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• The 21 cm spin temperature of H atom is important because it is a 
tracer of the gas temperature. 

• The spin temperature is mainly determined by two mechanisms. 

(1) Direct Radiative Transitions by the background radiation field 
    (Cosmic Microwave Background + Galactic Synchrotron) 

(2) Collisional Transitions by collision with other hydrogens and electrons 

What determines the spin temperature?

TR = 2.73 K or 3.77 K

gas kinetic temperature = TK

Ts =
TR + ycTK

1 + yc



• High density, low temperature medium (CNM) 

• Low density, high temperature medium (WNM, IGM) 

Collisions is not be significant (Field 1958; Liszt 2001). 

The very low density hydrogen gas at outer regions 
of disk galaxies might be invisible in H I emission 
line.

Collisional Effect on Spin Temperature

Ts =
TR + ycTK

1 + yc

yc ⇡
n

4.18⇥ 10�4 cm�3

1

TK

Ts ⇡ TK (yc � 1)

Ts ⌧ TK (yc ⌧ 1)



•  In halo gas of a nearby spiral galaxy NGC 3067 toward 
the 3C 232 sight line, it was found that 

spin temperature ~ kinetic temperature. 
(Keeney et al. 2005) 

• The WNM component has a spin temperature of ~ 7200 
K (Murray et al. 2014).

But,
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Figure 3. Comparison of previous Ts measurements for the WNM. Hollow
symbols denote direct observational measurements of individual sightline
components. Triangles: absorption toward Cygnus A (Carilli et al. 1998), square:
absorption toward 3C147 (Dwarakanath et al. 2002), diamonds: 21 SPONGE
absorption toward PKS0531+19, 3C298, and 3C133. All points are plotted vs.
the rms noise in off-line channels in the absorption profile, per 1 km s−1 channel
(στ,1 km s−1 ). The purple dotted hatched region denotes the kinetic temperature
range from Wolfire et al. (2003; Tk ∼ 4100–8800 K), and the blue hatched
region denotes the spin temperature range from Liszt (2001) for all possible
ISM pressures (Ts ∼ 1800–4400 K). The green filled star is the derived spin
temperature from Figure 2(b), ⟨Ts⟩ = 7200+1800

−1200 K (68% confidence), with a
99% confidence lower limit of 4300 K.

additional components. For each of the 105 bootstrapping
trials, we compute all three Ts estimates and combine their
distributions to minimize systematic errors associated with any
individual approach (Figure 2(b)).

We estimate a spin temperature of the detected absorption
feature of ⟨Ts⟩ = 7200+1800

−1200 K (68% confidence), with a lower
limit at 99% confidence of 4300 K. We note that by shifting
the residual profiles by the second velocity moment or by the
location of maximum TB,res, we find consistent temperature
estimates with similar significance. The possible contamination
of stray radiation to the Arecibo H i emission spectra has
no effect on the presence of the absorption stack, although
it will tend to increase the EW of the emission stack and
therefore increase the estimated Ts of the stacked feature. For the
GALFA-H i survey, Peek et al. (2011) estimated that the level
of stray radiation contamination is !200–500 mK, leading to an
overestimate in our computed Ts of at most 13%. Therefore, the
presence of stray radiation in our Arecibo H i emission spectra
would not change our results.

4. DISCUSSION

In Figure 3, we plot all previous WNM Ts detections (open
symbols) against the rms noise in off-line channels of the
individual absorption spectra in which they were detected, with
1σ error bars derived from line fitting. We exclude literature
measurements which are estimated as upper limits from Tk
or which assume single temperatures for multi-component
sightlines. Our result from the stacking analysis (green filled
star) is in agreement with measurements by Carilli et al. (1998,
open triangles) obtained in the direction of the ∼400 Jy bright
Cygnus A. We emphasize that our result samples a widespread
population detected from 19 sightlines, while Carilli et al. (1998)
examine only a single direction. Our Ts estimate is significantly
higher than all other direct measurements shown here. The
trend of increasing Ts with increasing observational sensitivity
confirms the expectation that previous experiments with lower
sensitivity (στ " 5 × 10−4) were unable to detect WNM with
Ts > 1000 K due to its low optical depth.

The range of predicted kinetic temperatures from the most
detailed ISM heating and cooling considerations, shown by the
dotted purple hatched region in Figure 3, is Tk ∼ 4100–8800 K
(Wolfire et al. 2003). We use models considering only collisional
excitation from Liszt (2001, their Figure 2) to show that under all
plausible ISM pressures, the range of spin temperatures implied
by this Tk range from Wolfire et al. (2003), is Ts ∼ 1800–4400 K
(solid blue hatched region in Figure 3). Our measurement
indicates that the mean spin temperature of the WNM is higher
than expected theoretically for collisionally excited H i at 98%
confidence.

Resonant scattering of Lyα photons can contribute enough
to 21 cm excitation to allow Ts = Tk , as long as a sufficient
fraction of the Lyα radiation permeates the WNM (Liszt 2001;
Pritchard & Loeb 2012). However, the degree to which this can
occur in a multi-phase ISM depends on several observationally
unconstrained quantities: the local and external Lyα field,
interstellar pressure, interstellar turbulence, ionization fraction,
and the topology of the ISM. Using models from Liszt (2001),
which assume a column density of hydrogen nuclei equal
to 1019 cm−2 and the temperature of the Lyα radiation field
being equal to the kinetic temperature, our Ts measurement
constrains the fraction of Galactic flux from early-type stars
which permeates H i clouds to >1 × 10−4.

Our work provides the first observational evidence for the Lyα
mechanism acting throughout the bulk of the Galactic WNM.
By increasing observational sensitivity to Ts in comparison
with expectations for Tk, stacking can be used to constrain
the importance of non-collisional excitation on H i, as well
as the origin and intensity of the Lyα radiation field. In the
future, 21 SPONGE will obtain more absorption sightlines to
increase our sensitivity to weak underlying signatures of the
WNM, thereby further refining these temperature constraints
and sampling different Galactic environments.

5. CONCLUSIONS

We have presented the discovery of a weak (τ0 = 3.0+1.0
−0.4 ×

10−4), broad (FWHM = 50+15
−7 km s−1) WNM absorption fea-

ture in the stacked absorption spectrum of 19 independent Galac-
tic sightlines from the 21 SPONGE survey. Using Monte Carlo
simulations, we have estimated the feature’s spin temperature to
be ⟨Ts⟩ = 7200+1800

−1200 K, which is significantly (98% confidence)
higher than theoretical predictions based on collisional excita-
tion alone, likely due to the thermalization of H i by resonant
Lyα scattering. This work provides the first observational evi-
dence that the Lyα excitation mechanism is acting throughout
the bulk of the Galactic WNM and demonstrates that the Lyα
radiation field, a quantity that is difficult to measure yet vitally
important for interpreting H i signals from early epochs of cos-
mic structure formation, can be probed using measurements of
the WNM.
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vancement for their support. We thank A. Begum for help with
initial survey observations, D. Able for developing initial data
reduction strategy, and H. Liszt, J. S. Gallagher, N. Roy, and T.
Wong for helpful discussions. The National Radio Astronomy
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Other mechanism?
• There should be other processes to excite the 

hyperfine states of the ground level.

• Wouthuysen-Field effect (Wouthuysen 1952; Field 1958, 1959)

Ly⍺ pumping on the 21 cm spin temperature

The Ly⍺ photons couple the 21 cm spin 
temperature to the gas kinetic temperature.



Hyperfine Structures of Hydrogen Atom

(0),…,(5) indicate energy levels.

Relative line strengths are
S51 : S41 : S40 : S31 : S30 : S21 = 5 : 1 : 2 : 2 : 1 : 1

S50 = S20 = 0
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WF effect = coupling of Ly⍺ and 21 cm 
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Wouthuysen-Field Effect
• Wouthuysen (1952)
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of the larger component. Because of the slight 
depth of eclipse and the trouble with comparison 
·stars, the above results by themselves cannot be 
.considered as anything more than suggestive. 
However, E. F. Carpenter’s observations taken 
in the blue, yellow, and ultra-violet on this night 
and the preceding one, show this effect very 
dearly and leave little doubt of its reality. 

It should further be noted that if the present 
fragmentary results prove to be a fair sample, 
the system is free from those erratic light changes 
which add such complexities to the interpretation 
of other systems of this sort. 

Flower Cook Observatories, 
of 

Woolard, Edgar W. A comparison of Brown’s 
Lunar Tables with the theory from which they 
were constructed. 
For 60 dates at half-day intervals, from 1948 

Ap_ril 24.0 to May 24.0 UT, the longitude and 
latitude of the moon to two decimals of a second 
of arc and the parallax to three decimals were 
taken from Brown’s tables and compared with 
values that had been computed to 5 decimals 
directly from Brown’s theoretical expressions by 
the Selective Sequence Electronic Computer of 
International Business Machines Corporation. 

Significant differences between the SSEC and 
the tabular values were evident in the longitude 
and in the latitude. The discrepancy in the 
longitude is very small but is systematic, the 
principal part apparently having a period of 
about a month, with an amplitude of the order 
of I; the discrepancy in the latitude is strongly 
periodic, with an amplitude about and a 
period about a month. 

An analysis of these differences to determine 
their source appeared advisable. The SSEC com-
putations were therefore compared in detail 
with the tabular computations for the longitude 
on 14 selected dates, and for the latitude on 12 
of these dates. The differences are for the most 
part satisfactorily accounted for by approxima-
tions and expedients adopted by Brown and 
Hedrick in the construction of the tables to 
facilitate their practical use, and are within the 
standards of accuracy that were set for the 
tables. The discrepancy in the ‘ latitude, 
however, is principally due to an oversight in the 
tables; in constructing the tables, the effect of 
the long period variations of the lunar inclina-
tion upon several of the large terms in the lati-
tude was inadvertently included twice. 

The resulting error in the tabular latitude is 
large enough to be detected in observations; it 
has been found in a comparison of the tabular 
latitude with the observed latitude obtained with 
the 6-inch transit circle at the U. S. Naval 
Observatory during 1929 1949. 

U. S. Naval Observator’ 
D.C 

W outhuysen, S. A. On the excitation mechanism 
of the 21-cm (radio-frequency) interstellar 
hydrogen emission line. 
The mechanism proposed here is a radiative 

one: as a consequence of absorption and re-emis-
sion of Lyman-a resonance radiation, a re-
distribution over the two hyperfine-structure 
components of the ground level will take place. 
Under the assumption-here certainly permitted 
-that induced emissions can be negelcted, it can 
easily be shown that the relative distribution of 
the two levels in question, under stationary con-
ditions, will depend solely on the shape of the 
radiation spectrum in the La region, and not 
on the absolute intensity. 

The shape of the spectrum of resonance radia-
tion, quasi-imprisoned in a large gas cloud, could 
only be determined by a careful study of the 
“ scattering” process (absorption and re-emission) 
in a cloud of definite shape and dimensions. The 
spectrum will turn out to depend upon the 
localization in the cloud. 

Some features can be inferred from more 
general considerations. Take a gas in a large con-
tainer, with perfectly reflecting walls. Let the 
gas be in equilibrium at temperature T, together 
with Planck radiation of that same temperature. 
The scattering processes will not affect the 
radiation spectrum. One can infer from this fact 
that the photons, after an infinite number of 
scattering processes on gas atoms with kinetic 
temperature T, will obtain a statistical distribu-
tion over the spectrum proportional to the 
Planck-radiation spectrum of temperature T. 
After a finite but large number of scattering 
processes the Planck shape will be produced in a 
region around the initial frequency. 

Photons reaching a point far inside an inter-
stellar gas cloud, with a frequency near the 
La resonance frequency, will have suffered on 
the average a tremendous number of collisions. 
Hence in that region, which is wider the larger the 
optical depth of the cloud is for the Lyman 
radiation, the Planck spectrum corresponding to 
the temperature will be established 
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as far as the shape is concerned. Because, how-
ever, the relative occupation of the two hyper-
fine-structure components of the ground state 
depends only upon the shape of the spectrum 
near the La frequency, this occupation will be 
the one corresponding to equilibrium at the gas 
temperature. 

The conclusion is that the resonance radiation 
provides a long-range interaction between gas 
atoms, which forces the internal (spin-)degree of 
freedom into thermal equilibrium with the 
thermal motion of the atoms. 
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Zechiel, Leon N. and Geoffrey Keller. A survey 
of eclipsing binary systems showing apsidal 
motion. 
Thirty eclipsing binary systems of known or 

suspected apsidal motion were analyzed to de-
termine whether a correlation could be made 
between the mass distribution within the stars 
and the spectral type. A set of combined photo-
metric and spectroscopic elements for each 
system was assembled. Some systems have not 
been observed spectroscopically, and the values 
of the eccentricity and the apsidal period had to 
be estimated from photometric data alone in 
these cases. The data has been tabulated for all 
systems which have been adequately observed. 
Fourteen cases in which apsidal motion has been 
indicated, but for which the data are insufficient 
to support detailed analysis, were rejected. 

The final sets of elements for each system were 
analyzed by the method of Sterne, yielding the 
apsidal coefficients, k2, which are a measure of 
the degree of central condensation of the mass of 
the stars. Values of the effective polytropic index 
of each star were obtained from the quantities 
k2 in the usual manner. The absolute dimensions 
of the systems were derived from the elements 
by various methods suited to the data available 
in each case. 

The final results were embodied in a table, and 
a plot of the effective polytropic index versus the 
spectral type was made. A similar plot was con-
structed from the analysis by Russell in 1939. 
A comparison shows considerable change in the 
plot due to the reclassification of the spectra of 
several of the stars and to the inclusion of new 

data. There appears to be a limitation of ne r r to 
values between 2.9 and 4.1, with the lower values 
tending to be associated with earlier spectral 
types. The ratio of central density to mean 
density is 54 for a polytrope of index 3.0 and 614 
for a polytrope of index 4.0. While the stars in 
this survey were not assumed to be polytropes 
these two cases represent models having values 
of k2 corresponding roughly to the observed 
range. The spectral types represented in the 
survey ranged from 08.5 to F2. 

Perkins Observatory, 
Delaware, Ohio. 
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Thermodynamic Equilibrium:
A tremendous number of scattering will establish 
the Planck-like spectrum corresponding to the 
gas-kinetic temperature.
 
Ly⍺ will couple with the hyperfine state of H atom.

Therefore, the spin temperature will be the same 
as the kinetic temperature of H gas.



Without recoil:
The spectral Profile becomes flat at the line center 
when the photons undergoes a large number of 
resonance scattering.

With recoil:
Recoil of the scattering atom changes the slope of 
the Ly⍺ central profile after an infinite number of 
scattering.

Recoil Effect (momentum transfer between H and Ly⍺)

with
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TIME RELAXATION 557 
from equations (18) and (20) by -'Y/4(log t) 312 and +'Y/4(log t)312, respectively, with 
Euler's constant 'Y = 0.577. The per cent accuracy of equations (18) and (20) is there-
fore 0.13/log 1o t, which is better than 3 per cent fort~ 105• 

Explicit solutions for the two cases were obtained by numerical quadrature of equa-
tions (16c) and (19b) and are plotted in Figures 3 and 4, for t = 0, 1, 5, 10, and 100. 
From these figures it seems that the statement that the profiles in each case widen as 
(log t)112 and flatten in the center has good accuracy for large log t. The weakest point 

.5 

J(x,t)/ i 
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.2 

.I 
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X 
FlG. 3.~Solutions to the initial-value problem, for t = 0, 1, 5, 10, and 100 in units of mean free 

time at the line center. 

may be considered to be the interior curve near Xe for the constant-creation case, which 
is somewhat more curved than in the initial-value problem. Using the second term of 
equation (19a), one finds that the interval over which this curvature is significant for 
x < Xe is about (2 log t)- 1 of the total half-width-only 4 per cent fort = 105• 

IV. THE EQUATION WITH RECOIL 

In Appendix A it is shown that r(x', x) is modified by recoil to 

(21) 
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initial Gaussian profile

T↵ = TK

Field (1959)

J(x ⇠ 0, t ! 1) / e

�h⌫/kBT↵

J(x ⇠ 0, t ! 1) = constant

Field (1959) : The Ly⍺ profile has a profile of Boltzmann distribution 
by recoil effect, after a huge amount of scattering. 



Equation for spin temperature
• Rate equation for the population of the hyperfine states 0 and 1:

2 SEON & KIM

a detailed analysis using a more realstic ISM model.
However, the Ly↵ radiative transfer strongly depends not

only on the density, but also velocity distribution.
The Ly↵ line plays significant roles in a wide range of fields

in astrophysics. It is the brightest emission line in the universe
and thus an essential, diagnostic tool for observing and study-
ing the high redshift universe.

2. MONTE CARLO METHODS

2.1. Ly↵ Radiative Transfer
Monte Carlo codes for the Ly↵ radiative transfer (RT) study

have been developed mostly in the context of external galax-
ies and the high-redshift universe (Ahn et al. 2000; Zheng &
Miralda-Escudé 2002; Cantalupo et al. 2005; Tasitsiomi 2006;
Dijkstra et al. 2006; Verhamme et al. 2006; Semelin et al.
2007; Laursen & Sommer-Larsen 2007; Laursen et al. 2009;
Yajima et al. 2012). The WF effect has been extensively stud-
ied to understand the 21 cm signal in the epoch of reionization
(e.g., Furlanetto et al. 2006). Monte Carlo method to study the
WF effect has been developed in Semelin et al. (2007) and
Baek et al. (2009). However, no Ly↵ RT study has been made
to understand the WF effect in the ISM. We summarize the
main algorithms made in the code.

The Einstein coefficient of the Ly↵ transition between the
n = 2 and n = 1 levels of a hydrogen atom is A↵ = 6.265⇥108

s-1. The scattering scross-section of a Ly↵ photon in the rest
fram of the hydrogen atom is

�⌫ = f↵
⇡e2

mec
�/4⇡2

(⌫ -⌫↵)2 + (�/4⇡)2 ,

where f↵ = 0.4162 is the Ly↵ oscillator strength, ⌫↵ = 2.466⇥
1015 Hz is the centeral frequency of Ly↵, and � = A↵ is the
damping constant. Integrating over the Maxwellian velocity
distribution of hydrogen atom, the resulting cross section in
the observer’s frame is

� = f↵

p
⇡e2

mec�⌫D
H(a,x),

where

H(a,x) =
a
⇡

Z 1

-1

e-y2

(x - y)2 + a2 dy

is the Voigt function, x = (⌫ - ⌫↵)/�⌫D is the relative fre-
quency of the incident photon in the observer’s frame with
the Doppler width �⌫D = ⌫↵(vth/c), vth = (2kBT/mp)1/2 and
a = �/(4⇡�⌫D) with the natural line width �.

2.2. The Recoil Effect
The photon loses energy due to recoil in the rest frame of

the atom. In the observer’s frame, the small recoil redshift is
almost completely swamped by the Doppler shifts due to the
thermal motion of the atom as noted by Adams (1971). This
is true especially when the gas temperature is high. However,
the effect of recoil is systematic while the Doppler shift is
random and thus the redshift effect, although it would be very
small, must exist. As noted by Adams (1971), recoil does not
play an important role in the escape of resonance radiation
from a very thick medium. If J⌫ / exp

�
-h⌫/kBT

�
,

kBT
h�⌫D

ln
�
J⌫/J0

�
= -x
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Figure 1. The hyperfine energy levels (n = 1 and n = 2) of hydrogen. The en-
ergy levels are designated by F LJ and labeled within in parentheses. The solid
and dashed lines denotes permitted and forbidden transitions, respectively.
The relative line strengths (S51 : S41 : S40 : S31 : S30 : S21 = 5 : 1 : 2 : 2 : 1 : 1)
of the six permitted transitions are also shown. Frequencies between the hy-
perfine states are also shown.

2.3. The WF Effect

n0
�
PR

01 + Pc
01 + P↵

01
�

= n1
�
PR

10 + Pc
10 + P↵

10
�

In Figure 1, there are four downward and four upward
transitions between n = 2 and n = 1 hyperfine states. Ac-
cording to the sum rule, the relative line strengths are S51 :
S41 + S40 : S31 + S30 : S21 = 5 : 3 : 3 : 1, S04 : S14 + S15 = 1 : 3,
and S03 : S12 + S13 = 1 : 3. From the proportional expres-
sions, we obtain the relative line strengths S51 : S41 : S40 : S31 :
S30 : S21 = 5 : 1 : 2 : 2 : 1 : 1, which is shown in Figure 1.
S ji/S↵ = (g j/gn=2)(Aji/A↵). Here, S↵ =

P
S ji, gn=2 =

P5
j=2 g j.
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(2/3)A↵.
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3
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Here, the relations between Einstein coefficients are used and
N⌫(⌫) = c2J⌫(⌫)/2h⌫3 is the occupation number per state.
Similary, we obtain
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= transition rate (per sec) caused by radio (21 cm) background
= transition rate by collision
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Questions:
• spectral shape: How many scattering (how large 

optical depth) is required to obtain the Boltzmann-
distribution-like spectral shape with the kinetic 
temperature? 

Some studies have claimed that the number of scattering required to 
guarantee the Boltzmann function is too huge to be achieved in most 
astrophysical systems. 

• y⍺: Are the Ly⍺ production rate and the number of 
scattering large enough to make Ts equal to TK?



Monte-Carlo Simulation
• Monte Carlo simulation algorithm for Ly⍺ RT has been 

well developed in the high-redshift Ly⍺ community.  

• However, no one has tried to predict the spectral shape 
within the medium. 

• Lucy (1999)’s method is used to calculate the spectral 
profiles in the medium. 

• Number of scattering is obtained as follows:
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Without recoil effect
Infinite SlabJ
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• spectral shape?  

Yes, Boltzmann-distribution is easily established even 
an optical depth as low as 100. 

In most astrophysical situations, the Boltzmann-
distribution can be guaranteed.
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Analytic Approximation

RT simulation approximation Slab geometry

How Significant is the Ly⍺ scattering?: No Dust



How Significant is the Ly⍺ scattering?: Dust Effect

RT simulation approximation without dust Slab geometry



The WNM of our Galaxy : Source
• Number of Ly⍺ photons 

Production rate of ionizing photons from 429 O- and early-B 
stars within 2.5 kpc of the Sun 

Lyman-alpha production rate                                                             
(Ly⍺ photons per recombination = 0.68) 

• Spatial distribution of OB stars

 Lyc = 3.7⇥ 10

7
photons cm

�2
s

�1

 Ly↵ = 0.68⇥ Lyc

= 2.5⇥ 10

7
photons cm

�2
s

�1

(Vacca et al. 1996)

(Ferriere 1998)

NLy↵(z) / exp

 
�1

2

����
z

81 pc

����
2
!



Two Phases ISM Model
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= 100

Tc = 80K

Tw = 8000K

density contrast:

temperatures:

filling fraction of CNM: f = 0.01

CNM:

WNM:

• Two phases (Cold Neutral  Medium + Warm Neutral Medium)

(Ferriere 1998)

• Milky Way Dust-to-Gas ratio ~ 100 by mass



Results: Two-phase Medium

• Spin temperature is higher than 7000 K up to 350 pc 
above the plane.



TIGRESS Model
TIGRESS = Three-phase Interstellar medium in Galaxies Resolving Evolution with 
Star formation and Supernova feedback (Kim et al. 2017; ApJ, submitted)



Kinetic & Spin Temperatures
Kinetic Temp. Spin Temp.



• y⍺?  

Yes, the Ly⍺ production rate and the number of 
scattering are large enough to make Ts equal to TK in 
the WNM.



Escape Fraction of Ly⍺
Escape fraction ~ a few %



Observations: Ly⍺ from the Milky Way
• Voyager measurements (Lallement et al. 2011) 

• first detection of Ly⍺ from our Galaxy 

• the heliospheric contribution removed 

• Escape fraction = Ly⍺/(1.61 x H⍺) ~ 3%

the same viewing conditions as for the Voyager
scans.

Figures 3 and 4 display the data, the helio-
spheric model, and the Ha brightness. Overall,
there is a very good agreement between the mod-
el and the data. Note the similarity between the
model and the data for V1A at scan angle 100°,
where one scan point deviates significantly from
the mean trace on the sky to avoid a bright star.
For the V1 scans, the model minima fall outside
the galactic plane (where Ha is strong). For V1A
and B, these minima are located as in the data,
but there is an excess in the data with respect to
the model close to the galactic plane and a link
between Ha bright regions and those enhance-
ments. It is also clear that the Lya enhancements
start farther from the galactic plane than the
Ha. Some changes in the intensity slope are also
clearly found within regions that have no star-
light, precluding any bias linked to this signal. At
variance with A and B, the V1C scans cross the
galactic plane in a very weak Ha area, and, as
in response to this low level, they do not show
clearly a marked excess close to the galactic plane
(Fig. 4). However, they are not entirely smooth,
and one region in particular outside the galactic
plane (scan angle ≅ 170°) shows some enhance-
ments. This angular structure along the scans is
found for all individual scans (SOM) and thus
can not be attributed to residual solar variations
or particle background fluctuations. Moreover, the
total absence of stellar continua in this region
precludes any particular problem associated with
the starlight.

At variance with V1, for V2 the minimum
in the heliospheric model falls near the galactic
plane and the bright Ha area. The shapes of the
model and the data are somewhat different, with
the observed minimum shifted outside the ga-
lactic plane to larger scan angles. We interpret
this shift as due to the presence of a galactic
enhancement that modifies the location of the
minimum. This confirms the correlation between
galactic Lya and Ha found for V1A and B scans.
Outside the galactic plane, the model does not
fit the data as well as for V1, which may be due
to a galactic contribution extending outside the
galactic plane, or to a potential small inadequacy
of the model that appears for the V2 location.
Allowing for a flatter model minimum, we have
also drawn a smooth curve fitting as closely as
possible the data below and above the galactic
plane, while keeping the modeled minimum lo-
cation. Assuming that there is no galactic emis-
sion outside the galactic plane, the difference
between this curve and the data at the galactic
plane location provides an estimate of the weak-
est galactic excess in this area that is compatible
with the data. In favor of the first solution and the
validity of the model, we note that the excess
measured for V2, in the region where V1A and B
and V2 scans overlap (Fig. 2), is in good agree-
ment with the excess determined for V1 (Figs. 3
and 4). This suggests, in the same way as for the
V1C scans, that there may be Lya enhancements

outside the bright H II regions and up to 50° from
the galactic plane.

We have derived from Figs. 3 and 4 the
difference between the data and the model and
converted it using the calibration factors of 70 R
per count s−1 and 80 R per count s−1 for V1 and
V2, respectively (23, 39). We derive an average
value for the galactic brightness of about 3 to 4 R
in the Scorpius-Ophiuchus area (Fig. 5). For
Voyager 2, we show both the minimum and
maximum values discussed above. Despite the

large dispersion, there is a clear positive correla-
tion between the two signals. As noted above,
some Lya enhancements have no Ha counter-
part, and in general the amplitude of the Lya
variations is much smaller than for Ha, as shown
by comparing the data with the fitted linear re-
lationship between Lya and log(Ha).

Results and perspectives.Our analysis shows
that, in addition to the smooth heliospheric emis-
sion, the UVS detects a galactic Lya emission
on the order of a few Rayleigh that is mainly

Fig. 4. Same as Fig. 3 for V1C and V2 scans. V1C scans show deviations from a smooth curve, especially
at 170°. For V2, the model (red markers and right red axis) is adjusted to the data at scan angle 220°.
The data are not compatible with the model minimum position. We also show an ad hoc smooth profile
(pink curve) that satisfies the position of the minimum but has a slightly different shape.

Fig. 5. Difference be-
tween the data and the
model, derived from Figs.
3 and 4 and attributed
to the galactic emission,
as a function of Ha. Error
bars are themost conserv-
ative ones (drawn in black
in Figs. 3 and 4). Circles
are for the V1 scans (black,
red, and blue, respective-
ly, for A, B, and C scans).
Triangles are forV2 for the
two cases in Fig. 4. Shown
are the adjusted linear re-
lationships between Lya
and log(Ha) forV1(dashed
black line) and all data
points (red line).
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(Intrinsic ratio of Ly⍺/H⍺ ~ 1.61)

gas density, dust content, geometry, and kine-
matics are well known, such as the Milky Way
H II regions. The reason is that, paradoxically,
Lya emission from our own Galaxy has not been
detected yet. Very close to late-type stars, diffuse
Lya emission may be generated through direct
resonant scattering of the stellar Lya line ra-
diation by surrounding H atoms. This is the case
around the Sun, both in planetary gaseous en-
velopes such as Earth’s geocorona and within the
entire heliosphere due to interstellar H atoms that
approach the Sun, causing the so-called H glow
(15, 16) (Fig. 1). These local sources are negli-
gible compared to the galactic background, except
for an observer located within the solar system,
where they become dominant. Contrary to exter-
nal galaxies observations that benefit from enough
wavelength shift between the emitter and the lo-
cal matter, for our Galaxy there is no shift to
prevent the contamination by the solar system.

Estimates of galactic Lya brightness based on
the UV photon production rate and the gas dis-
tribution range from tens to hundreds of Rayleigh
(R) (17–20). By comparison, the geocoronal sur-
face brightness varies between 1000 and 20,000
R as viewed from rocket or satellite altitudes. From
deep space, it is not a contaminant, but the helio-
spheric H glow, whose brightness is on the
order of 400 to 1400 R for an observer at 1 astro-
nomical unit, remains an obstacle for all obser-
vations within the inner heliosphere, not only
because of its intensity but also because of its
time and directional fluctuations in response to
variations in the solar wind and solar radiation.
This explains why it has been impossible to detect
the weaker galactic contribution. The expected
pattern of the galactic emission when observing
from the Sun is also uncertain, which further com-
plicates discrimination. Decreasing upper limits
of 250, 50, then 40 R (16, 21–23) were deduced
from OGO-5, Mars-7, and Voyager data, re-
spectively, under the assumption of a nearly iso-
tropic galactic emission. A firm upper limit of
15 R along five great circles was obtained using
hydrogen absorption cell measurements (24). At-
tempts to detect the galactic signal by means of
its spectral characteristics have not been conclu-
sive. High-resolution spectra recorded with the
Hubble Space Telescope (25) have not revealed
any particular Doppler-shifted feature superim-
posed on the H glow line that would be the sig-
nature of propagation through very large optical
paths.

We describe observations of the sky diffuse
UVemission performed with the ultraviolet spec-
trograph (UVS) on board the two Voyager space-
craft since 1993.Our analysis aims at disentangling
the Lya emission of our heliosphere from distant
emission of the Milky Way and at measuring the
brightness and properties of the latter emission.

Voyager UVS data analysis. The UVS in-
struments aboard Voyager 1 (V1) and Voyager 2
(V2) have been observing the Lya diffuse emis-
sion since the beginning of the spacecrafts’ cruise
to the outer planets (26). The two spacecraft are

now reaching the boundary of the heliosphere,
and they have moved away from the bright re-
gions that are close to the Sun. As viewed from
the Voyagers, the brightness of the Lya diffuse
emission has become as low as 40 R in the anti-
solar direction, which is also close to the so-
called upwind direction (where the interstellar
wind comes from), located at about 20° from the
galactic center (22, 23, 27). In addition, the local
emission has become angularly smoother be-
cause solar wind influences on the H distribution
decrease with distance. Finally, the solar emis-
sion variability at daily and monthly scales is
now strongly attenuated by the opacity of inter-
vening neutrals between the Sun and the outer
heliosphere. These three effects work together to
facilitate detecting a weak galactic contribution.

After 1993, special UVS measurements were
performed using the scan platform on both space-
craft. A scan consists of long-duration (several

hours to 1 day) observations in 18 to 20 direc-
tions separated by about 10°, which permits ob-
serving the large-scale intensity pattern over an
entire hemisphere (Fig. 2). A scan pattern reflects
the heliospheric structure, with amaximumbright-
ness near the Sun, where the line of sight inter-
cepts the most emissive region, and a minimum
close to the antisolar direction. Consecutive scans
are slightly shifted in direction (Fig. 2), making it
possible to probe degree- and even subdegree-
scale variations (22, 28). For V1, there are three
types of scans, named A, B, and C, that corre-
spond to different swaths across the sky. For
V2, there is only one type (Fig. 2). Scans are
spread between 1993 and mid-2003 for V1, and
between 1993 and mid-1998 for V2. These ob-
servations were initially motivated by the study
of the so-called hydrogenwall, a region of enhanced
H density due to a pile-up of interstellar matter
and magnetic field in front of the heliosphere

Fig. 2. Scan data point directions superimposed on the Ha map from (34), in ecliptic coordinates.
Four series of scans cross the galactic plane. Dashed arrows correspond to increasing scan angles.
Solar and antisolar directions as seen from V1 and V2 are shown by yellow and black diamonds,
respectively. Data points marked by black arrows and labeled “type 1” have spectra such as those
shown at bottom left. For “type 2” spectra recorded close to the galactic plane, dust-scattered
starlight is superimposed (bottom right). The total Lya emission is the sum of the emerging line
(black hatched area) and of the absorption line known to exist in the starlight continuum (red
hatched area). The color scale for the scan data points (grouped in clusters) indicates the intensity
of the continuum, with red indicating its absence and blue the most intense. The oval encircles the
high-latitude V1C enhancement.
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Observations: Ly⍺ from external galaxies
• Escape fraction in local Universe ~ a few percent.



Summary
• The WF effect is important not only in the IGM at the 

reionization epoch but also in the WNM. 

- Ly⍺ spectral profile approaches to a Boltzmann 
function with the gas kinetic temperature, even at 
an optical depth as low as 100. 

- Ly⍺ radiation field is strong enough to thermalize 
the 21 cm hyperfine spin temperature in the WNM 
to the gas kinetic temperature. 

• The escape fraction of Ly⍺ is found to be a few 
percent, which is consistent with the Ly⍺ observations 
of our Galaxy and external galaxies in local universe.


