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Outline

-  Review Hα  
   filaments in M87 
!
- Introduce the  

[Fe XXI] 1354A 
transition 

!
- Present new  

HST/COS spectra  
of M87 filament 

- Discuss excitation 
mechanism of 
FUV and optical 
line emission 

- Physical picture 
of multiphase  
M87 ISM

Zhuravleva et al. 2014 
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Hα detected
Not detected - Hα is associated with ICM cooling

- Usually organized into  
       filamentary structures

- Filaments often, but not always,  
        are actively forming stars

- Cooling is unstable;  
     filaments should grow into 
     cooling flows but this is not 
     observed

 - AGN feedback?
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Figure 2: Here we reproduce Figure 2 from Werner et al. (2013), showing an extensive
multiwavelength analysis of the filament region in M87. The center of M87 lies o↵ the right edge
of each these images; for the middle panel, we have placed a red circle at the position of the center
of the galaxy relative to this panel. Gas at 102 K is traced with [C ii] �157µm emission, and seems
to lie in the filaments. Kinematics from the [C ii] lines are shown as well. The filaments also glow
in H↵ and the FUV, and as Figure 3 shows, much of the FUV emission comes from the C iv and
He ii line complexes, which trace gas at T ⇠ 105 K. The hot ambient medium is shown in the
bottom three panels. Here, the colorbar shows the inferred emission measure, in units of 1058

cm�3 arcsec�2. Hot plasma su↵uses the field, and there is especially high emission measure

from 1 keV gas (1 keV ⇡ 1.2⇥ 107 K) at the location of our proposed observation

(indicated with the light blue circle), making it an ideal target for a measurement of [Fexxi].
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Filamentary Structure in M87

Werner et al. (2013)

 - Multiphase (Hα, [C II], C IV, multiphase ICM) 
  
 - filaments avoid radio lobes 
!
 - filaments contain 1 keV (10^7 K) plasma…



Forbidden Fe lines
Anderson and Sunyaev (2016)

- ground-state magnetic 
 dipole transitions 

!
- produced from 10^7 K plasma 
   in CIE  

- often seen in Solar flare spectra 
!
- [Fe XXI] 1354A is the strongest 
 
-  opens the possibility of measuring 
    ICM kinematics at FUV  
    spectrograph resolution  
    (COS: A~3000 cm2, Δv ~ 15 km/s)



Archival HST/COS spectrum of filament

- low-resolution spectrum 
- C IV λ1549 and He II λ1640 are clearly detected (Sparks et al. 2012) 
- tentative (2.2σ) evidence for [Fe XXI] as well



New HST/COS spectrum of filament



FUV continuum?

STELLAR POPULATIONS 691

FIG. 3.ÈThe best-Ðt evolutionary model (solid) from integrations over EHB tracks is plotted over the HUT data (solid ; histogram ; binned by 2.5 forA� )
each of the Astro-2 observations. The evolutionary models integrate over synthetic spectra with which best reproduces the absorptionZ
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_
,

features in the Astro-2 data, especially in the higher S/N data of M60. Statistical errors in the data are shown dotted.

with an extended duration Ñight, allowed HUT to collect
much more data with higher signal-to-noise ratio (S/N)
than on Astro-1.

shows the HUT slit superimposed on two di†er-Figure 2
ent images of the elliptical galaxy M60 (NGC 4649) and the
nearby spiral galaxy NGC 4647. The top panel is an optical
image (D5850È6820 & Abell from theA� ; Minkowski 1963)
Digitized Sky Survey (DSS), and the bottom panel is an
FUV image (1344È1698 from the Ultraviolet ImagingA� )
Telescope (courtesy of UIT; see also & OÏConnellOhl

The Ðgure demonstrates several important points. Of1997).
the six Astro-2 galaxies considered in this paper, M60 is the
only galaxy that has a possible close companion. However,
the pairing is likely due to a superposition on the sky :
although the two galaxies have similar redshifts, the lack of
evidence of tidal interaction, either as tidal plumes or as a
distortion of the spiral structure in NGC 4647, suggests that
the galaxies are at di†erent distances & Bedke(Sandage

The bottom panel shows that the FUV light is very1994).
concentrated in M60 and that a large percentage of this
light falls within the HUT slit. The FUV image also shows
that although the FUV light from the spiral galaxy is more
extended than that in the elliptical galaxy, our HUT spec-
trum is clearly not contaminated by the FUV Ñux from
NGC 4647.

Our six spectra were corrected for airglow contamination
from the lines Lya j1216, Lyb j1026, Lyc j973, and O I

j1305 by Ðtting airglow proÐles simultaneously with our

model Ðtting. The spectra were Ñuxed and corrected for
interstellar extinction in our Galaxy using the values of
E(B[V ) from and the extinctionTable 1, R

V
\ 3.05,

parameterization of Clayton, & Mathis ForCardelli, (1989).
the stellar population model-Ðtting described in this paper,
the HUT data have been binned such that each wavelength
point represents 5 HUT bins or 2.5 Only those portionsA� .
of the observation with stable pointing and the galaxy well
centered in the slit were used. shows the HUTFigure 3
spectra for each of the six Astro-2 galaxies, along with
models that will be described below. The NGC 1399
Astro-1 data have been shown in several previous papers
(see, e.g., et al.Ferguson 1991).

3. EVOLUTIONARY MODELS

In order to model the FUV luminosity from the various
classes of HB stars and their progeny, we construct syn-
thetic composite spectra for evolved stellar populations by
integrating individual synthetic stellar spectra over the
stellar evolutionary tracks of et al.DRO93, Bressan (1993),
Fagotto et al. and &(1994a, 1994b, 1994c), Vassiliadis
Wood The synthetic stellar spectra come from the(1994).
grid of et al. for e†ective temperatureBrown (1996) T

eff
º

10,000 K and from the grid of forKurucz (1992) T
eff

\
10,000 K (although these stars below 10,000 K do not sig-
niÐcantly contribute to the integrated FUV luminosity). At
each point along an evolutionary track, we Ðnd the syn-
thetic stellar spectrum closest in and surface gravity (g).T

eff

Brown et al. (1997)

FUV continuum due to “FUV excess” from M87 

Remains somewhat mysterious, but seems 
to be produced from evolved low-mass stars



Line fitting: C II 1335 and N V 1238



Line fitting: C II 1335 and N V 1238

Figure 2: Here we reproduce Figure 2 from Werner et al. (2013), showing an extensive
multiwavelength analysis of the filament region in M87. The center of M87 lies o↵ the right edge
of each these images; for the middle panel, we have placed a red circle at the position of the center
of the galaxy relative to this panel. Gas at 102 K is traced with [C ii] �157µm emission, and seems
to lie in the filaments. Kinematics from the [C ii] lines are shown as well. The filaments also glow
in H↵ and the FUV, and as Figure 3 shows, much of the FUV emission comes from the C iv and
He ii line complexes, which trace gas at T ⇠ 105 K. The hot ambient medium is shown in the
bottom three panels. Here, the colorbar shows the inferred emission measure, in units of 1058

cm�3 arcsec�2. Hot plasma su↵uses the field, and there is especially high emission measure

from 1 keV gas (1 keV ⇡ 1.2⇥ 107 K) at the location of our proposed observation

(indicated with the light blue circle), making it an ideal target for a measurement of [Fexxi].
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C II λ1335 matches [C II] 158µm 
in both vr and σ
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NV is wider and somewhat non-Gaussian 
but has same as vr as C II



Line fitting: C II 1335 and N V 1238

Figure 2: Here we reproduce Figure 2 from Werner et al. (2013), showing an extensive
multiwavelength analysis of the filament region in M87. The center of M87 lies o↵ the right edge
of each these images; for the middle panel, we have placed a red circle at the position of the center
of the galaxy relative to this panel. Gas at 102 K is traced with [C ii] �157µm emission, and seems
to lie in the filaments. Kinematics from the [C ii] lines are shown as well. The filaments also glow
in H↵ and the FUV, and as Figure 3 shows, much of the FUV emission comes from the C iv and
He ii line complexes, which trace gas at T ⇠ 105 K. The hot ambient medium is shown in the
bottom three panels. Here, the colorbar shows the inferred emission measure, in units of 1058

cm�3 arcsec�2. Hot plasma su↵uses the field, and there is especially high emission measure

from 1 keV gas (1 keV ⇡ 1.2⇥ 107 K) at the location of our proposed observation

(indicated with the light blue circle), making it an ideal target for a measurement of [Fexxi].

6

Werner et al. (2013)

C II λ1335 matches [C II] 158µm 
in both vr and σ

vr ≈ 140 km/s σ ≈ 130 km/s

NV is wider and somewhat non-Gaussian 
but has same as vr as C II

turbulent boundary layer? 
or just noise?



Line fitting: Lyα

Lyα is narrow and shows self-absorption 
!
Red dotted line is corrected for Galactic absorption 
!
!
!
!
!
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Line fitting: Lyα

Lyα is narrow and shows self-absorption 
!
Red dotted line is corrected for Galactic absorption 
!
Intrinsic profile is asymmetric -> blueshifted injection velocity in rest frame of 
filament 
!
Overall Lyα has same vr as C II and N V, and slightly higher σ due to resonant 
scattering. 



Line fitting: [Fe XXI]

[Fe XXI] is detected at 4.4-5.1σ, depending on the binning 
!
Parameters are roughly consistent with our 2.2σ measurement using 
archival data, but this measurement is much more precise 
!
Note the blueshift and the narrowness of the line



Line fitting: [Fe XXI]

[Fe XXI] is detected at 4.4-5.1σ, depending on the binning 
!
Parameters are roughly consistent with our 2.2σ measurement using 
archival data, but this measurement is much more precise 
!
Note the blueshift and the narrowness of the line
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Collisional Excitation or Recombination?

Lyα : Hα is an excellent diagnostic of the excitation mechanism 
!
We have Lyα, and can get Hα from archival HST observations 
!



Collisional Excitation or Recombination?

Lyα : Hα is an excellent diagnostic of the excitation mechanism 
!
We have Lyα, and can get Hα from archival HST observations 
!
Result: the filament seems to be collisionally excited



Emission measures of collisional plasmas
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Emission measures of collisional plasmas

He II is the Hα transition in He+ 
so it is especially sensitive to 

He+ recombinations. 
!

He II Hα and Lyα are also 
anomalously bright in the Sun, 
and are thought to be boosted 

by recombinations



Emission measures of collisional plasmas



Blueshifted [Fe XXI]?

	

	

	

	

Fig	E6.	The	line-of-sight	gas	velocities	are	overlaid	on	a	deep	Chandra	

image^33.	The	contours	increase	by	a	factor	of	1.5.	The	90%	errors	in	

the	figure	are	statistical	only;	our	estimate	of	the	calibration	

uncertainty	in	individual	pixels	is	50	km/s.	Heliocentric	correction	

has	been	applied.	Velocities	are	shown	relative	to	that	of	NGC1275,	

whose	redshift	is	z=0.01756^37	
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Fig	E7.	The	SXS	field	is	overlaid	.on	the	cold	gas	nebulosity	
surrounding	NGC1275.	The	image	shows	Hα		emission32.	The	radial	
velocity	along	the	long	Northern	filament	measured	from	CO	data21	
decreases,	South	to	North	(within	the	SXS	field	of	view),	from	about	
+50	to	-65	km/s.	This	is	similar	to	the	trend	seen	in	the	SXS	velocity	
map	(E6).		

filament

+50 km/s

-60 km/s

Hitomi Collaboration (2016)
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Conclusions
M87 filament seems to be largely collisionally excited 
!
FUV emission comes from extremely narrow boundary layer 
!
[Fe XXI] is detected from 1 keV ICM at 4.4-5.1σ 
!
1 keV plasma is kinematically decoupled from the filament 
(vr = -92 +34 -22 km/s,    σ = 69 +79 -27 km/s) 
!
Only the second direct measurement to date of ICM turbulence

Our HST/COS observations of [Fe XXI] used ~38 ks of observing time  
Hitomi observations of Fe XXV used 230 ks of observing time 
These techniques are complementary! 
But, when 1 keV plasma is present, [Fe XXI] can be very efficient


