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à Black hole feedback has been operating in clusters of galaxies for > 8 Gyrs, 
i.e. over half of the age of the Universe (based on work with the clusters 
discovered by the South Pole Telescope). 

Hlavacek-Larrondo et al. 2012, Hlavacek-Larrondo et al. 2015 and references therein.

AGN Feedback in High-z Clusters of Galaxies
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MACS: 0.3 < z < 0.6 (Hlavacek-L.+2012)

SPT: 0.3 < z < 1.2 (Hlavacek-L.+2015)



Hubble, JVLA, Chandra view of the Phoenix cluster of galaxies (z=0.6); credit:NASA/StSci/Chandra/VLA/Mcdonald.

AGN Feedback in the Phoenix Cluster (z=0.6)

SFR=500-800 M⊙/yr
(McDonald et al. 2012 and 

references therein)



SpARCS104922.6+564032.5 (z=1.7;≈ 𝟑. 𝟓×𝟏𝟎𝟏𝟒 M⊙)

z= 0.64 (J.-S. Huang, 2015, private communication, the Multi-
Mirror Telescope ) and z= 1.3 (Keck-MOSFIRE), for the blue
and red galaxy respectively. The detection of PAH lines at
z= 1.7 therefore removes these two galaxies as candidates for
the MIPS emission. Thus, the ground based-imaging leaves
only the BCG as the candidate ID; although some diffuse
emission is visible, no other source is seen within the 95%
confidence region.

The deep HST imaging reveals a more complicated situation,
however. In Figure 4 we show the two-color composite image
of the central region using the F105W and F160W filters (rest-
frame ∼u′ and r′, respectively). Here we see a long chain of
small objects embedded within a diffuse filament or tidal-tail.
The MIPS centroid is located directly on top of one of these
objects (in the approximate center of the chain) and thus it
seems likely that the MIPS emission is coming not from the
BCG itself, but from an object, or set of objects, within
∼16 kpc of the BCG. The details of this structure are discussed
in the following section, but we note its morphology and the
proximity to the BCG (possibly within its stellar envelope)
suggest that the strong infrared emission is driven by an
interaction with the central galaxy of the cluster.

3.3.1. Constraining the Infrared Spectral Energy Distribution

With such extensive multi-wavelength coverage of infrared-
bright object, we are in a position to constrain its spectral

energy distribution (SED) and derive simple parameters from
it. Flux measurements in the optical/NIR/MIR regimes are
straightforward, however the large beam sizes of the Herschel
instruments make confusion difficult to correct for in the
crowded central regions of the cluster. We therefore explain our
method in detail here.
The SPIRE data are publicly available and while there is

emission coincident with BCG in the HerMES 250 μm catalog
(Wang et al. 2014), the increasing beam-size at 350 and
500 μm results in a highly confused image of the cluster core.
However, utilizing positional priors from less-confused wave-
lengths can reduce the amount of source blending in far-
infrared photometry. In particular, Viero et al. (2013)
developed a novel algorithm called SIMSTACK to stack
SPIRE maps on prior positions from a user-defined catalog.
SIMSTACK simultaneously stacks lists of potentially clustered
populations, which effectively allows for a deconvolution of
fluxes from multiple sources within each SPIRE beam. We
exploit the Spitzer-MIPS 24 μm catalog from SWIRE for our
positional priors.
As we are only interested in the flux of the infrared source ,

we alter the code slightly to suit our needs. We collect all
24 μm sources within 90 arcsec of the BCG, which corresponds
to ∼50, 30, and 15 independent beams at 250, 350, and
500 μm, respectively. We separate each source into individual
lists, and simultaneously fit each list for the best value, yielding
a flux of 46± 6.2, 47± 6.7, and 21± 9.4 for ascending SPIRE
wavelengths, including the nominal confusion noise (Nguyen
et al. 2010). We compare these fluxes to those derived from the
HerMES XID catalog that uses the 250 μm source positions
(which have a FWHM beam ∼3 times larger than 24 μm) as
priors for 350 and 500 μm. While the individual SPIRE fluxes
can differ by 2–3σ between the two methods, the resulting best
fit SED (see Figure 5 and below), and subsequent infrared
luminosity, are robust, differing only by 1.3%.
At 850 μm we detect a point source at an offset of 4″ from

the BCG location with a significance of 4.2σ. A 450 μm peak is
detected at the same location at significance of 4.0σ (Figure 5).
Both of these offsets are within the expected positional error
radius for SCUBA2, given the signal-to-noise of the detection,
and these measurements are included in Figure 5. No useful
constraints are obtained from the MIPS 70 and 170 μm imaging
of SWIRE.
In Figure 5 we show the complete SED for the far-infrared

source using all available data from 24 to 850 μm (Table 1),
including the IRS spectrum in cyan. The reduced IRS spectrum
was obtained through the CASSIS. We have fit two sets of
template SEDs to the data: we use the the composite SED of
Kirkpatrick et al. (2012) of star forming ULIRGs at z∼ 2, and
the library of templates from Chary & Elbaz (2001). We fit
only to the photometry, for consistency, but include a
discussion of the information contained within the IRS
spectrum below.
The Kirkpatrick SED is derived from infrared-luminous

objects of similar luminosities to this source, at a similar
redshift of z∼ 2. As there is only one spectrum, we fit for the
amplitude and then integrate under the infrared portion
(8–1000 μm) of the SED to obtain the total infrared luminosity.
Uncertainties on the luminosity are produced by fitting the
extremes of the uncertainties/scatter on the composite template.
The Chary & Elbaz templates, on the other hand, are derived

from local galaxy templates and thus may not be appropriate

Figure 4. Top: the two-color (F160W, F105W) HST image of the central
region of SpARCS1049, showing the complex morphology of the core. Diffuse
emission in a tidal-tail shaped structure is visible, and embedded along its
length are multiple clumps. The cross marks the centroid of the 24 μm
emission. Bottom: the 3.6 μm image of the same region (grayscale) with MIPS
flux contours overlaid (orange) to show the location of the 24 μm centroid and
the mild extension of the source in the N/S direction. The two purple crosses
correspond to the 850 μm (large) and 450 μm (small) positions, where the size
of the cross denotes 1/2 the FWHM of the beams.
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à A massive starburst (SFR = 900 M⊙ / year; CO ≈ 𝟏𝟎𝟏𝟏 M⊙ ). The stars are 
forming offset (25 kpc) from the central galaxy (BCG) and extended (Webb 
et al. 2015a, 2015b, 2018). Hlavacek-Larrondo, Rhea et al. 2020; arXiv 2007.15660



X-rays 
(Chandra)

Cool X-rays 
(Chandra)

SpARCS104922.6+564032.5 (z=1.7;≈ 𝟑. 𝟓×𝟏𝟎𝟏𝟒 M⊙)

à Strong cool core, offset from BCG.

à NO AGN feedback (Trudeau+2019)– starburst is from a pure cooling flow. 
à New way to form intracluster stars (build Milky way in 10^8 years).

Hlavacek-Larrondo, Rhea et al. 2020; arXiv 2007.15660



Flamboyant Galaxy. Winner of the 2017  La preuve par l’image competition. JHL/MLGM/MPL.
. 

X-rays 
(Chandra)

Radio 
230-470 MHz

(JVLA)



Hα emission
at the redshift of NGC 1275

Perseus cluster of galaxies; 
Credit: SDSS, CXC/IoA/ACFabian, CFHT/Gendron-M.

100 kpc



Hydra A, Kirkpatrick et al. 2009

Perseus
Fabian et al. 2008

MS0735, McNamara et al. 2005

The Filaments of NGC 1275

Cavagnolo et al. 2008. 

32 C.S. Crawford et al

Figure 6. Hα surface brightness plotted against the diameter of
the nebula for all galaxies with spatially resolved spectra. High
Hα luminosity systems (L(Hα)> 1041 erg s−1 ) are shown by solid
circles, and the lower luminosity line emitters by open circles. The
crosses shown at an arbitrary value of Hα surface brightness of
1038.2 erg s−1 kpc−2 show the diameters of the [NII]-only emit-
ters.

c© 0000 RAS, MNRAS 000, 000–000

Crawford et al. 1999. 



Perseus
Fabian et al. 2008

MS0735, McNamara et al. 2005 90 kpc
4.2 arcmin

NGC 1275 (Hα continuum)

MUSE (VLT)

SINFONI

On the origin and excitation of the extended nebula surrounding NGC 1275 9

Figure 10. All velocities and regions from which spectra are shown in this work are marked. The region marked by a square and labelled d is where the
typical spectrum from Fig. 11 is extracted. The regions marked by a cross and labelled a, b and c are the regions where [OIII]λ5007 is detected; the spectra
are displayed in section 7.3.1. The regions which exhibit double peaked emission come from the central areas covered by slits 4 and 6 and are located near the
labels b and c. The background image comes from the data of Conselice et al. (2001).

Hα surface brightness [NII]λ6584/ Hα [SII]λ6716/ Hα [OI]λ6300/Hα [SII]λ6716/ Hα /Hβ HeIλ5876/Hβ [NI]λ5199/Hβ
(10−15 ergcm−2 s−1 arcsec−2 ) [SII]λ6731

Typical <15 0.3-1.5 0.14-0.54 0.1-0.3 1.4 3.5-7 0.2-0.3 0.4
values

Table 2. Range of typical line intensity ratios within the extended nebula

c© 0000 RAS, MNRAS 000, 000–000

Hatch et al. 2006
Conselice et al. 2001, see also Salomé’s work on CO observations of NGC 1275.  

The “Problem” with the filaments in NGC 1275



Hydra A, Kirkpatrick et al. 2009

Perseus
Fabian et al. 2008

MS0735, McNamara et al. 2005

SITELLE at the CFHT
SITELLE field of view

Science verification observations (2018):  NGC 1275 observed for 2.1 hours with 
the 647-685 nm filter (SN3) and R = 1800 (covering Hα, NII, SII, OI). 

11 arcmins



Credit: JHL/MLGM/ML.



Perseus
Fabian et al. 2008

MS0735, McNamara et al. 2005

Conselice et al. 2001. 

NGC 1275 (Hα continuum)
SITELLE Observations of NGC 1275

Gendron-Marsolais, Hlavacek-L. et al. 2018

Velocity (km/s)NGC 1275 (R=1800; Hα velocity)



Black Hole-driven Turbulence in Clusters

à Li et al. 2020 show that for Perseus, Virgo and A2597: 
1) Motions of filaments are turbulent
2) Features in the VSF correlate directly with AGN jet features
3) Motions of filaments (10,000K) = motions of X-ray gas (10,000,000K). 

à Evidence that central AGN (BCG) drives turbulence in cluster cores. 
Li et al. 2020, ApJ Letters
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Hydra A, Kirkpatrick et al. 2009

Perseus
Fabian et al. 2008

MS0735, McNamara et al. 2005

SITELLE Observations of NGC 1275
2018

• 2.1 hours 
• SN3 (647-685 nm): 

Hα, NII, SII, OI. 
• R = ⁄𝝀 𝜟𝝀 = 1800
• R = 3.7Å (~80 km/s)
• Gendron-Marsolais et 

al. 2018

2022
• 4 hours 
• SN3 (647-685 nm: Hα, 

NII, SII, OI. 
• R = ⁄𝝀 𝜟𝝀 = 7000
• R = 0.9 Å (~15 km/s)
• Vigneron et al. in prep

M.-L. Gendron-M. (ESO fellow) Auriane Thilloy, B. Sc.Benjamin Vigneron, M. Sc.

2022
• 3 hours each filter
• SN1 (365-385 nm): OII
• SN2 (480-520 nm): H𝛽
• R = ⁄𝜆 𝛥𝜆 = 1800
• R = 2.1/2.7 Å (~80 km/s)
• Thilloy et al. in prep

Carter Rhea. (Ph. D. IVADO scholar)
See https://github.com/crhea93/LUCI



Perseus
Fabian et al. 2008

MS0735, McNamara et al. 2005

Conselice et al. 2001. 

NGC 1275 (Hα continuum)
New SITELLE Observations of NGC 1275

Gendron-Marsolais, Hlavacek-L. et al. 2018

NGC 1275 (R=1800; Hα velocity)



Conselice et al. 2001. 

NGC 1275 (Hα continuum) Vigneron, Hlavacek-L. et al. 2022, in prep
New SITELLE Observations of NGC 1275



Perseus
Fabian et al. 2008

MS0735, McNamara et al. 2005

Conselice et al. 2001. 

NGC 1275 (Hα continuum)

Gendron-Marsolais, Hlavacek-L. et al. 2018

NGC 1275 (R=1800; Hα dispersion)

The filamentary nebula in NGC1̃275 L3
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Figure 2. Flux map of Hα emission in the LV system region (left, units are in erg/s/cm2/pixel), [N II]λ6583/Hα line ratio map (middle)
and dispersion map (right, scale unit is in km/s).

3h19m48.1s + 41d30m42s with a radius of 6′′ was excluded.
To increase the SNR without losing too much spatial res-
olution, we chose to bin the cube by a factor of 2. The
spectrum extracted from each binned remaining pixel was
fitted using a Gaussian function convolved with the instru-
mental line shape - a sinc function (Martin et al. 2016). The
fitting software uses a least-squares Levenberg-Marquardt
minimization algorithm (Levenberg 1944; Marquardt 1963)
to fit the data. We restricted the range of wavelengths to
the band where [N II]λ6548, Hα and [N II]λ6584 lines are
found with the systemic velocity shift of NGC 1275. Sky sub-
traction was done using the mean flux from a circular region
with a radius of 20′′ centered at RA 03h19m58.57s and DEC
+41◦30′08.9′′, about 2′ south-east of NGC 1275 nucleus. The
lines were fitted simultaneously, the velocity and broadening
of the three lines grouped to reduce the number of parame-
ters to fit. Only pixels with fitted Hα flux higher than 30×

10−18erg/s/cm2/pixel were selected. To directly compare our
results with Hitomi Collaboration et al. (2017), bulk veloc-
ities are calculated with respect to their redshift measure-
ment: vbulk ≡ (z−0.017284)∗c0 −21.9km s−1, where c0 is the
speed of light and −21.9km s−1 is the heliocentric correction
based on the average value over the observation period from
Astropy SkyCoord.radial velocity correction().

3 RESULTS AND DISCUSSION

3.1 Ionization mechanism

Figure 2 (left) shows the Hα flux map. While the surface
brightness of Hα is mostly constant in the extended fila-
ments, it is higher in the inner ∼ 30′′ = 11kpc.

Optical line ratios can be good indicators of the dom-
inant excitation mechanism operating on the line-emitting
gas (photoionization by stars, by a power-law continuum
source or shock-wave heating, Baldwin et al. 1981) . The ra-
tio [N II]λ6583/Hα provides, for example, a measure of the
ionization state of a gas. When the source of ionization is
stellar formation, this line ratio is a linear function of metal-
licity saturating at a value of ∼ 0.5 for high metallicity (e.g.
Kewley et al. 2006). The SITELLE [N II]λ6583/Hα line ra-
tio map of NGC 1275 is presented in figure 2 (middle) and
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Figure 3. The mean (in red, with error bars indicating the stan-
dard deviation) and ensemble fit result (in blue) [N II]λ6583/Hα

line ratio, dispersion and velocity profiles taken in annuli contain-
ing 400 pixels centred on the AGN. Dispersions and velocities are
given in km/s and the distance from the AGN is in kpc.

the mean and ensemble ratio profiles taken in annuli con-
taining 400 pixels is shown on figure 3. The line ratio varies
through the map, being ∼ 0.5−1 in the extended filaments,
and above 1 in the central part of the nebula. However,
streaks of star forming clusters associated with some fila-
ments of NGC 1275 have been found (Canning et al. 2014).
Similar line ratio gradients have also been previously ob-
served in the filaments of NGC 1275 (Hatch et al. 2006) and
in several BCG with optical line emission (e.g. Hamer et al.
2016). The central region with higher line ratios could be
related to energetic sources of ionization such as AGN and
shocks, while filaments must be ionized by a source with
lower power. To effectively distinguished the source of ion-
ization though, other line ratios are required, falling outside
of the filter used during these observations. The complete
detailed BPT diagnostic of NGC 1275 nebula will be con-
ducted using awarded SITELLE observations at 365-385 nm
and 480-520 nm (PI: Gendron-Marsolais) and presented in
future work (Gendron-Marsolais et al. in prep.).

MNRAS 000, 1–6 (2017)

New SITELLE Observations of NGC 1275



Perseus
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MS0735, McNamara et al. 2005

Conselice et al. 2001. 

NGC 1275 (Hα continuum) Vigneron, Hlavacek-L. et al. 2022, in prep
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Perseus
Fabian et al. 2008

MS0735, McNamara et al. 2005

Conselice et al. 2001. 

NGC 1275 (Hα continuum) Vigneron, Hlavacek-L. et al. 2022, in prep

New SITELLE Observations of NGC 1275



Perseus
Fabian et al. 2008

MS0735, McNamara et al. 2005
Vigneron, Hlavacek-L. et al. 2022, in prep

Disk-like Structure 

• 25 kpc by 10 kpc
• High flux at Hα, NII, SII
• 𝜎 ≅ 160 km/s
• No rotation

New SITELLE Observations of NGC 1275

Extended Filaments 

• 90 kpc by 60 kpc
• Low flux (10 times fainter) at 

Hα, NII, SII – that is remarkably 
uniform.

*Also 10 times fainter in CO 
(Salome+2011).

• 𝝈 ≅ 50 km/s – that is 
remarkably uniform.

• Chaotic velocity structure



SITELLE Observations of NGC 1275

CO (2-1)
(Lim+2008)

Radio
230 - 470 MHz

(Gendron-Marsolais+2020)

SITELLE H𝜶 𝐅𝐢𝐥𝐚𝐦𝐞𝐧𝐭𝐬
(Vigneron+in prep)

Chandra 0.5-2.0 keV image of the Perseus cluster of galaxies



Perseus
Fabian et al. 2008

MS0735, McNamara et al. 2005Mechanism 1: 
Instabilities in the wake of bubbles

à Localised to the wake of bubbles.
à Leads to brighter and more turbulent 

(𝜎 ≅ 160 km/s) H𝛼 filaments.
à Mechanism that is more turbulent.

Implications: 2 mechanisms form filaments

Mechanism 2:
Instabilities throughout the cool core

à Spread out uniformly throughout 
the cool core.

à Leads to a web of filaments that are 
faint and quiescent (𝜎 ≅ 50 km/s).

à Mechanism is more gentle and 
isotropic. 

Vigneron, Hlavacek-L. et al. 2022, in prep



Hydra A, Kirkpatrick et al. 2009

Perseus
Fabian et al. 2008

MS0735, McNamara et al. 20051’ =22.5 kpc

Reg 0

Reg 2

Reg 4
Reg 3

Reg 1

Gendron-Marsolais, JHL et al. 2018; Vigneron, Hlavacek-Larrondo et al. in prep. 

SITELLEObservations of NGC 1275
X-rays, 10,000,000 K Hα, 10,000K  

Take Home Point

à Reg 0:
𝝈𝒗,𝑯𝒊𝒕𝒐𝒎𝒊 = 𝟏𝟖𝟗)𝟏𝟖+𝟏𝟗 km/s
𝝈𝒗,𝑯𝜶 = 𝟏𝟖𝟒 km/s

à Reg 3:
𝝈𝒗,𝑯𝒊𝒕𝒐𝒎𝒊 = 𝟏𝟎𝟔)𝟐𝟎+𝟐𝟎km/s
𝝈𝒗,𝑯𝜶 = 𝟖𝟐 km/s

à Velocity dispersion of the 
10,000 K gas similar to 
the hot X-ray gas (Hitomi
collab 2017), i.e. they
might be subject to the 
same
turbulence/mouvements. 



Hydra A, Kirkpatrick et al. 2009

Perseus
Fabian et al. 2008

MS0735, McNamara et al. 2005
SITELLE (Hα, 10,000K) 

Herschel ([CII]157, 100K)

SITELLE Observations of NGC 1275
Velocity (km/s)

Vigneron, Hlavacek-Larrondo et al. in prep. Mittal et al. 2012



Hydra A, Kirkpatrick et al. 2009

Perseus
Fabian et al. 2008

MS0735, McNamara et al. 2005

SITELLE Observations of NGC 1275

Vigneron, Hlavacek-Larrondo et al. in prep. 

Mittal et al. 2012

Take Home Point

à Warm (10,000 K) and cold gas (< 100 K) are co-spatial AND have 
SAME kinematics in NGC 1275. 

à However….cold gas is more chaotic/turbulent...agrees with idea 
that hot particles can excite/heat cold gas and prevent it from 
forming stars (e.g. Canning et al. 2016). 



SITELLE Observations of NGC 1275

Thilloy, Hlavacek-Larrondo et al. in prep. 

SN1 filter: [OII] 𝝀3726-𝝀3729 SN2 filter: H𝜷 𝝀𝟒𝟖𝟔𝟏



Take Home Points 
àNew SITELLE Observations of the filaments in the Perseus cluster
at high-spectral resolution (R=7000).

à Two mechanisms that lead to filaments:
1) Turbulence generated in the wake of bubbles leads to brighter,

more turbulent filaments (high 𝝈).
2) Largely spread turbulence that leads to a uniform web of

filaments that are faint and quiescent (lower 𝝈).

See Vingeron, Hlavacek-Larrondo et al. in prep

Future with SITELLE
à NGC1275: Hβ and [OII] (Thilloy+in prep).
à M87: Hα, [NII], [SII], Hβ and [OII] (Guité+in prep)
à NGC 5813: Hα, [NII], [SII], Hβ and [OII] (PI Hlavacek-L.).

M87



Flamboyant Galaxy. Winner of the 2017  La preuve par l’image competition. JHL/MLGM/MPL.
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