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We report our spectral variability analysis of the core and jet of M87 based on new and archival NuSTAR and Chandra observations. NuSTAR observations of M87 were collected during Event Horizon 
Telescope campaigns from 2017-2022 and Chandra observations of M87, HST-1, the outer jet, and their Virgo cluster environment were collected between 2000 and 2017. We fit the NuSTAR spectra of 

the core with a broken power law, inferring its variability by keeping the power law spectra of the other (spatially unresolved) jet components fixed. Our modeling suggests that the core spectrum 
hardens around ~10 keV, and we find increased volatility in the spectrum at higher energies. We find that this broken power-law better fits the data than a simple power-law, suggesting this curvature is 
intrinsic. Outside a significant brightening in 2018, we also find that across the 3-79 keV range of the data the core has little variability in flux. Continued X-ray observation of the M87 and its core and 

jet will help to further constrain the properties of its behavior and variability.
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3.3.1. Model 1: EHT-oriented Model

First, we consider a single-zone model that aims to provide a
straightforward description of the flux and compact emission
region size measured by EHT and other VLBI facilities. Even
in the framework of a single-zone model, the predicted spectra
depend strongly on how nonthermal electron (and positron in
principle) distribution functions (eDF) are prescribed. In order
to take into account such uncertainties, we therefore explore
two different model scenarios with different eDF treatments.
The first model, hereafter referred to as model 1a, includes the
effects of radiative cooling on the initial single power-law eDF
(see, e.g., Kino et al. 2002, and references therein). We also
apply a broken power-law model to allow additional degrees of
freedom in the eDF shape, but without directly calculating
radiative cooling (RAIKOU code, see Kawashima et al. 2019,
and also T. Kawashima et al. 2021, in preparation), hereafter
referred to as model 1b. In this way we explore a large range of
eDF parameter space for the single-zone approach.

Models 1a/1b share the following parameters determining
the macroscopic characteristics of the spherical emission
region: the radius (R), the Doppler factor of the bulk motion
(δ), and the global magnetic field strength ( ¢B ). The power
law of nonthermal electrons injected in the emission region is
characterized by the following quantities: the total (energy-
integrated) number density of non-thermal electrons (ne), the
spectral indices of the injected power law N(γ)∼ γ− p, and
the minimum/maximum Lorentz factors (gmin and gmax).
Model 1a includes the feedback of radiative cooling on the
eDF, thus it self-consistently calculates the break Lorentz
factor (γbr), which is not included in Table 2 as a free
parameter. On the other hand, model 1b treats the γbr as a free
parameter and thus it needs the second power-law index p2
above γbr. Thus, model 1b includes additional degrees of
freedom in the eDF.

Because models 1a/1b focus on describing an emission
region with size and flux as determined from the EHT
observations in 2017 April (EHT Collaboration et al. 2019a),
we fix the emission region radius to around what is expected
theoretically for the source of the observed blurred ring image
in M87 (see Table 2). Since the bulk motion of the emission
region has likely not yet reached a relativistic speed, we fix the
Doppler factor to δ= 1 and this is consistent with the
brightness temperature measured at 230 GHz to be between
109 and 1010 K (EHT Collaboration et al. 2019a). We also set
the minimum Lorentz factor of the injected nonthermal
electrons to g = 1min –2, which has little impact on the resultant

spectra but will affect the derived total power for the single-
zone. To avoid over-producing the UV flux density, we fix the
injected power-law spectral index of nonthermal electrons to be
steeper than p1= 2.
Once R and δ are fixed to the above explained values (see

Table 2), the only properties that can change the normalization
of the synchrotron flux at 230 GHz are the magnetic field
strength ¢B and the eDF (particularly the particle distribution
normalization) and the synchrotron-self-absorption (SSA)
turnover frequency (νSSA; the SSA frequency for the most
compact region that we are modeling). As discussed above, the
radio core must be optically thick up to at least 86 GHz, and we
are “tuning” this component to account for the EHT flux at
230 GHz. In order to not underpredict this flux we find that
νSSA must in fact be rather close to 230 GHz.
Then, together with the standard theory of the synchrotron

self-absorption process, one can obtain an order of magnitude
estimation of the magnetic field strength as follows:
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where the numerical factor (conventionally denoted as b(p))
related to synchrotron absorption has been described in the
literature (Marscher 1983; Hirotani 2005; Kino et al. 2014) in
detail and the slight variation in b(p) in those literature values

Table 2
Single-zone Model Parameters

Model Lj (LEdd)a δ R (rg)b ¢ne (cm−3)c ¢B (mG) gmin γbr (104) gmax (106) p1 p2 Ue/UB

1a 6 × 10− 3 1 5.6 3.6 × 105 4700 1 L 3.5 2.2 L 2.3
1b 3 × 10− 3 1 5.2 5.0 × 105 5000 1 0.5 10 2.6 3.6 1.1

2 ´-
+ -2.8 101.4

2.0 5 3.3 -
+626 301

256 9.5+7.5
−7.8 × 10− 3 1.5+1.6

−0.9 -
+4100 1500

2100 L -
+64 36

26d L -
+3.03 0.05

0.03
-
+635 288

465

Notes. All values above in italics are not fitted parameters, they are either fixed before modeling, or derived for comparison between models (see the text). For model
2, the errors for ¢ne and ¢B are calculated from the 1σ range for all the model parameters, using Equations (2) and (3).
a The total power for model 1a/1b is calculated in the same way as for model 2 assuming one proton per electron, but as protons are unconstrained this is solely for
comparison purposes.
b For M87 rg = 9.8 × 1014 cm = 65.51 Astronomical Units = 9.08 lt-hr.
c The number density of total nonthermal electrons or electron/positron pairs.
d Parameter pegged to the upper limit of the allowed interval.

Figure 17. SED fit focusing on the EHT data. Blue and green lines display the
resulting SEDs for models 1a and 1b, respectively. At γ-ray energy bands, one
can see the SSC emission components although they underestimate the
observed γ-ray flux density.
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Objectives:
1. Determine the shape of the spectrum of M87 by jointly 

modeling archival X-ray spectra
2. Determine X-ray flux variability over the observing 

time-scale

Motivation for a Broken Power-law:
1. Power-law fit showed potential curvature in residuals 

(see red highlighted residuals in Fig 1.)   
2. Historical SED models underestimate γ-ray emission, 

call for a break in the X-ray (see Fig. 2)

Figure 1. Simple Power-law Model

Figure 2. Broadband SED Model of M87 
(via Event Horizon Telescope Multiwavelength Working Group 2021)1

The Dataset
• 14 NuSTAR observations between 04/17 and 06/22
• 3 Chandra observations of the surrounding Virgo 

Cluster (July 2000, July 2002)
• Spatially resolved Chandra observations of the core, 

HST-1, and the outer jet (April 2017)

The Model
Chandra Intracluster Medium
• Absorbed 2-temperature variable abundance emission 

model
Chandra Spatially Resolved (Core, HST-1, Jet)
• Simple absorbed Power-law for each component, with 

additional absorber for the core
NuSTAR
• Chandra ICM + Chandra Spatially Resolved + Absorbed 

Broken Power-law

*Each component had cross-normalization constants applied to account for 
calibration shifts across instruments
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Figure 3. Broken Power-law Model of M87 
w/ Power-law Residuals
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Chandra Outer Jet

Analysis
• No evidence of spectral variability found (see Fig. 4) across NuSTAR 

observations, which has 2 implications:
• The NuSTAR spectra can be stacked to maximize the signal in 

order to determine the spectral shape
• When modeling each spectrum individually, the model can be tied 

across all observations
• Jointly modeled the stacked NuSTAR spectrum with the Chandra 

spectra (see Fig. 3)
• Jointly modeled each NuSTAR spectrum (with the model tied across 

observations) and extrapolated the X-ray flux based on the core 
broken power-law normalization (see Fig. 5)
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Figure 5. X-ray Light Curve

We investigated this epoch for 
spectral difference, but no 
evidence of variability was found!
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Results:
1. Broken Power-law Model gave a statistically 

significant improvement over the Simple Power-
law Model

2. Confirm the presence of a spectral break at ~10 keV
3. Light Curve shows little X-ray flux variability, apart 

from a high-flux state in 2018
4. Broken Power-law currently being incorporated 

into EHT Multiwavelength Group’s ongoing SED 
Modeling of M87

Figure 4. Broken Power-law Photon Index

- - - - - - - - - - - - - - - - - - - - - - - - -  

Photon Index 1 shows relative 
consistency!

Photon Index 2 is not able to be 
constrained!

**Due to unforeseen circumstances, 
I’m unable to be present, but I am 
available via Slack with any 
questions or comments!

- - - - - - - - - - - - - - - - - - - - - - - - -  

-- : Modeled 𝚪1
-- : Modeled 𝚪2

Shar slope in Power-law residuals suggest possible curvature 
in spectrum, which flatten out (indicating a better fit) when 
using a Broken Power-law!


