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The origin of GHATS

● The RXTE/PCA Era: Fast aperiodic variability required efficient, direct processing of 
raw event data.

● Core Design Philosophy:

1. Process raw event files directly without generating intermediate light curves.

2. Modular separation: Automated Production vs. Highly Interactive Analysis.
$ ls FS3f* > @sb.lis
$ ls FS3b* > @event.lis
$ ls @sb.lis @event.lis > @@all.lis

● The Legacy: Born as MU (Merate–Utrecht) → Evolved into GHATS (General 
High-energy Aperiodic Time-series Software) after ASTROSAT came to life.

1. Written in IDL - but fully compatible with GDL (GNU version).

2. Essentially designed for RXTE but later extended to ASTROSAT, Swift, 
XMM-Newton, NuSTAR (incl. co-spectrum), NICER and HXMT.

3. Exporting timing products to PHA/RMF XSPEC format for fitting.



Core Fourier Timing Methodology

----------------------------------------------------------------
Program gh_xte Tue Jan 3 15:26:00 2012 User: belloni
----------------------------------------------------------------
Working directory :
/Users/belloni/data/xte/u1636/realtime/96087-01-84-10/pca
Input filename :
/Users/belloni/data/xte/u1636/realtime/96087-01-84-10/pca/@event.lis
Instrument : XTE/PCA
Observation ID : 96087-01-84-10
Source name : 4U_1636-53
Start date of observation : 2011-12-29T04:01:36
Channels for accumulation : 0-249
Type of output : POWER
Output filename : event.pds
Time resolution (s) : 1/8192
Nyquist frequency (Hz) : 4096.0000
Number of points per FFT : 262144
Corresponding to length (s) : 32.000000
Total number of FFTs : 64
Time step : 32.000000
----------------------------------------------------------------

GHATS Architecture & Workflow

● Step 1: Production (gh_xte, gh_*)
○ Light curves accumulated in memory from raw event data.
○ Generates native binary products: .pds or .fft (Complex 

Fourier amplitudes).

● Step 2: Quick inspection (ghats_all)
○ Fast plots of the lightcurve and the averaged power 

spectrum.

● Step 3: Interactive Analysis (ghx, gh_cross)
○ Filtering by time, count rate, or index.
○ Noise subtraction (Poisson) & fractional rms conversion.

● Step 4: Rebinning (gh_reb)
○ Linear/Logarithmic frequency rebinning.

● Step 5: Output to XSPEC for fitting (gh_xspec)
○ PDS, Re/Im CDS, lags, coherence.
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GHATS Architecture & Workflow

● Step 1: Production (gh_xte, gh_*)
○ Light curves accumulated in memory from raw event data.
○ Generates native binary products: .pds or .fft (Complex 

Fourier amplitudes).

● Step 2: Quick inspection (ghats_all)
○ Fast plots of the lightcurve and the averaged power 

spectrum.

● Step 3: Interactive Analysis (ghx, gh_cross)
○ Filtering by time, count rate, or index.
○ Noise subtraction (Poisson) & fractional rms conversion.

● Step 4: Rebinning (gh_reb)
○ Linear/Logarithmic frequency rebinning.

● Step 5: Output to XSPEC for fitting (gh_xspec)
○ PDS, Re/Im CDS, lags, coherence.

GHATS> gh_xspec,nu,pow,powerr,’mypds’

XSPEC> data mypds.pha
XSPEC> cpd /xs
XSPEC> setpl energy
XSPEC> setpl com la y \\gnP\\d\\gn\\u (rms units)
XSPEC> setpl com la x Frequency (Hz)
XSPEC> pl leda



Early Discoveries in Neutron Star X-ray Binaries

Timing Discoveries in Neutron Star Binaries

● Kilohertz QPOs (kHz QPOs):
○ Probing inner disk motions near the neutron star surface and 

ISCO (e.g., Sco X-1, 4U 1608-52, 4U 1636-53).
○ Discovery of frequency correlations and upper/lower peak 

behavior.
● Atoll vs. Z-Source Dynamics:

○ Mapping state transitions along the Z-track and Atoll tracks.
● Thermonuclear Burst Oscillations:

○ High-time-resolution tracking of fast spin and boundary-layer 
phenomena during type-I X-ray bursts.

TMB+07

Sanna+12
TMB+05



Timing studies of Black Hole Binaries
Scientific Breakthroughs in the RXTE Era

● Accretion State Mapping: Systematic tracking along the 
Hardness-Intensity Diagram (HID) in BHCs (e.g., GX 339–4, 
XTE J1550–564).

● LFQPO Classification: Characterization and phase-resolved 
behavior of Type A, B, and C Low-Frequency QPOs.

● High-Frequency QPOs: Probing relativistic timescales near the 
Innermost Stable Circular Orbit (ISCO).

TMB+03

BPK02
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Casella+04

Motta+11

Muñoz-Darias+11
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● Accretion State Mapping: Systematic tracking along the 
Hardness-Intensity Diagram (HID) in BHCs (e.g., GX 339–4, 
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Motta+22

Motta&TMB24



GHATS v3.2: The Multi-Mission Expansion

TMB+20
(NICER)

Tomaso’s last GHATS version included support for more missions:

● Swift, XMM-Newton, NuSTAR, NICER
● ASTROSAT (LAXPC and CZTI)
● Insight-HXMT (LE, ME, HE)

M. Brigitte+25 (XMM)

B. De Marco+21 (NICER)



GHATS v3.2: The Multi-Mission Expansion
Tomaso’s last GHATS version included support for more missions:

● XMM-Newton, NuSTAR, NICER
● ASTROSAT (LAXPC and CZTI)
● Insight-HXMT (LE, ME, HE)

TMB+24 (ASTROSAT)
Peirano+22 (NICER+ASTROSAT)

Y. Zhang+22 (HXMT)



GHATS v3.3: Cross-Spectral Analysis
Expanding to Cross-Spectra, Lags & Coherence

● Multi-Band .fft integration: Computing cross-spectral products 
between energy bands, including a full reference band (Ingram19).

● Phase & Time Lags (gh_cs):
○ Cross Spectrum Real, Imaginary parts, lags, and intrinsic 

coherence (Vaughan&Nowak97, eq.8). 
○ Segment selections (as ghx) and rebinning. 
○ Study reverberation delays and Comptonization timescales.

● Intrinsic Coherence (gh_cs,…,/lowcoh):
○ Energy-band correlations and non-linearities (VN97, eq.9).

C. Bellavita+25, M. Méndez+24
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GHATS v3.2 and v3.3 @ GitHub

GHATS v3.2 and v3.3: Opening Code to the Community

● Public Open-Source Repository: Hosted on GitHub
(ghats-timing/ghats)

● Additional Python Tools:
○ From static dynamical PDS to gh_dyn …
○ to fully interactive dynPDS analyzer gh_dyn_fits …

Ghats> gh_dyn_fits,…,/SHOW

Ghats> gh_dyn.pro



P. Jin+26

GHATS v3.2 and v3.3: Opening Code to the Community

● Public Open-Source Repository: Hosted on GitHub
(ghats-timing/ghats)

● Additional Python Tools:
○ From static dynamical PDS to gh_dyn …
○ to fully interactive dynPDS analyzer gh_dyn_fits …

Ghats> gh_dyn.pro
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Introducing GHATS Version 4.0.0

Presenting GHATS v4.0.0 (Released August 2026)

● Major New Observatories:
○ Native support added for 

Einstein Probe (FXT) and IXPE.

● Pipeline Standardization:
○ Consistent event reading, channel selection, 

time-resolution detection, and FITS metadata 
handling across all front-ends.

● GitHub Release: Official Release and Tags available at 
https://github.com/ghats-timing/ghats.

https://github.com/ghats-timing/ghats
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Adding more Comprehensive Documentation

Technical Reliability, Help System & LaTeX User Manual

● Binary Header Fixes:
○ Standardized FFT length header field as a 32-bit LONG integer.
○ gh_info now correctly reads those headers and warns users.

● Interactive Central Help System (gh_help):
○ Searchable keywords, task-oriented and alphabetical indices.
○ Quick CLI usage:

Ghats> gh_help, /task
Ghats> gh_cs, /help

● LaTeX User Manual (70+ pages):
○ Complete installation guides, walkthroughs, and routine directory.
○ Native binary and FITS file-format specifications.



Higher-Order Fourier Timing: the bispectrum suite
Main scientific addition: Bispectrum analysis

● Beyond the Power- and Cross-Spectra: using Fourier transforms to capture non-linear 
frequency interactions (Maccarone13, Arur&Maccarone22):

bi-phase and the bi-coherence:

● New Capabilities (BISPECTRUM module):
○ 2D full bispectrum calculations (bmod, bphase, bicoh)
○ 1D row and hypotenuse-domain product extraction.
○ Linear and Logarithmic rebinning of bispectrum products
○ Cross-bispectra between different energy bands and different instruments.
○ Native multi-extension FITS I/O (gh_write_bispec_fits).
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○ Linear and Logarithmic rebinning of bispectrum products
○ Cross-bispectra between different energy bands and different instruments.
○ Native multi-extension FITS I/O (gh_write_bispec_fits).

Bispectrum calculation from an FFT:

Ghats> gh_bispec2d,'myfft.fft',f1,f2, $
                   breal,bimag,bmod,bphase,bicoh,nprod,nseg, $
                   f1range=[0.1,10.0],f2range=[0.1,10.0]

Export Bispectral products to multi-extension FITS files:

Ghats> gh_bispec_fits,'myfft.fits',f1,f2, $
                   breal,bimag,bmod,bphase,bicoh,nprod

Linear Rebinning: 
Ghats> gh_bispec_fits,'myfft_LinRebin.fits',f1,f2, $

                   breal,bimag,bmod,bphase,bicoh,nprod, $
                   irf1=4,irf2=4

Logarithmic Rebinning:
Ghats> gh_bispec_fits,'myfft_LogRebin.fits',f1,f2, $

                   breal,bimag,bmod,bphase,bicoh,nprod, $
                   irf1=-100,irf2=-100

Quick-look plots within GHATS:

Ghats> gh_bispec_plot,'myfft.fits','BICOH'



Plotting and interacting with the 2D Bispectrum

Multi-extension FITS files porting the 2D Bicoherence, Biphase 
and Bispectrum data can be displayed and analyzed with 
standard tools like fv and ds9, or with through the astropy suite.

> ds9 myfft.fits[BICOH] > ds9 myfft.fits[BPHASE]

> fv myfft.fits



Summary

GHATS: General High-energy Aperiodic Time-series Software

● Complete Spectral–Timing Suite: PDS, cross-spectra, lags, 
intrinsic coherence, XSPEC integration, and now also a bispectrum 
module.

● Multi-Mission Capability: From RXTE and NICER to XMM, 
ASTROSAT, HXMT, and now also EP and IXPE.

● Complementary Ecosystem: Designed to coexist alongside 
community suites like Stingray, enabling independent cross-checks 
and multi-platform validation.

● Community-Driven: Open-source code fully available on GitHub.

🔗 Repository:  https://github.com/ghats-timing/ghats

https://github.com/ghats-timing/ghats


“NOISE, n. A stench in the ear. Undomesticated
music. The chief product and authenticating sign of 
civilization.” — A. Bierce (The Devil's Dictionary)

“It is of a flawless white color, right from its nose to its 
magnificent tail.” — Mahabharata (The Story of Garuda)

Thank you, Tomaso, for your passion, and inspiring legacy.


