(v) are the center frequency v,
the FWHM line width Av, and the profile
height ¢(v,) at the center frequency

Plar—p 172
Mc? Av?
'Eii:zﬂgg —-h12, (7.34)
8111(2) k 1/2 T 172
Av = — _ 7.35
y[cz](M)yo (7.35) | «—

f IMPORTANT: dependence on temperature
lof the gas, T, and mass of the atom, M!
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Radio Recombination Lines (ERA 7.2, 7.6) 0
Line Widths (7.2.2) T Fig. 7.4 (ERA)

The normalized line profile for thermal emission:

N
V

12 2
M ) exp [_Mc2 W = 2o) (7.32) Av

C
P W) = _( AT~ 2

vo \ 27nkT

This factor set equal to ¥z to get FWHM: s U
v
0
ol o)t 5 T \
2kT v 2’ BEWARE! If you are fitting your spectral line with a
M AL standard Gaussian function with a normal distribution
2 2Y 2, (7.34) you may need to multiply output width by this factor!
2kT 4,,3 \_ J
@ _ Line width FWHM extract factor
Av = — ) . (7.35) 81n(2))*1/2here!
C M
. . = bl National
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Radio Recombination Lines (ERA 7.2, 7.6) 0
Line Widths (7.2.2) T Fig. 7.4 (ERA)
cr M A\ ¢ /8n2kT M \'?
¢ (o) = V_o(Zn'kT) — Ay( e zka) , (7.36) < Al/>
In2\"? 2
¢ (vo) = (7) A (7.37) > U
Vo

(- For a given integrated (over frequency) line strength, t@
line strength per unit frequency at any one frequency
(e.g., at vy) is inversely proportional to the line width Av

* Integrated line strengths are frequently specified in the
astronomically convenient units of Jy km s,

\_ where 1 km s™t= v,/ 3.00 x 10°. y

The parameters of the normalized ([¢(v)dv = 1)
line profile ¢(v) are the center frequency v,
the FWHM line width Av, and the profile
height ¢(v,) at the center frequency
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Radio Recombination Lines (ERA7.2,7.6)
Line Widths (7.2.2)

For recombination lines the natural line width or intrinsic line width follows from the uncertainly
principle where, for a change in time, At, for each energy level involved in the transition we can

write in terms of spontaneous emission rate:
Av ~ Apy10/n ~ 0.1 Hz. (7.26)

Compare this to FWHM of the H109a line (v,=5.0089 GHz) in a quiescent (no macroscopic motions)

HIl region with temperature T=10%K: .
8In2 - 1.38 x107'% erg K‘1] ( 10* K )

(3 %10 cm sy 1836-9.11x 107 % ¢

X 5.0089 x 10° Hz
~ 3.6 X 10° Hz.

1/2

Aym[
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Radio Recombination Lines (ERA7.2,7.6)

Line Widths (7.2.2)

For recombination lines the natural line width or intrinsic line width follows from the uncertainly
principle where, for a change in time, At, for each energy level involved in the transition we can
write in terms of spontaneous emission rate:

Av ~ Apy10/n ~ 0.1 Hz. (7.26)

Compare this to FWHM of the H109a line (v,=5.0089 GHz) in a quiescent (no macroscopic motions)

HIl region with temperature T=10% K:

natural line width!
Dominated by motions of the gas:

2) Macroscopic (large-scale turbulence,
Qlows, outflows, rotation)

(Thermal width much larger >> than\

1) Microscopic (thermal motions of atoms) >

J

Av

[81112 . 138 x 10716 erg K-ll”z( 10* K )

(3 %10 cm sy 1836-9.11x 107 % ¢

X 5.0089 x 10° Hz
~ 3.6 X 10° Hz.

1/2

i~
~
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