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The Interactive Spectral Interpretation System (1SIS; Houck & Denicola 2000) is a highly flexible, scriptable, and extensible data analysis system. Originally developed as a tool for Chandra High Energy Transmission Gratings (HETG) analysis — it provides the core of the Transmission Gratings Catalog (TGCat) — it has become a general purpose analysis system. ISISis a
superset of XSPEC, with access to all XSPEC models including user local models and having analogs of all core XSPEC functionality. However, /SIS also has a wide range of tools developed for multi-wavelength spectroscopy, timing analysis, data simulation, and additional tools for high resolution spectroscopy. Furthermore, ISIS has well-developed tools for "transparent" user
parallelization of custom codes. Here we highlight some recent /SIS tools that we have developed. This includes a parallelized Markov Chain Monte Carlo (MCMC) code, based upon the Goodman-Weare method, sophisticated interfaces to plasma codes allowing users access to the underlying atomic physics information, and an under development module to provide "simple"
descriptions of high resolution spectroscopic data that are more sophisticated than simply adding successive gaussians to a fit, but far less involved than a full plasma-code description. The latter is being designed for simple, preliminary assessments of high resolution spectroscopic data, prior to detailed analysis with more sophisticated, but typically much slower running, code.
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¢ S-lang employs the concept of “overloading”, wherein any scripted function definition can be overwritten at any time with a new definition.

P*(x) ( Each set of parameters can be considered a vector, X, in h ¢ ISIS employs .the concept of Isis_Active Dataset, a global variable set to the numerical index of whatever dataset is being evaluated at the moment. This is a
a multi-dimensional parameter space. Changes to this powerful tool that allows sophisticated customization of model behavior. From almost the beginning, the baseline behavior of /SIS has been similar to the Sherpa
vector are generated randomly via a “proposition” concept of “stacks”™ data and models are naturally treated in groups — with Isis_Active Dataset allowing one to break from this behavior in both straightforward
Q(x,x). The probability of the model (a function of either ways [fit fun(“powerlaw(Isis Active Dataset)”); creates a different model instance for each dataset] and in complex ways [fit fun(“lines()");

the x2 or the Cash statistic,whichever has been chosen
by the user) is compared between the new and old

L locations, along with the probability of the proposition. ) ¢ These abilities in concert allow for sophisticated, yet simple, manipulations of model behavior. We are building a module that creates line models, suitable for use,
e.g., in high resolution spectra that is far less complex than a plasma code, but much more convenient than adding gaussian(1)+gaussian(2)+...

discussed below creates a series of lines that can be different for each dataset and that can redefined on the fly during analysis].

¢ User-defined databases can be pre-loaded, with custom names for commonly used lines (e.g., “FeKa” for a line with a baseline 6.4 keV energy), or defined on the

fly. Line profiles can be any that are defined by either XSPEC or ISIS (Gaussian, Lorentzian, Voigt, redshifted or unredshifted, etc.), and the line parameters can be
_ _ _ _ Angstrom or keV. Lines will be added to the model in either wavelength or energy order, depending upon the user’s choice. Lines can be added either in emission
¢ Error bar searches for X-ray model fits are often based upon Ax? searches for one or two parameters. But what if parameter space is complicated, or you want or absorption, or for purposes of error bar searching, both so as to avoid hard parameter limits. Lines can be deleted from the model at any time.

more complex parameter correlations? Ideally, we want the parameter probability distribution: P(p1,p2,ps,...).

h ¢ Below we give an example of the modules use. (Syntax subject to change as we develop; suggestions for functionality appreciated!
¢ Markov Chain Monte Carlo (MCMC) provides one solution. We have adapted the formalism of Goodman & Weare (2010), following the implementation by J P (Sy ) J b SUg9 Y app )

Foreman-Mackey et al. (2013), for use in ISIS. isis> () = evalfile(“isis_line models”);

oL

Load the module

isis> init line(;line id="“FeKa”,center=“6.4"); Create an Fe Kalpha line at 6.4 keV

isis> init line(;line id=*“SiKa”,center=7.126,unit="a"); Create an Si Kalpha line at 7.126 Angstrom

isis> add line(“FeKa”,”lines”,”gauss”); Add the FeKa line to the model called “lines”, using a Gaussian profile

]
"
oo

¢ Take a calculable probability, P(x), a “proposition”, Q(x,x("), plus an initial distribution of “walkers”, x("). Here the walkers are vectors of model parameter values.
Draw a new position for the walkers, x('=x. If P(x) increases, accept the position, otherwise, accept it with probability P(x)Q(x,x(")/P(x(MQ(x™,x).

oo

oo

¢ The ISIS implementation creates an ensemble of walkers from an existing parameter file or a set of parameter files (for cases where there are multiple local fit isis> add_line(“SiKa”,”lines”,”voigt”); % Add the SiKa line to the model called “lines”, using a Voigt profile
statistics minima to explore), and distributes the parameters between the min/max values in the input file(s). The user controls the number of walkers and whether isis> fit_ fun(“powerlaw+lines”); % Define a fit function with these lines
these initial distributions are uniform or Gaussian distributed. isis> list free;
. . . . ] o powerlaw+lines
¢ The group of walkers is divided into two sets, x(© and x(1), and a loop over k elements is used to update: xk©@ = x{") + z (xx©O—x(), where j is randomly drawn and z idx param tie-to freeze value min nax
is a scalar drawn from a probability distribution P(z) « z-'2. (The user can choose the range over which z is drawn.) A similar loop over j elements is then performed: 1 powerlaw(l).norm 0 0 1 0 le+10
X" = x( + z (x(V—x@). These new “parameter vectors” are either accepted or rejected, and the process is repeated. 2 powerlaw(l).PhoIndex 0 0 1 -2 9
. _ _ . o o 3 v _SiKa(l).norm 0 0 le-05 0 0.1 photons/s/cm"2
¢ Since these steps are independent, the process can be parallelized. For over 8 years, ISIS has provided easy to use utilities for “transparent” parallelization of user 4 v _SiKa(l).energy 0 0 1.739885 1.715807 1.764648 keV
scripts. (Any scripted loop where the calculations can be written as a function and they are independent from step to step can be instantly parallelized via the ISIS 5 v_SiKa(1l).fwhm 0 0 0.03612537 0 0.3612537 keV
parallel map function; however, routines for more sophisticated parallelization exist.) Scriptable parallelization routines were first implemented in /SIS for 6 v_SiKa(l).vtherm 0 0 50 0.1 500 km/s
standard confidence contour routines (conf loop); the MCMC parallelization draws heavily from that example. 7 xg_FeKa(l).norm 0 0 le-05 0 0.1 photons/s/cm”2
~ _ _ _ _ _ _ _ _ 8 xg FeKa(l).LineE 0 0 6.4 6.3 6.5 kev
¢ The MCMC module also provides routines for creating 1-D and 2-D confidence regions from the resulting chains, and furthermore the mathematical nature of S-lang 9 xg FeKa(l).Sigma 0 0 0.01 0 0.1 keV
allows for straightforward manipulation of these chains to create probability products for values derived from the initial fit variables, e.g., flux or equivalent width. isis> delete line(“SiKa”,”lines"”);
isis> () = eval counts; list free;
powerlaw+lines
' ' ' ' ' L ' ' ' ' ' - ] o [ 7 oo idx param tie-to freeze value min max
TBnew(Bbody + Bremss) o L TBnew(Bbody + Bremss) - TBnew(NSatmos + Bremss) S TBnew(NSatmos + Bremss) 1 powerlaw(1l).norm 0 0 1 0 le+10
© —_ é B chain_hist2d(ij,chain; _ 1 o o~ 3 chain_hist2d(i,j,chain; function_y=&nsflux, i 2 powerlaw( 1 ) . PhoIndex 0 0 1 -2 9
Qo p - transform_y=&p|0); N ) func_vars_y=y_2d, transform_x=&p 0_kev); A
2T Lyt 1 12 ] 3 xg FeKa(l).norm 0 0 le-05 0 0.1 photons/s/cm"2
% % E ;,g . 4 xg FeKa(l).LineE 0 0 6.4 6.3 6.5 kev
- Saif Buwl - 5 xg FeKa(l).Sigma 0 0 0.01 0 0.1 keVv
<+ ® é ST 3 E’ T
Sot -4 @ Zof ]
o | 2 QN i z S & vec_hist2d(chain_vecl, chain_vec2);] . . ‘e ” « [ . . .
2 &t ool = =" ¢ We will add methods for creating “primary” and “secondary” ties among chosen parameters. For example, one might want to create a primary tie among the
S &L 2012 - S3r 2012 i wavelengths/energies for a set of lines that the user believes to come from the same physical/velocity location (e.g., ionization stages that peak near the
S T R o & L same temperature). Secondary ties could be for line normalizations and/or energies within a given species (i.e., the q, B, y, ... lines of a given ion), which
0.22 0.24 0.26 0.28 0.22 0.24 0.26 0.28 0.1 0.15 02 would be applied in addition to any primary tie. The goal is to not hard code these relations via specific models (that's what plasma codes are for...), but to
NS Temperature (keV) NS Temperature (keV) NS Temperature (keV) NS Temperature (keV) leave the definitions flexible and mutable, so users can explore more phenomenological fits.
¢ In that spirit, we have applied the code in “blind search strategies”, where lines were added serially to the modeling process. This included participating in a
Far left: A comparison of two parameter confidence contours (68%,90%, 99%) for a joint fit of two quiescent neutron star datasets. (Neutral column and neutron star radius were tied code comparison for optical line searches (Wesson 2016). Lines were simply named after their central wavelengths, and /SIS identified 45 lines (5 estimated
between the two datasets). The fits were performed using the cf1ux model (replacing the blackbody normalization), which has the log of the model flux in a given energy band as its to be spurious, at which point the line search was halted) — the next closest program found only 30 — which included line blends missed by all other codes.
parameter. One set of contours (smooth, colored contours) were generated via the more traditional Ax? search, while the other set was generated from marginalizing over uninteresting Currently we are using the code to perform blind searches on Chandra-HETG data of PG1211+143, naming the lines (possibly shifted by up to 0.2¢; Pounds

parameters from the MCMC posterior probability. Middle left: /SIS is scriptable in S-lang, which has vector based math intrinsic to the language. It is therefore very straightforward to apply
mathematical transformations to the resulting probability distributions. This has been implemented as “on the fly” transformations in 1- and 2-D MCMC probability distributions. Middle right:
MCMC generated confidence contours for the same datasets using a more complicated continuum model, i.e., an absorbed neutron star atmosphere plus Bremsstrahlung emission. The

& Page 2006) by the statistical order in which they have been found. We will likely include several simple blind line searches in the final module.

rr+ . T 1 r . T T T T T 1] T L
neutron star atmosphere model does not have a simple normalization parameter; therefore, the c£1ux model cannot be applied. It is, however, possible to write a simple S-lang function to . . .. . . . N
calculate the resulting neutron star atmosphere flux, but it can be slow for “on the fly” use. Far right: For such slower functions, the /SIS MCMC implementation allows transformations to be SF 3 T L _ Left: The line module code applled to an optlc]igl line
applied to the chains themselves, and then used in specialized functions to create 1-D and 2-D confidence contours from these transformed chains. / = §earch (s.ee Wesson 2016), W't.h 45 Voigt profiles
of N included in the spectrum. In this case, we named
St ~ 5 the lines by their central wavelength, and ordered
ff;aﬁ?;aﬂus?g;:ﬁmg‘é&Z’t’;nh(o 098)"): Tt c;w :’% the profiles by wavelength in the parameter file.
| ' | . | r ] [ Transformation of variables is a common technique ) & Arecent ad_dition_ to the /SIS MCMC code is % S § o gli-c??\gtef)i(rtm;Z?Ittﬁzdlfnze;;%hdgorhg? ;)Snllg 3l%h)nf?slgﬁpd
N Kv/lréel\zl\gttigg wi’gk}.ISIS that is etspeciially tt;]setflul fgrt 1-D Gaussian priors for any fit parameters. 2 5o The line module applied to Chandra-HETG spectra
. Quasi-linear parameter steps that lead to _ _ X o :
A comparable model chgn es will be gasier for the ¢ Future enhancements will generalize these o | o of PG1211+143. Here the Gaussian line profiles
2 Y g : ) . - E ® o were named by the order of their statistical
z walkers to follow. An example of this is black hole spin priors to a 2-D covariance matrix.. g . ] Sr ] significance, and they were placed in energy order in
52 o lg [)elga;l\t/(l)sgcgl|2§nm£gséslggirﬁn%hspgﬁ: Lri?fgqr:nzg.sg% ¢ Transparent parallelization of MCMC is for - _ _ kthe resulting parameter file. py
g but é changé from a*=0.9 to 0.5 makes a small ’ single, multi-core machines. A version E e P B Y S : ' .
*§ difference. In the MCMC one can use a “linearized” implemented for multi-node MPI systems is 4600 4700 . 4800 4900 00 1 ° °
5 parameter, p, where a*=tanh(p-atanh(0.998)). This under development. Wavelength (A) Energy (keV)
9 transformation can then be applied to the resulting . : :
chain to obtain the desired spin parameter. < Code available on the Remeis /SIS scripts

COMPLEX LINE FITTING

O] ¢ For photoionized plasmas, the XSTAR code (see Kallman & Bautista 2006) can provide a description of both emission (via the photoemis model) and

absorption (via the warmabs model) line features. Interpreting these results, however, can be difficult . The fitted lines are only identified in the internal
XSTAR database; absolute values of the line strengths are not directly reflected in the fit parameters, and the line strengths as a function of the model
parameters can be difficult to discern.

R EMEIS IS I S SC RIPTS < An /SIS interface to XSTAR has been developed by Lia Corrales and David Huenemoerder, in order to provide access to its database, including the specific
line parameter values for a given fit. The XSTARDB module can:

J web page. EirtE]

Fit Parameter

¢ The Remeis Observatory /SIS scripts repository is a collection of S-lang software containing nearly 1000 functions, including the MCMC and simple line
fitting codes described here. It is an actively developed git-repository, with all changes and updates logged on the website. The collection can be
downloaded directly from the website, or cloned from the repository.

¢ Search the XSTAR database by wavelength, element, ion, transition levels, and line strength.

¢ Display and save search results as an ASCII table, and mark line transitions on a plot of the model spectrum.

¢ The Remeis ISIS scripts are the de facto repository for previously developed tools, such as the S-lang ISIS Timing Analysis Routines (SITAR), but they 5 ¢ Setup and run a grid of XSTAR models, with model input varied over a parameter of interest.
contain many more tools than these (including further timing analysis routines from Katja Pottschmidt), covering a wide range of functionality. ¢ Retrieve line properties (e.g., luminosities, equivalent widths, and line ratios) as a function of XSTAR model parameters (rlogxi. column)
¢ The routines contain a full suite of functions for saving spectral analyses to, and fully restoring them from, FITS files (e.g, fits save fit). These save files "“

include information such as: all paths to the data, the spectral grouping and noticed energy ranges, parameter values, calculated error bars, etc.

¢ Routines exist to manage fits to and error searches on multiple sets of data considered simultaneously (simfit; Kuhnel et al. 2015, 2016). These routines are
designed for situations more complex (see figure) than can be easily addressed via simple uses of Isis_Active Dataset.

/\ _ _ _ _ Caias i y . . Cadas 14 : . . .

© Parallelized error bar searches using a computer cluster, via MPI and the SLmpi module. 1sis> fit_fun(“photemis2(1)7); L isis> (xl,x2)=linear grid(1.0,40.0,10000);
isis> set par("photemis2(1l).write outfile”,1); isis> model info=@ default model info;
¢ Monte Carlo calculations of model parameter significances, via simulations of the data and model (mc_sig). isis> set_par("photemis2(1).autoname_outfile”,1); isis> model_binning=struct{bin_lo=x1,bin_hi=x2};
n o o _ _ _ _ _ _ _ isis> set par([3:27]1,0); isis>set struct fields(model info,”photemis”,"rlogxi",-2.0,2.0,0.05,
¢ Sophisticated, publication quality plotting using the SLXfig module. All examples presented below have been created at Remeis with SLXfig tools. isis> set par(“photemis2(1).0abund”,1); model binning );
isis> (x1,x2)=linear grid(1.0,40.0,10000); isis> xstar run model grid(model info,“/my/path/“;nstart=10);
| - » isis> y=eval fun(xl,x2); isis> fgrid=glob(“/my/path/photemis *.fits");
dataset A.1 s | - 8 isis> db=rd xstar output("photemis 1.fits"); isis> fgrid=fgrid[array sort(fgrid)];
dataset A2 (kuagroup14) - o : s ﬁ: ‘‘‘‘‘ — isis> strongest=xstar strong(8,db;wmin=18.0,wmax=24.0); isis> pe grid=xstar load tables(fgrid);
. e B . -~ N isis> xstar page group(db,strongest;sort="luminosity"); isis> o vii=where(xstar el ion(pe grid.mdb,0,7));
— group parameters A) -~ gt i upy- R = I , . . — 7= .. — . — . T
000 NS I ¥ 4 N sl i [cn se [m [Ty Tee [t [ee [co [t [Teu [0 [Fea [ isis> lstyle=line label default style(); isis> xstar page grid(pe_grid,o vii);
: o g Y e RS R] . NN O R N N O A O LA O o isis> lstyle.top frac=0.85; isis> o _vii F=where(xstar trans(pe grid.mdb,0,7,1,2));
(dataset B.1) (global parameters ) model 1 SRR R 3 ooty noeh| (LI i Pl el e isis> lstyle.bottom frac=0.7; isis> o vii F lum=xstar line prop(pe grid,o vii F,"luminosity");
) p parameters ke T i, T )3.xfgl;31@,l o | o | o | o | s | s [ o [ o [ o [ S [ amhan | isis> xstar plot group(db,strongest,2,lstyle); isis> rlogxi=xstar get grid par(pe grid, "rlogxi")
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Left: After the XSTAR model photemis has been

fit to a spectrum, the XSTARDB module is used to
: ’ examine the results. The photo-emission model

3 E is plotted, and then the strongest emission lines in
i ] I T a user specified region are identified and labeled.
The module provides similar facilities for

10

rSchematic of the data management plan implemented by
simfit. Imagine, a multi-spacecraft, multi-date dataset for
a Galactic black hole binary. On a single date, many
components might be fittable in common, but others may not
be (e.g., the dust halo is spatially resolved by Chandra, but
not Suzaku). Between dates, many model parameters might

gy -
OV |

A 2-D histogram map of the South Atlantic Anomaly
(SAA), overplotted on the iso-magnetic field lines of
the Earth's magnetic field. (Plot by Natalie Hell.)

A periodic table, created with data from the “X-ray
Data Booklet 2009”. (Plot by Natalie Hell.)

Flux [phot/em?/s/A]

10730714907 Mo 910 % 10781077107 %10 % 1071073001 0.1
Luminosity [10%® <gs]

need to change, but parameters such as mass and spin identifying and labeling lines even when multiple
remain constant. simfit manages these complexity levels. 3 E components, at different redshifts, have been fit.
\ < L N | Right: The XSTARDB module also provides
i facilities for running grids of models, and then
00 —T—T——T———T—"—T— . i 1 examining the results as a function of grid
- ety : 0.8 0. [ | parameter values. Shown here is the strength of
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3-D plot of a maser disk, projected onto various 2-D
planes. (Plot by Eugenia Litzenger.)

Plot of the coverage of the orbit of the X-ray binary,
Cyg X-1, with Chandra-HETG observations. (Image
by Manfred Hanke.)
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