Cume 386 is based in part on the paper "Excitation Temperature of the Warm Neutral Medium
as a New Probe of the Lyman aipha Radiation Field", by Murray et al., 2014, ApJ 781, L41.

Note: you do not need to read the entire paper for this cume. The most relevant parts are the
Abstract, Introduction, and Section 2.1. The exact nature of the stacking and fitting of the
spectra in Section 2.2 and Section 3 is not relevant for answering the questions. Section 4
may be useful to better understand the main message of the paper.

The total number of points is 85. The passing grade is expected to be 70%. Many of the
questions are general questions regarding radiative transfer and the atomic hydrogen in the

ISM.

Question 1. 5 short questions 25 pts
Question 2: Discussion of Lyman o emission, 15 pts
Question 3: HI emission and absorption spectra, 45 pts

1. First some short questions.
1a. (5 pts) Calculate the frequency of the Hi 21-cm line. Calculate the beam size of the 1000-

ft Arecibo dish at this wavelength.

1b. (5 pts) What quantity is the "Jansky" a unit of? Write out what a Jansky is in cgs units. It
doesn’'t matter if you forgot the exact value of the constant, | want the units.

1c. (5 pts) The paper gives a velocity coverage of 107.5 km/s in Section 2.1. Show how that
follows from the stated observational parameters.

1d. (5 pts) What is meant by "Brightness Temperature”, Ts? How is it defined?

le. (5 pts) There are two other temperatures named in the paper: T or kinetic temperature,
and Ts or spin temperature. The latter is also called excitation temperature on page 1.
Explain what is meant with each.

2a.(5 pts) The paper talks a lot about Lyman a photons in the introduction. What is the
transition that gives rise to these photons? Derive its wavelength, given that the ionization of
hydrogen from the ground state requires a photon with a minimum wavelength of 912A.

2b. (5 pts) Why, if Lyman a photons are present in the HI medium, is scattering of these
photons a likely process?

2c. (5 pts) If a photon scatters, it is not destroyed but essentially absorbed and immediately
re-efmitted in a different direction generally. But there are two other processes (at least) that
would destroy a Lyman o photon. What are they?

3. These questions center on the basic method underlying the paper, which we discussed in
ISM. The 21-cm emission coefficient does not depend on the kinenetic temperature of the
gas. The best way to obtain information on that temperature is through HI absorption
measurements. The goal is to determine the optical depth and spin temperature in the H| by
observing a radio continuum source located behind the HI layer. it is then assumed that the




spin temperature equals the kinetic temperature. The procedure: measure the 21-cm
emission next to a radio continuum source to obtain Ts(v) for the Hl itself. Measure separately
the continuum source brightness temperature in a frequency range just outside the Hi line to
get brightness temperature T, for that source. Lastly, measure the brightness temperatures
towards the continuum source across the frequency range of the Hl line - the situation in
problem 3c. This allows us to deduce the "absorption profile” (1 - e™), as the authors call it
and which they plot in Figure 1{(b). One can then derive both T« and optical depth 1(v) from the
data. Let's reproduce the radiative transfer that underlies the paper.

a. (15 pts) Consider the HI spectrum for a single layer of gas at a kinetic temperature Tx. The
layer is moving at a radial velocity vo with respect to us. For the axes we use brightness
temperature Tg(V) on the vertical axis to indicate the intensity and velocity, v, on the x-axis.

a.1 Make a sketch of the spectrum and mark ve. Mark where 0 is on the vertical axis.
Describe the line shape if the line is optically thin. What determines the FWHM of the
line in the case of Hi gas?

a.2 Optically thin implies that the optical depth is less than 1, so small, not necessarily
zero. What would the figure look like if the optical depth were zero at all velocities (You
might want to check your answer after question a.3 below).

a.3 What is the solution to the radiative transfer equation for this general situation of a
single layer of 21-cm emitting gas at constant temperature Tk, SO what is the
expression for Ts (v) in terms of the kinetic temperature and the optical depth?

a.4 Under which condition is the brightness temperature Ts(v) equal to the kinetic
temperature, and at which velocity will this happen first?

b. (5 pts) Why does the optical depth for HI increase as the kinetic temperature of the gas
goes down? (There are two reasons but you will get full credit if you name either one).

c. (10 pts) So let us now add a background radio continuum source which is observed
through the layer of HI gas. The background source itself would have a brightness
temperature To when observed in the frequency range just outside the spectral range of the
HI fine. You will now need to modify the solution you got in a.3.
¢.1 Write the solution to the radiative transfer equation that applies in this case.
c.2 Make a sketch of the spectrum for that situation so a new figure in contrast to a.l.
Be very careful in considering what happens at the location of the spectral line as you
make your sketch in comparison to what you drew in Figure 2a. | need your vertical
axis to be consistent in scale for the two cases, so | can tell if you considered the role
of absorption in drawing your line profile. You may want to revisit your drawing after
considering problem 3d.

d. (10 pts) Now define the Equivalent Width of the HI line, first by a sketch. Copy your plot,
from question 3c.2 and show the definition of EW in that plot, using the general concept of
how an EW is defined for any spectral line. Then show that the EW is given by:

EW = [(Tk- To)/To] J(1 -e™) dv
based on your solution in d. Discuss when the EW is negative and when it is positive.

e, (b pts) Why do they use the Arecibo telescope to measure the HI brightness temperature
away from the source, and not the VLA which they use to measure the Hl spectrum towards
the background source?
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ABSTRACT

We use the Karl G. Jansky Very Large Array to conduct a high-sensitivity survey of neutral hydrogen (H1)
absorption in the Milky Way. In combination with corresponding H1 emission spectra obtained mostly with
the Arecibo Observatory, we detect a widespread warm neutral medium component with excitation temperature
(T,) = 7200’:1182%% K (68% confidence). This temperature lies above theoretical predictions based on collisional
excitation alone, implying that Lye scattering, the most probable additional source of excitation, is more important
in the interstellar medium (ISM) than previously assumed. Our results demonstrate that H1 absorption can be used
to constrain the Ly radiation field, a critical quantity for studying the energy balance in the ISM and intergalactic
medium yet notoriously difficult to model because of its complicated radiative transfer, in and around galaxies

doi:10,1088/2041-8205/781/2/L41

nearby and at high redshift.
Key words: TISM: clouds — ISM: structure

1. INTRODUCTION

Understanding physical conditions within the diffuse neutrat
interstellar medium (ISM) is essential for producing realistic
models of star and galaxy formation. Ambient gas temperature
and density are crucial input parameters for heating, cooling, and
feedback recipes on all astronomical scales. While numerical
simulations are becoming increasingly complex, details regard-
ing neutral gas temperature distributions, shielding properties,
essential feedback sources, and excitation processes are still
very much under debate (Bryan 2007; Christensen et al. 2012).
The excitation processes of the 21 ¢m line are especiatly impor-
tant for interpreting radio signals from early epochs of cosmic
structure formation (e.g., the cosmic dark ages and subsequent
epoch of reionization), when neutral hydrogen dominated the
baryonic content of the universe and facilitated the formation of
the first stars and galaxies (Pritchard & Loeb 2012). To interpret
21 cm signals from the early universe, it is necessary to decouple
astrophysical effects from cosmological effects which is likely
best done by analyzing excitation processes in the local ISM.

Traditional [SM models contain two neutral phases, the cold
neutral medium (CNM) and the warm neutral medium (WNM),
individually in thermal and pressure equilibrivm (Field et al.
1969; McKee & Ostriker 1977, Wolfire et al. 2003). Widely
accepted theoretical properties of these phases in the Milky
Way include a kinetic temperature of T, ~ 40-200K and a
volume density of #(H1) ~ 5-120 cm™ for the CNM, and
T ~ 4100-8800 K and n(H1) ~ 0.03-1.3 cm 2 for the WNM
(Wolfire et al. 2003).

A convenient tracer for neutral gas is the Hi1 21 c¢m line, orig-
inating from the hyperfine energy splitting caused by magnetic
moment interactions between the hydrogen atom’s electron and
proton. The high optical depth of the CNM makes 21 cm absorp-
tion signatures easy to detect, even with low sensitivity cbser-
vations (e.g., Lazareff 1975; Dickey et al. 1977, 1983; Crovisier
ef al. 1978; Payne et al. 1978; Braun & Walterbos 1992; Heiles
& Troland 2003; Kanckar et al. 2003; Mohan et al. 2(04; Roy

et al. 2006; Begum et al. 2010). The excitation temperature (or
spin temperature, T;) of the CNM can be directly estimated by
solving radiative transfer equations.

In contrast, the WNM is characterized by very-low peak opti-
cal depth and so measuring its spin temperature from absorption
requires extremely high sensitivity, o; < 1072, and attention to
systematic errors. Only two direct measurements of WNM spin
temperature exist so far (Carilli et al, 1998; Dwarakanath et al.
2002). However, Carilli et al. (1998) observed absorption in the
direction of Cygnus A, an excepticnally bright radio continuum
source with a flux density of ~400Jy, and achieved excellent
sensitivity with orders of magnitude less integration time than
18 required for the majority of (>3 Jy) radio continuum sources.
Less accurate are upper limits on 7y (and thus T since T, < T)
estimated by spectral linewidths (Mebold et al. 1982; Kanekar
et al. 2003; Heiles & Troland 2003; Roy et al. 2013b) and
approximate 7; estimates obtained by assigning a single tem-
perature to strongly absorbing, complex H1 profiles (Kanekar
et al. 2011; Roy et al. 2013a).

Relating measured H1 spin temperatures to model-predicted
kinetic temperatures is further complicated by the uncertainty
in the excitation mechanisms involved. The 21 cm transition
in the high-density CNM is expected to be thermalized by
collisions with electrons, ions, and other Hi atoms, resulting
in T; ~ Tp. In contrast, low densities in the WNM imply that
collisions cannot thermalize the 21 cm transition and therefore
T, < T (Field 1958; Deguchi & Watson 1985; Liszt 2001).
However, the Ly« radiation field from Galactic and extragalactic
sources can serve to thermalize the transition. This requires a
very large optical depth and a large number of scatterings of Ly«
photons to bring the radiation field and the gas into local thermal
equilibrium. While the underlying atomic physics is understood
(Wouthuysen 1952; Field 1958; Pritchard & Loeb 2012), the
details of Ly radiative transfer are complicated and depend on
the topology and the strength of the Ly« radiation field, which
are complex and poorly constrained in the multi-phase ISM
{Liszt 2001).
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To measure the physical properties of the WINM and the cou-
pling between neutral gas and Lyo radiation, we are conducting
a large survey, 21 cm spectral line observations of neutral gas
with the EVLA (21 SPONGE), to obtain high-sensitivity Milky
Way H 1 absorption spectra using the Karl G. Jansky Very Large
Array (VLA). The recently upgraded capabilities of the VLA
allow us to routinely achieve rms noise levels in an optical depth
of o, ~ 7 x 107* per 0.42 km s~! channel, which are among
the most sensitive observations of H1 absorption to date. Cur-
rently, 24 out of 58 sightlines are complete after over 200 hours
of observing time. This Letter summarizes our initial results
from this project and the detection of the WNM using a newly
developed analysis technique based cn the spectral stacking of
H1 absorption and emission spectra. In Section 2, we summa-
rize our observing and data processing strategies, results of the
stacking analysis are provided in Section 3 and discussed in
Section 4, and we present our conclusions in Section 5.

2. OBSERVATIONS AND DATA PROCESSING
2.1. Observations

Each source, selected from the NRAQ/VLA Sky Survey
{Condon et al. 1998), was chosen to have a 1.4 GHz flux density
23 Jy to avoid excessively long integration times with the VLA
to reach the desired sensitivity. In addition, we select sources
generally at high Galactic latitude ((&] > 10°) to avoid com-
plicated CNM profiles associated with the Galactic plane and
with angular sizes less than 1’ to avoid resolving substantial
flux density. All VILA observations use three separate, standard
L-band configurations, each with one dual-polarization inter-
mediate frequency band of width 500 kHz with 256 channels,
allowing for a velocity coverage of 107.5km s ! and resolution
of 0.42km s~!. We perform bandpass calibration via frequency
switching, and all data were reduced using the Astronomical Im-
age Processing System’ (AIPS). The absorption spectra, 7(v),
were extracted from the final cleaned data cubes following cal-
ibration detailed in the 21 SPONGE pilot paper (Begum et al.
2010).

In addition, for each sightline we obtain H1 emission pro-
files which estimate the brightness temperature (Tg(v)) in the
absence of the radio continuum source, Of our 24 sightlines, 11
have emission profiles from the Millennium Arecibo 21 cm Ab-
sorption Line Survey (Heiles & Troland 2003), 10 have emission
profiles from the Galactic Arecibo L-band Feed Array survey
in H1 (GALFA-H 1: Stanimirovié et al. 2006; Peek et al, 2011),
and for three sightlines which were not included in the Millen-
nium survey or the GALFA-H 1 survey to date, we use emission
spectra from the Leiden--Argentine-Bonn (LAB: Kalberla et al.
2005) survey. Arecibo Hr emission spectra have not been cor-
rected for contamination entering the telescope beam through
distant sidelobes (so-called stray radiation).

2.2, Derivation of T, for Individual Components

To estimate T for individual spectral components, we follow
the method of Heiles & Troland (2003). We first fit each ab-
sorption profile with Gaussian functions assuming thermal and
turbulent broadening. We apply the statistical f-test to determine
the best-fit number of components. We then fit the Ta(v) pro-
file simultaneously for additional Gaunssian components and T
for each absorption-detected component by solving the radia-
tive transfer equations discussed at length in Heiles & Troland
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Figure 1. (a) Result of stacking the residual emission profiles Ti_res(v) (solid
line) for the 19 selected sources and the resuit of stacking the total emission
profiles Tg(v) (dashed line) for reference. (b) The result of stacking the residual
VLA absorption profiles 7,.5(v) (thin solid black) from the selected 19 sources.
A smoothed version of the stack {10kms—! boxcar kernel) is overlaid (dashed
orange), with a simple Gaussian fit to the profile overlaid (thick solid green).
Due to the fact that all shifted profiles do not cover the same velocity range, we
add zeroes to the edges of each profile so that they cover the same range. This
resulis in fewer non-zero channels in the farthest velocity bins, which causes
the noise level to be lower there.

(2003). These results will be presented along with additional
survey information in C. E. Murray et al. (2014, in preparation).

We next construct “residual™ spectra to search for weak ab-
sorption features below our observational sensitivity by remov-
ing fitted models from the absorption and emission profiles. The
best-fitting Gaussian components in absorption (7;(v) where i
denotes the ith compenent) are subtracted from each original ab-
sorption profile t(v) to produce a residual absorption spectrum,
Tes(¥) = T(v) — Z13(v). The corresponding emission contri-
bution from these components, X7} ;{1 — e~ ), is removed
from each emission profile to produce a residual emission spec-
trum T res(v) = Ta(v) — ET; ;(1 — e %), Each residual emis-
sion spectrum is dominated by signals from the WNM purely
detected in emission. Correspondingly, each residual absorp-
tion spectrum, T..(v), contains noise, model imperfections, and
weak absorption components below our detection threshold.

To minimize the effects of model imperfections in our re-
sults, we exclude sources that have strong model-subtraction
errors from our analysis using the following technique. We first
calculate the expected noise profile of the absorption spectrum,
o= (v), for each source. Because the LAB survey uses antennas
of comparable size to those of the VLA, we follow methods
described by Roy et al. (2013a) to estimate o, (v} using LAB
H1 emission. We next produce probability distribution func-
tions (PDFs) of 7s(v)/o (v) and exclude from further analysis
5/24 sources whose PDFs deviate from a normal distribution at
297 5% confidence. The excluded sources are si gnificantly con-
taminated by model-subtraction artifacts and lie at low Galactic
latitude where lines of sight probe many velocity-blended H1
clouds, which complicates Gaussian modeling. Table 1 lists the
source name, o, calculated per 0.42 kms™! velocity channel in
off-line channels, a weighting factor described in Section 3, and
Galactic coordinates,
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Table 1
Source Information
Name a? W =1/o.® ) b
(x10%) {x10%) (deg) {(deg}

4C32.44 1.5 27 67.240 81.049
4C25.43 09 45 22.464 80.991
3C286 0.7 58 56.527 80.676
4C12.50 1.3 31 347.220 70.173
3C273 0.6 6.7 289.945 64.358
3C298 0.3 5.1 352.159 60.667
3C225A 15 2.7 219.866 44,025
3C225B 3 1.3 220,010 44,007
3C345 1.3 3 63,455 40.948
3C327.1 14 29 12.181 37.006
3C147¢ 04 10.1 161.686 10.208
3C154° 0.9 4.5 185.594 4.006
3C410 19 2.1 69.210 —3.768
B2050+36° 23 1.8 78.858 -5.124
PO531+19 0.5 8.1 186.760 =110
3C111° 0.7 58 161.675 —8.821
3C133 1.8 2.2 177.725 —9.914
3C138 09 4.5 187.403 —-11.347
3C123¢° 0.7 58 170.581 —11.662
3C120 1.1 37 190.373 -27.397
3C48 07 5.8 133.961 —28.720
4C16.09 0.8 5.1 166.633 —33.598
3C454.3 0.9 45 86.108 —38.182
3C78 4.1 i.0 174.857 —~44.514
Notes.

3 rms noise in absorption profile calculated per 0,42 km s~! channel.
® Normalized weighting factor (see Section 3); Z, W, = 1.
¢ Excluded sources (see Section 2.2).

3. STACKING ANALYSIS OF H1 ABSORPTION AND
EMISSION SPECTRA

We have performed a spectral “stacking” analysis on our 19
remaining residual spectra to search for extremely weak absorp-
tion signals from the diffuse WNM. We first apply a velocity
shift to both the residual emission and absorption profiles to
remove the effect of Galactic rotation and align any remain-
ing signals at 0kms . The velocity shifts are computed using
the first velocity moment of the residual emission spectrum for
each source, so that Av = — [ Ty jes v dv/ [ Tp resdv. To max-
imize the signal-to-noise ratio of the stacked absorption spec-
trurn, the weight, W, for each profile is given by W = fres/o'?
(Treister et al. 2011). However, as discussed in the previous
section, o, o Tg. For constant 7, we have 1, o Tg, and so the
weight simplifies to W = 1/0;. We measure o; in the off-line
channels of each profile, and list these values with the weights
W, normalized by the sum over all n = 19 profiles, £, W, in
Table I. The same weighting values were applied to the residual
emission spectra.

The weighted profiles are averaged to produce the final
stacked emission and stacked absorption spectra shown in
Figure 1. The rms noise in the stacked absorption spectrum is
o, = 2.6x 107*, calculated over a fixed range of channels (20 to
30 and —30to —20kms™1). This is 4.2 times more sensitive than
the median rms noise calculated in the same velocity channels in
the individual residual absorption profiles (o; = 1.15 x 1073).

The enhanced sensitivity enabled by stacking atlows us to
detect a weak and broad absorption component which has
a velocity width and centroid consistent with the stacked
emission signal (Figure I). This gives confidence that the
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Figure 2. (a} PDF of stacked absorption EW following 10° iterations using
a bootstrapping algorithm to select 19 sources from the total list of 19 with
replacement, yielding (EW) = 0.0182*:%%%’:’3% kms™! (68% confidence). To test
that the signal is real, we invert (or multiply by —1) a random selection of half
of the absorption residual profiles in 10% additional trials, yielding a disiribution
(dotted histogram) consistent with zero signal, as expected. Vertical lines denote
lo uncertainty limits. (b} Distribution of spin temperatures from cotubining the
PDFs of three different estimations {see text) computed in all 10° bootstrapping
trials, The derived spin temperature is (T;) = 7200759 K (68% confidence),
with a 99% confidence lower limit of 4300 K.

stacked profiles trace physically related quantities. This broad
absorption component is the weighted-mean, 0 kms ™! centered
absorption signal over all sightlines, and has an equivalent width
(EW) within the velocity range common io all shifted profiles
(—46t030km s~ ) of EW = [0 (1 —e™™)dv=0.018kms L.

We next conduct a bootstrapping (see, e.g., Wall & Jenkins
2003) Monte Carlo simulation to estimate the integrated strength
of the stacked absorption signal (Figure 1(b)) and test for
contamination by outlier spectra. We run the stacking analysis
on a new sample of 19 sightlines randomly chosen from our
original 19 sightlines with replacement. We repeat this trial 10°
times, each time recomputing the EW. The resultant normalized
PDF of EWs (Figure 2(a), solid histogram) is nearly Gaussian,
showing that the stacked EW signal is consistent with being
drawn from a parent popuiation of spectra with comparable
means and not due to a few outlier spectra. The peak of the
EW distribution and the numerically integrated 68% confidence
limits are {EW) = 0.0182*{%% kms ™!, giving a 1in 2 x 10°
chance of being spurious (5¢). Figure 2(a) also displays the
result of repeating the bootstrapping simulation while inverting
{or multiplying by -1} a random selection of half of the profiles
(doited histogram). The result is fully consistent with zero
signal, verifying that our stacking method does not produce
spurious detections.

Using the Monte Carlo bootstrapping method, we also con-
strain the FWHM and peak optical depth of the stacked absorp-
tion feature by a Gaussian fit as FWHM = 50*? kms~' and
10 = 3.075% x 107* (at the central velocity of the feature, vy),
respectively. Both guantities have well-defined, single-peaked
distributions, suggesting that the detection is tracing a single gas
component rather than a blend of many narrow components. We
therefore proceed to estimate the typical spin temperature 7 of
the gas detected in the stacked absorption spectrum.

We use three methods: (1) T, = figﬁ Thresdu/ figﬁ(l -
e ™Ydu, (2) Ty = T 1es(Vp)/(1 — €™ )(v,), where v, is the
velocity at the peak of the smoothed stacked absorption signal,
and (3) the methods of Heiles & Troland (2003), fitting a single
Gaussian component to the absorption stack and solving for
T, by fitting this component to the emission stack without
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Figure 3. Comparison of previous T, 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 PK80531+19, 3C298, and 3C133. All points are plotted vs.
the rros noise in off-line channels in the absorption profife, per 1 km s~! channel
(0, 1 km s-1)- The purple dotted hatched region denotes the kinetic temperature
range from Wolfire et al. (2003; 71 ~ 4100-8800K), and the blue hatched
region denotes the spin temperature range from Eiszt {2001) for all possible
ISM pressures (T; ~ 1800—4400K). The green filled star is the derived spin
temperature from Figure 2(b), (T;) = 7200*.%% K (68% confidence), with a
99% confidence lower limit of 4300 K.

additional components. For each of the 10° bootstrapping
trials, we compute all three 7T estimates and combine their
distributions to minimize systematic errors associated with any
individual approach (Figure 2(b)).

We estimate a spin terggerature of the detected absorption
feature of {T,) = 7’200?{200 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 cr by the
location of maximum T, we find consistent temperature
estimates with similar significance. The possible contamination
of stray radiation to the Arecibo H1 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 7, of the stacked feature. For the
GALFA-H1 survey, Peek et al. (2011) estimated that the level
of stray radiation contamination is <£200-500 mK, leading to an
overestimate in our computed 7 of at most 13%. Therefore, the
presence of stray radiation in our Arecibo H1 emission spectra
would not change our results.

4. DISCUSSION

In Figure 3, we plot all previous WNM T detections (open
symbols) against the mms noise in off-line channels of the
individual absorption spectra in which they were detected, with
1o error bars derived from line fitting, We exclude literature
measurements which are estimated as upper limits from 7
or which assume single temperatures for multi-component
sightlines. Our resuit from the stacking analysis (green filled
star) is in agreement with measurements by Carilli et al, (1998,
open triangles) cbtained 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 T, estimate is significantly
higher than all other direct measurements shown here, The
trend of increasing T, with increasing observational sensitivity
confirms the expectation that previous experiments with lower
sensitivity (o; 2 5 x 107*) were unable to detect WNM with
T; > 1000 K due to its low optical depth.
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The range of predicted kinetic temperatures from the most
detailed ISM heating and cooling considerations, shown by the
dotted purple hatched region in Figuore 3, is 7; ~ 4100-8800K
(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 T} range from Wolfire et al. (2003), is T; ~ 1800-4400K
(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 Hr at 98%
confidence.

Resonant scattering of Lye photons can contribute enough
to 21 cm excitation to allow T, = T, as long as a sufficient
fraction of the Lyo 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 Lya 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 10 cm=? and the temperature of the Lyo radiation field
being equal to the kinetic temperature, our 7; measurement
constrains the fraction of Galactic flux from early-type stars
which permeates H 1 clouds to >1 x 104,

Our work provides the first observational evidence for the Lyg
mechanism acting throughout the bulk of the Galactic WNM.
By increasing observational sensitivity to T in comparison
with expectations for T}, stacking can be used to constrain
the importance of non-collisional excitation on Hi, as well
as the origin and intensity of the Lyo 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 (1o = 3.055% x
107}, broad (FWHM = 507 kms~') 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 (T;) = 7200+1%%0 K, which is significantly (98% confidence)
higher than theoretical predictions based on collisional excita-
tion alone, likely due to the thermalization of H1 by resonant
Lya scattering. This work provides the first observational evi-
dence that the Lyo excitation mechanism is acting throughout
the bulk of the Galactic WNM and demonstrates that the Lyo
radiation field, a quantity that is difficult to measure yet vitally
important for interpreting H1 signals from early epochs of cos-
mic structure formation, can be probed using measurements of
the WNM,
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TCume 386 solutionslAll the gquestions can be answered from the |1SM course |
taught last fall. | expect much trouble with the radiative transfer part which is why
| try to talk them through it carefully.

la. Given the wavelength, the frequency follows to be 1420 MHz.
The primary beam width of the Arecibo dish would be given by 1.2 (lambda/D) or
about 3.

1b. A Jansky is a flux or “flux density” unit, since it is monochromatic. The units
would be: erg cm? st Hzt,

1c. Section 2: the bandwidth is 500 kHz, which gives a velocity coverage of
(500x10%1420x10°%) 3x10" km/s = 106 km/s.

1d. The brightness temperature is defined as the temperature at which the
observed intensity at a frequency equals the Planck black body intensity at that
frequency. Given the nature of Planck functions at different temperatures, there
is always only one temperature that reproduces a given intensity at some
frequency.

le. The kinetic temperature is the temperature of a medium corresponding to the
motion of the particles. That is, if there is a well defined temperature, the particles
would be moving according to the Maxwellian velocity distribution characterized
by the kinetic temperature.

The excitation temperature is the temperature that describes the level population
according to the Boltzmann equation.

1f. Generally, the 21cm is excited and de-excited primarly by collisions and if the
gas has a Maxwellian velocity distribution, the excitation temperature would then
equal the kinetic temperature. For HI the excitation temperature is often called
“spin temperature”. The paper discusses the situation where collisions may not
be sufficiently frequent to equalize the kinetic and spin temperatures because the
gas density becomes very low in the Warm Neutral Medium.

2a. This is n=2 to n=1 transition for hydrogen. The wavelength follows from the
1/n? scaling of the energy levels, which implies 3/4ths of the energy going from
the n=2 to n=1 transition compared to that of the n=co to n=1 transition. So 1216

A

2b. Because the Hi will sit in its ground-state (n=1) in the ISM and the cross-
section for absorption of Lyman o photons is very large.

2¢. After absorption, the Lyman o photon is generally re-emitted angd therefore it
can be scattered multiple times, However, upon absorption to n=4 jtgan land in




Holofedt

the meta-stable 2s state and the only way out of that is through a 2-photon
continuum emission, which would destroy the Lyman o photon. Another way to
destroy the photon is through direct absorption by dust.

2d. The paper discusses this or hints at it. Upon emission of a Lyman a photon
the HI in the ground-state could find itself in either the upper or lower energy
state for emission of a 21-cm photon. Thus, scattering of Lyman o photons can
change the population of the energy levels for the 21-cm photon.

3. al. Key here: intensity zero outside the line, line centered at vo, and line

Gaussian in shape. FwHM dedevar riredd ég 7{; .
—_ - ———'E('uﬁ
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3aZ2. If the optical depth were zero, there would be no line, no signal.

3a3. Te(v) = Ts (1 - e™) A key point: include velocity dependence. We
discussed this solution many times in ISM. If they forgot it, they can potentially
recover it from the discussion in the paper or derive it from the radiative transfer
equation.

3a4. Ts equals Ts for the optical depth going to infinity. This happehs first in the
line center.

3b. The optical depth is proportional to 1/Ts. This follows from the expression for
the absorption coefficient in terms of the Einstein B-coefficients, and the
Boltzmann equation for the level populations. A simpler and second reason is
that at colder temperatures the line will be narrower, so we pile up more of the
total gas column density over a smaller velocity interval.

3¢l Te(V)=Toe™+Ts (1-e™)
3c2. Key point: the line could be an emission line or an absorption line,

depending on the value of To compared to Ts. But it should be LOWER in peak
than sketched in 3a.1. Also, the continuum level should now be drawn at To.

bt bred  avaas
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This follows directly from the equations for the radiative transfer. The hatched
area under the line in the spectrum drawn is equal to Wé@y@j S,

Toe™+ T, (1-e™)-To=(1-e™))(Ts- To)

The EW is defined as the integral over this but divided by To.

3e. The VLA does not have short spacings and so it cannot measure extended
structure. To get the HI emission itself we need to use a single dish with as

narrow a beam as possible and measure the HI brightness temperature right next
to the continuum source.




